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Résumé

La lumiére influence profondément la physiologienaine, en plus de permettre la
vision. Elle constitue le synchronisateur princigak rythmes circadiens et induit des
effets physiologiques immédiats. Ces effets cormdrmdes fonctions non-visuelles
telles que la régulation du rythme veille/sommei, la température corporelle, de
fonctions endocrinologiques, de I'éveil et des pemiances. Plusieurs études de ces
effets réalisées chez I'animal et chez ’'hommernantré I'implication d’'un systeme de
photoréception non-visuel sensible surtout aux tesutongueurs d’onde (~470nm ;
bleu). Ce systeme utilise les photorécepteursiglass (cbnes et batonnets), en plus de
cellules ganglionnaires rétiniennes (CGR) intrins@gent photosensibles, et exprimant
la mélanopsine. Ces CGR se connectent a de nombreyxux sous-corticaux et
corticaux, ce qui suggéere un role du systeme nsaneVidans de nombreuses fonctions
cérébrales. Cependant, au dela de ces projecttingennes directes, les autres régions
du cerveau impliquées sont trés peu connues. Uk &n tomographie par émission
de positons (TEP), réalisée a I'Université de Ljegadémontré que l'effet éveillant
d’'une lumiére nocturne intense (>8000lux) pouvadtduler I'activité cérébrale liée a
une tache attentionnelle. Cette étude, ainsi gedgges données d’EEG, résume notre
connaissance des mécanismes cérébraux impliqués leasysteme non-visuel chez
I’'homme. De plus, la majorité des études sur cietsedbnt été entreprises la nuit.

Nous avons réalisé trois études en imagerie fomcélle par résonance
magnétique (IRMf) utilisant des expositions lumisesi diurnes pour mieux caractériser
le systeme cérébral non-visuel chez 'homme. L’'IRkEnéficie d’'une meilleure
résolution spatiale et temporelle que la TEP empérla caractérisation d’activités
cérébrales liées a un processus cognitif précis.

La premiére étude met en évidence des réponsébralas liées a une tache
attentionnelle avant et aprés une exposition luosaeintense (>7000lux) de 21min.
L’amélioration de I'éveil subjectif induite par lamiere est liée a une augmentation de
I'activité thalamique. De plus, la lumiére augmefigetivité d'un réseau de régions
corticales impliquées dans la tache, prévenantlileimutions d’activités observées en
obscurité continue. Ces augmentations déclinemfuelques minutes aprées l'arrét de la
lumiére, en suivant des dynamiques diverses spgéaeti a chaque région. Ces premiers

résultats suggerent que, via une modulation deiligE de structures sous-corticales



régulant I'éveil, la lumiére peut promouvoir dyngomement l'activité corticale de
réseaux impligués dans un processus cognitif nemeli

La deuxieme étude montre que de courtes exposi{tBmin) a des lumieres
monochromatiques (3xifph/cnf/s) bleues (470nm) ou vertes (550nm) affectent
differemment les réponses cérébrales liees a wtee tde mémoire de travail. La
lumiére bleue augmente les réponses cérébraleduompoins, prévient les diminutions
observées sous lumiere verte dans des cortex guaxi€t frontaux impliqués dans la
mémoire de travail, ainsi que dans le thalamus. r€ggltats montrent qu’une lumiere
monochromatique peut rapidement influencer lestfons cognitives et suggérent que
ces effets sont induits via un systeme de photptégequi utilise la mélanopsine.

La derniere étude répétait, au cours d’'une ménmmameplusieurs courtes (50s)
expositions lumineuses (fPh/cnf/s) violettes (430nm), bleues (473nm), ou vertes
(527nm) pendant la réalisation d’'une tadche de meamde travail. Les réponses
cérébrales, enregistrées a l'allumage et pendantadae, suggerent que des les
premieres secondes de l'illumination, les CRG erprit la mélanopsine contribuent de
maniere prépondérante a la modulation des répargsébrales de régions impliquées
dans la régulation de I'éveil et dans la tache. téssiltats suggerent un réle du tronc
cérébral ainsi que du thalamus dans I'établisserdent réponses non-visuelles a la
lumiere.

Ces résultats démontrent qu’'une exposition lumi@edairne peut moduler
I'activité cérébrale non-visuelle liée a deux faors cognitives complexes. La lumiéere
agit rapidement en fonction de la région cérébealde la longueur d’onde considérées.
Les sensibilités aux différentes longueurs d’orglegyerent I'implication d’un systeme
de photoréception utilisant la mélanopsine. Quedqwecondes de lumiére sont
suffisantes pour induire des changements dansédems sous-corticales probablement
impliquées dans linitiation des réponses non-Misgedétectées a d’autres niveaux
(physiologiques ou comportementaux). Les résultatggerent également une
implication étendue de la lumiére dans la régutatites fonctions cérébrales chez
I’'hnomme et soutiennent son utilisation pour cordreer la somnolence diurne et traiter
des désordres circadiens et psychiatriques. Lestaéspréliminaires de 2 autres études
suggerent une influence de la lumiére sur la réigmiades émotions et soulignent

I'importance de facteurs génétiques dans les reggomsn-visuelles a la lumiere.



Summary

Light profoundly affects human physiology, in adulitto allowing vision. Exposure to
light is the primary synchronizer of circadian tmyts, but light also induces acute
physiological responses. These responses invohaifuns not directly related to vision
and include the modulation of the sleep/wake cyth®rmoregulation, endocrine
functions, alertness, and performance. Animal amthdn studies demonstrated that a
nonvisualphotoreception system most sensitive to shortereleagth light (~470nm,;
blue light) mediates these effects. This systemruiec the classical retinal
photoreceptors (rods and cones) and intrinsicallgt@sensitive retinal ganglion cells
(RGC) expressing melanopsin. These RGC projectitoenous nuclei of the brainstem,
hypothalamus, thalamus, and to cortical structuaesanatomical connectivity which
suggests that the nonvisual system can influenceynimain functions. However,
beyond the direct melanopsin expressing RGC piojext little is known on the other
brain structures involved. In addition these priigets were mainly demonstrated in
rodents. A positron emission tomography (PET) staalyied out at the University of
Liege established that night time bright white tigtxposure modulates the brain
activity related to an attentional task. This sty sparse electroencephalogram data
constitute the little knowledge of the human braiechanisms of the nonvisual system.
Furthermore, most investigations of the nonvisdif@ots of light took place at night.

We carried out three functional magnetic resonanceging (fMRI)
investigations to further unravel the brain systiaemolved in nonvisual effects of light
in healthy human subjects, using daytime exposuies.fMRI technique benefits from
a much better spatial and temporal resolution &M and allows the characterization
of brain activities related to precise cognitivalénges.

The first experiment assessed the brain responsas auditory attentional task
before and after exposure to a 21min bright whightl (>7000lux). Light-induced
improvement in subjective alertness was linearlgteel to an increased responsiveness
in the thalamus. In addition, light enhanced respsrin a set of cortical areas involved
in the task, preventing decreases of activity ot observed during continuous
darkness. Importantly, the increases in responsendd within minutes after the end
of the light stimulus, following various regionaypecific dynamics. These first

findings suggest that light can modulate the atgtiof subcortical structures involved in
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alertness, thereby dynamically promoting corticativaity in networks involved in
ongoing nonvisual cognitive processes.

The second investigation showed that while pamicip perform an auditory
working memory task, a short (18min) exposure teeb{470nm) or green (550nm)
monochromatic light (3x¥8ph/cnf/s) differentially modulates regional brain
responses. Blue light typically enhanced brain sasps or, at least, prevented the
decline otherwise observed during green light expo$n frontal and parietal cortices
implicated in working memory, and in the thalamughese results imply that
monochromatic light can affect cognitive functicalmost instantaneously and suggest
that these effects are mediated by a melanopsiediasotoreceptor system.

In the third experimentation, subjects were expdse@peated very short (50s)
monochromatic violet (430nm), blue (473nm), andegrg527nm) lights of equal
photon flux (16%h/cnf/s) while they were performing an auditory workimgmory
task. Brain responses were characterized at ligeets and during the task. Results
support a prominent contribution of melanopsin R@Cnonvisual brain responses
within the very first seconds of a light exposurehrain areas involved in arousal
regulation and in the task. Results suggest thdigatpn of the brainstem and of the
thalamus in establishing nonvisual responses k. lig

Overall, results show that daytime light exposweeffective in modulating
nonvisual brain activity related to two complex oiiye functions. Light act swiftly in
a region specific and wavelength specific manneav#length sensitivities demonstrate
that non-classical photoreception using melanojssinvolved. A few seconds of light
are sufficient to induce significant changes incartical structures probably mediating
the establishment of the nonvisual response obdeaavether physiological levels and
in behavior. These results and multiplicity of brareas involved speak for a broad
involvement of light in the regulation of human ibréunction. These findings support
the use of light exposure as a countermeasure ynda sleepiness and in treating
several circadian and psychiatric disorders. Ligtiensity and its spectral quality
should however be taken into account when desigigigting environments of
buildings or light therapy treatments. Finally, lprenary results of two other
investigations suggest a role of light in emotiegulation and reveal the importance of

genetic factors in mediating the nonvisual eff@ftéght exposure.
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1. Broad impact of light and circadian rhythms in

humans

Definitions

Light

Light is an electromagnetic wave composed of enepggnta called photons (Ryer,
1998; Van de Voorst, 1997). These photons (ph)ady be absorbed or emitted in
indivisible units. The energyEj of a photon is related to its frequency) (or
wavelength ) through the expressioB = hv or E = hc /1 (whereh is Planck’s
constant and equals to 6.623°10 s, and is light speed and equals to 2.998 @0s"),
such that short wavelength (or high frequency) phethave more energy than longer
wavelength photons. Visible light is the part oé tllectromagnetic spectrum which is
visible to the human eye. It lies between ultrestichnd infrared lightj.e. between
wavelengths of ~380nm (violet) and ~780nm (red). $¥eall use the term light for
visible light in the rest of the manuscript.

Light energy is measured in Watts (W) or in lumdm)( which is the
photometric equivalent of W weighted to match thye eesponse of the “standard
observer” (Foster and Lucas, 1999; Ryer, 1988)dianceis the power measure of
luminous energy flux of a light per time unit (W)s Luminanceor photopic flux,
expressed in lumens per second (I $s weighted to match the responsiveness of the
human eye, which is most sensitive to yellow/gregeotopic flux is weighted to the
sensitivity of the human eye in the dark-adaptedestrradiance is a measure of
radiometric flux per area unit and per time unitflax density. Irradiance is typically
expressed in W/cfror W/nf, or in ph/crif/s. llluminanceis a measure of photometric
flux per area unit, or visible flux density. lllumance is typically expressed lax

(Im/m?) or foot-candles (Im per square foot).

Circadian rhythms

A rhythmis a non-random series of events which repeatssaiecific period. Day and
night alternations led to 24-h rhythmic variatiansnearly all organisms. A&ircadian

rhythmis a biological activity that oscillates under stant environmental conditions
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with a period close to 24h. Internal mechanismsniaa the periodicity of 24h.
External conditions entrain the rhythm, and changesthese conditions modify
rhythmicity. A rhythm is characterized by itanplitude period, with its reciprocal
frequency and phaseor phase angle The period is the time interval between two
occurrences of a reference event in successivesydlhe relationship between two
synchronized rhythms is expressed in terms of paagk difference, which represents
the time lag between two equivalent reference panfittwo cycles, such as their crests
or troughs. Chronobiology is the scientific disaigl interested in circadian rhythms
(DeCoursey, 2004)

Circadian influences in humans

The sleep/wake cycle is probably the most obviousjisible, 24h rhythm in humans.
Its rhythmicity is in part due to a circadian preseSleep pressure increases with time
awake and tends to trigger the next sleep epidmtten circadian process progressively
increases throughout the day to maintain wakefslrsagl counteract the homeostatic
influence (Daaret al, 1984; Dijket al, 1992). This circadian drive is maximal at the
end of the day, and then decreases steeply attoigiibw sleep. Many aspects of sleep
physiology such as rapid eye movement sleep, theepadensity of the sigma band
frequency (12.75-15 Hz) of the electroencephalogri&@®G) which characterizes
spindles, sleep propensity.g the tendency to fall asleep), and wakefulnessnduri
sleep episodes, show a strong circadian rhythm{@ijk and Czeisler, 1995; Dijlet
al., 1997; Dijk and von Schantz, 2005).

Core body temperature (CBT) exhibits a strong eadogs circadian variation
of about half a degree (Waterhouse and DeCour€84)2CBT is maximum at the end
of the day (at around 2200h), decreases to reachiitimum at the end of the night (at
around 0600h), to progressively increase towaslsrgst (Figure 1.1). It is influenced
by behavioral factors such as rest, activity anstyoe, but its cycle is preserved under
constant conditions. Secretions of hormones alsastiear circadian rhythms. The
most widely used hormonal rhythm in chronobiologynithout a doubt the rhythm of
melatonin. Its secretion signals the duration okdess and is closely related to sleep
(Arendt, 2003; Dijk and von Schantz, 2005). Its @amtration is low during the day,

" Circadian rhythm definitions are adapted from DeGey, 2004.
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increases at night to reach its maximum in the feidd the night, about 2h before the
trough in CBT (Figure 1.1). This pattern is pregerwn constant condition protocols,
reflecting its control by a circadian pacemaker.rtiSol is another hormone under
strong circadian control that has received a |atténtion in chronobiology. Its crest is
located at around habitual wake-up time. Thereaftetisol concentration decreases
progressively throughout the day to reach a minimshortly after sleep onset
(Waterhouse and DeCoursey, 2004). The autonomitcataf heart rate is also among
the physiological parameters showing circadianatems (Huet al, 2004).
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Figure 1.1: Circadian variations in melatonin secretion (top) and CBT (bottom )

centered around the circadian phase of CBT (from Dijk and Lockley, 2002).

In addition to rest and activity, many aspects ehdwior receive circadian
influences. Subjective alertness, vigilance, aibent mood and performance are
dependent on the duration of wakefulness, but #reyalso strongly regulated by the
circadian process (Figure 1.2) (Carrier and Mor}Q@® Dijk et al, 1992; Monket al,
1997). Subjective alertness and performance laestain fairly stable throughout the
day and progressively decrease if wakefulness tenebed into night time. Some
recovery of alertness and performance is howeveemkd after CBT minimum, to
reach a level intermediate between previous-dayesadof-the-night values, reflecting
the influence of a circadian process (Dakal, 1992). When the homeostatic influence

is removed, subjective alertness, mood and perfocmaariations parallel fairly well
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CBT circadian rhythmi.e. variables show maxima at the end of the day andnmairat
the end of the night (Carrier and Monk, 2000). @dlian variations have been observed
in numerous cognitive processes including workingmmary, reasoning speed, hand
dexterity, 2 digit sums, word pair recall, verb@asoning, serial search, implicit
sequence learning, and simple reaction times (Gajoet al, 2004; Carrier and Monk,
2000; Dijket al, 1992; Monket al, 1997; van Eekelen and Kerkhof, 2003; Wtal,
1999). In addition to measures made using respotwséasks, circadian changes in
alertness, attention and performance are refldotedriations in waking EEG, mainly
in high frequencies (theta or 4.5-t0-8Hz band, alph8-to-12Hz band, and beta or 20-
to-32Hz band) (Cajochest al, 2002).
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Figure 1.2: Circadian variations in performance (top) and vigilance measures

(bottom ) (from Carrier and Monk, 2000). V: circadian nadir.

Light is the primary synchronizer of human circadia n rhythms

Because circadian influences are present in mel@gbects of human physiology and
behavior, there is a great interest in understanthe generation and regulation of the
circadian system. In the early days of chronobipldgumans were seen as mainly
synchronized by social factors. Light was not cdesed as a majafeitgeber(“time
giver”), as it is was widely accepted to be so mnals (Aschoffet al, 1971;
Waterhouse and DeCoursey, 2004). This view chamgtte 1980’s. Bright white light

exposure (2500 lux) was shown to be able to supgtes nocturnal rise in melatonin
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secretion in humans (Lewgt al, 1980). Subsequent experiments demonstrated that
night time bright light exposure (10000 lux) chadgde phase of the circadian
variations in cortisol and CBT levels independergleep timing (Figure 1.3a) (Czeisler
et al, 1986). These discoveries were the starting pfmntnumerous studies which
confirmed those early results and further unravéhedcharacterization of light effects

on human circadian rhythms.
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Figure 1.3: Shifts in circadian phase induced by bright light exposures. a. Cortisol
secretion before (black circles — solid line) and after (open circle — dashed line)
seven days of evening bright white light exposure (> 7000 lux) (from Czeisler et al.,
1986). b. CBT variations after 3 days of morning light exposure of different
intensities. Horizontal line: circadian phase measured before light treatment (from
Boivin and Czeisler, 1996).

All circadian rhythms have a period slightly di#et from 24h meaning that
readjustment is required to maintain their day amght patterns in phase with
environmental days and nights. It continues to éleated whether it is the phase or the
period of a circadian rhythm that is altered tauas®ntrainment (Beersned al, 1999).
Although this issue is difficult to test, the mesicepted view is that phase is modified
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by exogenous factors and especially by light. Sdvehase response curves to light
exposure established the relationship betweenithiag of a single or repeated bright
light exposures and their effects on circadian ph@sgure 1.4). It clearly defined a
phase advancing part of the curve, if light expesagcurred within the hours following
CBT minimum, and a phase delaying portion, if ligixposure occurred in the hours
preceding CBT minimum (Czeislet al, 1989; Jewetet al, 1991; Jewetet al, 1997;
Khalsaet al, 2003; Minorset al, 1991; Van Cauteet al, 1994). The CBT minimum
was identified as a critical phase for circadiatr@nment: circadian amplitude was
abolished if repeated night time bright light expes were centered around CBT
minimum, leading to large phase shifts of unpreite directions (Czeislat al, 1989;
Jewettet al, 1991).
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Figure 1.4: Phase response curve to a single 6.7h bright light exposure (10000lux)
(from Khalsa et al., 2003). Phase advances (positive values) and phase delays
(negative values) are induced depending on the whether light exposure occurred

before or after circadian phase in CBT.

Although bright light exposures were first thougbtbe necessary to influence
circadian rhythms, sensitivity to indoor light lévewvas demonstrated subsequently
(Boivin and Czeisler, 1998; Boiviet al, 1996; Gronfieret al, 2007; Jewetet al,
1991). Furthermore, dose-response relationship dstwphase shifts and light
intensities has been established (Figure 1.3b)v{Ba@t al, 1996). This dose-response
relationship follows a sigmoid logarithmic functig¢Rigure 1.5) meaning that most of
the phase shifting effect occurs between 10 an@® 10Q This sigmoid relationship also
implies that a 100 lux night time light exposurduces half of the phase shifting effect

elicited by a 10,000 lux light exposure of identitening and duration (Zeitzeet al,
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2000; Zeitzert al, 2005). The circadian system also integrates phoftbrmation over
long periods of times. Intermittent light exposuia®e very effective in suppressing
melatonin secretion and induce almost equivalemtsershifts in the CBT rhythm as

compared to continuous light (Brainagtlal, 1997; Rimmeet al, 2000).
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If experimental conditions are strictly controlledcandle light level of 1.5 lux
during the day is sufficient to maintain circadidaythms in phase with a 24h day and
night cycle, but not if this cycle is 23.5h or 24.l6ng (Wrightet al, 2001). In addition
to establishing the limits of light entrainment @fcadian rhythms, these latter data
further demonstrated that, despite inter-individualiations, the intrinsic circadian
period in human was close to 24h. Although, in aignit was widely accepted that the
circadian period was close to 24h, the human peniad harder to establish and was
first estimated to be closer to 25h (Ascheiffal, 1971). Errors in period measures were
mainly due to the underestimation of the effecghtli Indeed, in well controlled
experimental conditions, where influences of exdersynchronizers are removed,
especially those of light, human circadian rhythossillate with a stable period slightly
longer that 24h (~24.2h) (Czeislet al, 1999). This period is similar for several
endogenous circadian markers (CBT, melatonin, amntisol levels) and light exposure
induces very similar phase shift across these marezeisleret al, 1999; Shanahan
and Czeisler, 1991). A single clock must therefgogern all these circadian rhythms.

Overwhelming evidence indicates that the masteadian clock is located in mammals
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in the suprachiasmatic nuclei (SCN) of the hypahals (Reppert and Weaver, 2002)
(see Chapter 2).

Light exposure is responsible for inter-individual differences in
sleep-wake cycle rhythm

Changes in the interaction between homeostaticcancddian regulations occur with
age. Aging is associated with a decrease in sleepnity, in the amount of slow wave
sleep, and in performance, and with a greater ®@hsito the circadian pacemaker
reflected notably in a reduced ability to sleepinlyrthe day after sleep deprivation
(Buysseet al, 2005; Gaudreaet al, 2001). The amplitudes of circadian rhythms of
several parameters such as sleep propensity oeciivigj sleepiness are also reduced
with age. The mechanisms responsible for thesegesaare however unclear. Middle-
aged (40-60 year old) and elderly (>60 year old)pbe have an advanced circadian
phase compared to younger individuals. Howeves, #dtivance does not appear to be
related to a change in circadian period, whichtable between age groups (Czeiger
al., 1999), nor to differences in daily light expos(kawinskaet al, 2005). A recent
report suggests that advances in circadian phagkel ¢® the result of a decreased
ability of older people to delay their circadiarytttims in response to normal room light
intensities (Duffyet al, 2007). This can be related to the reductionghtltransmission
through the lens and in pupil size that occurs &gk (Brainarcet al, 1997; Charman,
2003). The reduction in transmission occurs espigdar the shorter wavelengths of
the visible spectrum.

The advance in circadian phase with age is asgociaith an evolution toward
morningness, or morning chronotype (Duféy al, 2001). Even though all human
beings have a circadian period close to 24h, tleeyat all prefer to live at the same
time of the day. This diurnal preference is reférte aschronotype(Horne and
Ostberg, 1976). Evening individuals prefer go &epllater and wake up later, whereas
morning types prefer early schedules. Extreme aiyqes, getting up and going to bed
very early or very late, have interested scienbstsause they were thought to represent
extremes in the relationships between endogenesoadtan rhythms and activity. The
mechanism underlying the intrinsic differences iardal preference remains however

to be established. It appears that, in some indalg] extreme chronotype is determined
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through a different phase angle between the ciacadrive and the sleep/wake cycle,
while in others, (homeostatic) differences in tleeusmulation and dissipation of sleep
pressure would be involved (Duffet al, 1999; Duffy et al, 2001; Mongrainet al,
2005; Mongrainet al, 2006; Taillardet al, 2003). Similarly, for some extreme
chronotypes, daily light exposure seems to be ypaeponsible for the phase advance
tendency present in morning types and the phasgy dehdency in evening types
(Goulet et al, 2007). However, for many other extreme chronotypeividuals,
differences in light exposure do not appear to &xplvariations in time of day
preferences. Interestingly, a recent study revedltet chronotype changed with
latitude, suggesting a influence of daylight on eyah diurnal preference (Roenneberg
et al, 2007).

Non-photic synchronizers of the human clock

As for animals, light is the main synchronizer afinftan circadian rhythms. For
example, in controlled conditions, inverting thetractivity cycle and modifying the
timing of food intake induces weak phase shiftserehs, if bright white light is
administered, individuals adapt quickly to the newosed rest-activity cycle (Duffgt
al., 1996). Behavior is nevertheless important forcamiian regulation as it can
determine when light can reach the central nengystem,e.g. when we sleep, we
close our eyes (Dijk & Lockley). Other data cleasdlgow that light is not the only
Zeitgeberand that other non-photic factors have impactsciocadian regulation in
normal sighted and blind individuals (Klermat al, 1998; Mistlberger and Skene,
2005). Melatonin administration is able to entrairtadian rhythms in blind individuals
(Lockley et al, 2000; Sacket al, 2000). Physical exercise during the habitual rest
period alters endogenous circadian rhythms botiumans and rodents (Buxte al,
1997b; Buxtonret al, 1997a; Mrosovsky, 1991). Meals and social intévas are also
able to do so (Mistlberger and Skene, 2005). HRmakxogenous melatonin
administration can affect circadian regulationtsfaown secretion, but also of cortisol,
sleep, and heart rate (Cajochetnal, 1998; Rajaratnaret al, 2003; Rajaratnaret al,
2004; Vandewallet al, 2007a).
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Acute nonvisual effects of light irradiance in huma ns

Several studies were interested in the illuminagprsodes or the periods immediately
following them and demonstrated acute effects glitlion nonvisual or non-image
forming (NIF) functions. The suppression of melatorsecretion was the first
demonstration of an acute nonvisual response I (lgewy et al, 1980) and has been
replicated repeatedly (Figure 1.6b) (Brainatdal, 1997; Cajocheset al, 2000; Hebert
et al, 2002; Lewyet al, 1980; Zeitzeet al, 2005). Evening and night time bright light
exposures acutely affect CBT and prevent its niighe decrease for several hours after
the exposure (Figure 1.6c) (Baddal, 1991; Cajocheret al, 1992; Cajochert al,
2000; Dijk et al, 1991). Although general sleep architecture ismotlified, the power
of lower frequencies of slow wave sleep and thgiragnics are altered by a preceding
evening light exposure (Cajochenal, 1992; Dijket al, 1991). Sleep latency at night
is also prolonged by evening light exposure (Cagoadt al, 1992; Carrier and Dumont,
1995; Dijk et al, 1991), whereas it is reduced by a morning illtetion (Carrier and
Dumont, 1995). Waking EEG correlates of alertn@estrongly modified if bright light
is administered during the night. Ninety minuteseaposure are sufficient to induce
significant increases in power density of higher(GEEequencies, which can be
maintained for an entire night if light levels anestained (Badiat al, 1991; Cajochen
et al, 2000). Likewise, sustained wakefulness increagate slow eye movements,
which are related to sleepiness, decrease undéngous light exposure (Cajochen
al., 2000; Campbell and Dawson, 1990). Heart ratdsig acutely increased by light
exposure (Scheeet al, 2004). Similarly, behavioral measures are sesmsito light
exposures. Subjective alertness (Figure 1.6a),opeeance and mood are improved
within tens of minutes of a night time light exposi{Badiaet al, 1991; Cajocheret
al., 2000; Campbell and Dawson, 1990; Dawtahl, 1993; Frenclet al, 1990). Tasks
include working memory, visual search, number malaifions, logical reasoning,
processing abilities, and vigilance measures (l@actimes) (Badiaet al, 1991,
Campbell and Dawson, 1990).

These acute responses could be detected withirwatdes of minutes, but
effects depended on light intensities and on tmepteal resolution available in the
different protocols. As for longer term phase shifiose response relationships hold

between the acute effects of light and its intgmsand follow a similar logarithmic
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sigmoid functions (Brainardt al, 1997; Cajochemet al, 2000; Zeitzeet al, 2005). In
addition, dose response functions relate direalythie amount of light entering the
central nervous system through the eyes, at lemséridocrine functions. Melatonin
suppression by light exposure is twice as largenwb@h eyes are exposed rather than
one, and suppression is increased if pupil cortnicis inhibited (Brainardet al,
1997). The areas of the retina that are illuminat@ght also influence the acute
responses to light irradiance, but conflicting Hssinave emerged (Glickmaet al,

2003; Rugeket al, 2005b).
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Figure 1.6: Acute effects of a 6.5h night time bright white light exposure (>3000
lux) on a. subjective sleepiness, b. melatonin secretion, and c. CBT (from
Cajochen et al., 2000).

Indoor light levels of one or two hundred lux carduce acute effects on
circadian variables. This reduces the impact aftesssquent brighter light exposure and
can lead to the conclusion that bright light doesatifect CBT or performance (Daurat
et al, 1993). Hence short term light context influenties effect of a subsequent light
exposure. For instance, greater melatonin supressi observed after a period of
darkness than after a period in dim-light for ins& (Jasseet al, 2006). Longer term
light history is also important: if bright light iavoided for a few days, melatonin
suppression by light is enhanced, reflecting soorgy Iterm light adaptation of the
circadian system (Hebegt al, 2002).

Almost every investigation of the effects of ligintadiance focused on the
effects of light during the biological night. Howavrepeated daytime bright light
exposures induce phase shifts in endogenous carcgahiase (Hashimotet al, 1997;
Jewettet al, 1997). The induced effects are small, revealindeareased sensitivity
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during the biological day. Light irradiance durittte day also elicits acute responses
that depend on the time of administration, and lom ‘ariables measured (Phipps-
Nelsonet al, 2003; Rugeet al, 2005a). Daytime bright light exposure does notely
affect CBT and cortisol secretion but it inducemikir effects on behavior than night
time exposure. In partially sleep deprived subjeceaction times and subjective
alertness can be improved by daytime bright ligiptosures.
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Figure 1.7: Acute effects of a 5h daytime bright white light exposure (~1000 lux) on

a. subjective sleepiness, and b. reaction times (from Phipps-Nelson et al., 2003).

Light and health

Light is therefore a potent external factor withraad impact on human physiology and
behavior. Its action is detectable in the longemtebut also almost immediately.
Understanding light actions on the circadian systemld have practical impacts on
societal issues such as daytime sleepiness, nigfit work, or jet-lag. Daytime
sleepiness is a frequent complaint (Groesgjeal, 2004; Nugenet al, 2001) which has
important consequences not only in terms of qualityfe (dissatisfaction with life and
anger - see http://www.sleepfoundation.org), bsbah relation to education, public
health [e.qg., traffic accidents (Hakkanen and Sulap000; Horne and Reyner, 1995;
Packet al, 1995; Perez-Chadat al, 2005)] and economics (Dervaux, 2005; Leger,
2000). About twenty percent of the working popwatworks at night and is exposed to
light at a time where it greatly influences ciradiphysiology (Dumont and Beaulieu,
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2007). This results in misalignments of the biotadjiand environmental days which is
often associated with sleep disorders, fatigues sdeépiness. This is similar to the
transient jet-lag symptoms experienced when tragdhiast- or Westwards (Eastmein
al., 2005). People suffering from Delayed or Advan&eep Phase Syndrome (DSPS
and ASPS, respectively) cannot readjust their malephase to the external world time
and live shifted later or early (Wyatt, 2004). Savestudies have attempted to reduce
the after-effects of night work and jet-lag, orréalign ASPS and DSPS patients using
appropriately timed light exposures with varied cass rates (Dumont and Beaulieu,
2007; Eastmaret al, 2005; Revell and Eastman, 2005; Wyatt, 2004)n3pasing
experimental protocols to real life environment&iasvever complicated. In addition, it
seems important to consider daily pattern of ligkpposure as a whole to understand the
causes of phase misalignment (Dumont and Bead@Qr).

Abnormalities in endocrine circadian regulation ameolved in depressive
ilinesses (Linkowski, 2003), while several psychi@atnd neurological disorders are
positively affected by light treatment (Wirz-Justi2006; Wirz-Justicet al, 2004).
Seasonal changes are associated with mood changdarge portion of the population,
and symptoms reach psychiatric significance in gpdtisuffering from Seasonal
Affective Disorders (SAD). Light therapy is oftemoposed as the treatment of choice
for SAD and was reported to induce effects diffefeom a placebo effect in several
recent studies (Burgess al, 2004; Glickmaret al, 2006). The biological mechanisms
involved in SAD are unclear, but seem to be assetiavith a reduced retinal light
sensitivity (Hebertet al, 2004) and a delayed circadian phase in wintew{Let al,
2006). Others forms of psychiatric disorders sueh ballimia, depression during
pregnancy, premenstrual disorders, and bipolaredspn are improved following days
or weeks of light therapy (Wirz-Justice, 2006). N@onaging results have also
identified neural correlates of depression andegbvery after light therapy and total
sleep deprivation, which is also often employedréat depression (Benedeéi al,
2007). Elderly people could also benefit from ajppiaie light exposure. Dementia
symptoms appear to be reduced by light therapybyrincreasing ambient light
intensity in institutions where patients are oftbving under very low lighting
environments (Van Somereet al, 1997; Wirz-Justice, 2006). Almost all the
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mechanisms involved in the beneficial action ofhligexposure on health factors
remains however to be established.
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2. Photoreception system, genes and neuroanatomy of

nonvisual responses to light

This chapter will first briefly summarize the corapity of the processing of
visual information and place our work in contextvigion research. This will allow an
appreciation of the novel aspects of the chronobichl approaches that will be

presented in the other sections of the chapter.

The retina

After passing through the pupil, the lens, and byenors, light reaches the retina,
where the first stages of light processing take@ld he retina is a 2Qfn-thick tissue
containing 6 main classes of cells (Figure 20p, right) (Wassle, 2004). The rod and
cone photoreceptors are photon catchers transdlighigjuanta of all wavelengths into
the same electrical outputs (Gegenfurtner, 2008yéver, the likelihood of catching a
photon of a given wavelength varies for each plemeptor, rendering them most
sensitive to different parts of visible spectrurhisTchange in spectral sensitivity is the
result of the different photopigments present inhephotoreceptor type (rhodopsin in
rods, and 3 types of iodopsin in the 3 types okesdriBurns and Lamb, 2003). Rods are
abundant (~20 rods for 1 cone) and respond to anfgw photons. They are most
sensitive to 505nm wavelength and responsible dar light level achromatic vision
(scotopicvision) (Reeves, 2003). Three types of cones éxigrimates, whereas only
two are present in other mammals (Wassle, 2004)ores are most sensitive to
~430nm radiations (violet), whereas M- and L-copessent a higher sensitivity at
respectively ~530nm (green) and ~560nm (yellowgré8olomon and Lennie, 2007).
Processing of signals from these three cone typables high light intensity color
vision (photopicvision). S-cones (5 to 10% of all cones) havelatikely uniform low
retinal distribution (Solomon and Lennie, 2007), &dtd L-cones are denser around the
fovea, while rod concentration is highest towartie tperiphery (Wassle, 2004).
Photoreceptor outputs are transmitted to the hot&ocand bipolar cells, which pass

signals onto dendrites of amacrine and retinal amgells (RGC) (Wassle, 2004).
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Ganglion cells collect amacrine and bipolar cadhsis and transmit them to the brain.
The first light information processing is achievidglough interactions between these
retinal neurons along distinct channels.

Environmental irradiance varies over at least 1§ lmits (Wassle 2004).
However, only a narrow range of intensities carcbéed by the nervous system at a
given time. Light and dark adaptations are the gsees by which the visual system
optimizes its sensitivity with respect to exterhght intensities (Reeves, 2003). Part of
the adaptation is achieved by pupil constrictioritation, but pupil size varies from 2
to 8mm and is therefore only responsible for pathe adaptation process. Adaptation
is also realized by switching between scotopic phdtopic vision. This process is
accompanied by changes in spectral sensitivity éetwhe maximum of the scotopic
(505nm) and photopic (555nm) systems. Modificatiahthe photoreceptor level add to
the adaptation possibilities (Burns and Lamb, 20@@kaptation dynamics depend on
the initial and final light levels, but completerklaadaptation can take up to 45min
(Reeves, 2003).

Parallel processing for vision

Although interactions between pathways are humeaodscomplex, vision is generally
seen as series of parallel processes leading teciows perception (Gegenfurtner,
2003).

Retinal circuitry

The retina is one of the most complex parts ofrtlirous system and is far from being
completely understood. Horizontal cells realizedak contacts between photoreceptors.
They appear to sum light signals from several pieatEptors so that light response of
neighboring photoreceptors is reduced, in orderapob edges detection and reduce
responses to uniform surfaces (Wassle, 2004). R@@€ither connected to bipolar cells
sensitive to increase (ON channels), or decreasighhinputs (OFF channels), so that
bright sites and shadows can be differentiated.ald L-cones signals can be added
(M+L channels) or subtracted (M-L channels) to astrluminance information and

green-red composition of a stimulus, respectivegnger wavelength cones outputs is
also summed and then subtracted from S-cones cutf@{M+L) channels] to

characterize blue and yellow traits (Dacey and Ba@003).
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RGC can have very large or narrow receptive fialod can receive inputs from
single or multiple bipolar cells (Dacey and Pack2®p3; Daceyet al, 2003). ON
centre/OFF surround and OFF centre/ON surround R&3@ond in opposite ways to
changes in the centre and surround of their regefitlds. Similarly to horizontal cells,
amacrine cells are involved in these center-sudounteractions by sending lateral
inhibitory inputs at the RGC level. Opposite resgEs to color changes are also
processed in certain types of RG&£g.red ON/green OFF, red OFF/green ON, blue
ONlyellow OFF, blue OFF/yellow ON. Other featuresls as motion and contrast are
also coded at the RGC level (Wassle, 2004). Thexdl@ to 15 distinct types of RGC,
and information contained in a light spot is furteinto as many parallel channels,
which feed into different parts of the retino-genezcortical pathway (Figure 2.1)
(Daceyet al, 2003; Wassle, 2004).
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Figure 2.1: Left panel: Schematic representation of the cerebral pathways linking
the retina to the early visual cortex (V1) through the lateral geniculate nuclei (LGN).
Right panels : scheme of the principal steps with the retina (top), the LGN (middle),
and V1 (bottom) (from Solomon and Lennie, 2007).
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Thalamic lateral geniculate nuclei

Almost all visual information reaching the occipitartex is relayed by the thalamic
lateral geniculate nuclei (LGN). The LGN is compibs# 6 layers and 3 neuron types
(Figure 2.1,middle righ) (Kaplan, 2003). Layer 1, 4, and 6 receive ingonf the
contra-lateral eye. Each layer is composed of B-¢e80%), of M-cells (~10%), and of
K-cells (~10%). M-cells are mostly processing luarine information (L+M channel).
P-cells treat red-green information and have aomar spectral-band sensitivity. They
are involved in color discrimination and spatiakion. K-cells were only recently
discovered, and deal with blue-yellow informatiohhere are many interactions
between the various neuron types in the LGN. Respalynamics differ between cell
types, with K-cells showing slowest responses. Shgh¢ processing is already taking
place in the LGN. For example, M-cells are involwedontrast gain and konio-cellular
neurons are sensitive to motion. Light adaptatimt@sses also take place at the LGN

level.

Cortical pathways

The LGN signal is fed into the occipital cortex d&ie 2.1,bottom righy, which is
generally divided in a ventral and a dorsal strefdmgerleider, 1995; Ungerleider and
Pasternak, 2003). Both pathways process distirttifes; the ventral pathway is seen
as dealing with the “WHAT” of a stimulus, whereag dorsal stream is involved in the
“WHERE” of that stimulus (Figure2.2). Cortical pessing starts in the striate cortex,
or primary visual area (V1), which codes color.eatation, brightness and motion in
different subsets of neurons. The ventral pathwayarily recruits first the visual areas
2 and 4 (V2 and V4), then inferior temporal (IT)rtex areas. The ventral stream is
crucial for object recognition and codes for featursuch as color, brightness,
orientation, contrast or dimensions of a stimulmshigher IT areas, more complex
features, such as faces, are specifically codesegnegated neuronal populations. The
dorsal pathway proceeds from V1 to V2, then to ¥3dach the middle temporal area
(MT), the motion-sensitive area. Information is sent forwaydemporal and parietal
areas, such as the superior temporal sulcus oettteal intraparietal area, to reach area
7a at the top of the dorsal hierarchy. The dort&lam is essential for appreciating

spatial relationships among objects and guidanemrids them. In addition to motion,
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motion speed and binocular disparity, underlyingptde perception, are notably
processed in dorsal areas.
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Figure 2.2: Connections between regions of the ventral (red) and dorsal (green)
cortical visual streams (from Ungerleider, 1995). DP: dorsal prelunate area; FST:
fundus of superior temporal area; HIPP: hippocampus; LIP: lateral intraparietal
area; MSTc: medial superior temporal area: central visual field representation;
MSTp: medial superior temporal area, peripheral visual field representation; MT:
middle temporal area; MTp: middle temporal area, peripheral visual field
representation; PG: inferior parietal area; PO: parieto-occipital area; PP: posterior
parietal sulcal zone; STP: superior temporal polysensory area; STS: rostral
superior temporal sulcus areas; TEO and TE: inferior temporal areas; TF:
parahippocampal area; TG: temporal pole area; VIP: ventral intraparietal area;
VTF: visually responsive portion of area TF; V1, primary visual cortex; V2, visual
area 2; V3, visual area 3; V3A, visual area 3, part A; V4, visual area 4; 7a: inferior
parietal area 7a; 8, 11, 12, 13, 45, and 46: prefrontal Brodmann areas; 28:

entorhinal area; 35, 36: perirhinal areas.
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Processing goes generally from simple to compleresentations while passing
from V1 to higher areas, with cell columns prognesly integrating several aspects of a
stimulus. Bidirectional connections are presentveen all visual areas (Ungerleider
and Pasternak, 2003): feed-forward connectionsvaliottom-up attention orientation,
whereas feedback links permit top-down attentiordufation down to early visual
areas (Corbettat al, 1991; Kastneet al, 1999; Koida and Komatsu, 2007; Shulngn
al., 1999; Ungerleider and Pasternak, 2003). Bothicarstreams are also strongly
interconnected and are involved in the processihgchwoccurs in the other stream
(Claeyset al, 2004; Seidemanast al, 1999). Both streams reach the temporal lobes,
including the hippocampus (Ungerleider and Paskgr@803) involved in long term
memory (Squire and Zola-Morgan, 1991). Ventral dodsal projections are found in
the prefrontal cortex, which is important to ex@geitfunctions such as working
memory (Colletteet al, 2006). Finally the amygdala, strongly implicated the
regulation of emotions (Sterpenicht al, 2006), also receives ventral stream
innervations.

All areas of the ventral and dorsal pathways amengty connected to
subcortical structures such as the thalamic puhama brainstem nuclei (Shipp, 2003;
Ungerleider and Pasternak, 2003). Brainstem nuarieithought to have modulatory
roles on storage of information and arousal infageim information processing. The
inferior pulvinar receives small retinal inputs ahknown function, but pulvinar
connections mainly involve the cortex, and subcattstructures such as the superior
colliculus (SC) (Casanova, 2003). The pulvinarrigoived in arousal and attention
regulations (Coulkt al, 2004; Foucheet al, 2004; Shipp, 2003), but also plays pure
visual roles, such as eye movement regulation amitbm processing (Ungerleider and
Pasternak, 2003). The connections of the pulvintr the SC allow retinal information

to reach extrastriate areas without passing thraigh

Non-classical photoreception is responsible for the nonvisual
effects of light irradiance

Although the neuroanatomy of conscious vision iglyfawell established, the
mechanisms involved in the nonvisual responsesidiot lare only starting to be

elucidated. In humans, the first strong evidencetli@ involvement of non-classical
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photoreception in nonvisual responses to lighdiaace came from the study of blind
individuals. The demonstration that light expostaea suppress melatonin secretion and
shift its circadian phase in some totally blindividuals was surprising and implied that
a residual photoreception function was sufficiemttiansmit light signals through a
pathway distinct from vision (Czeislet al, 1995; Klermaret al, 2002). Experiments
in color blind individuals, lacking functional M-rd_-cones, demonstrated identical
melatonin rhythms and suppressions in responsigho éxposures when compared to
normal individuals. This implied that not all visyshotoreceptors are necessary for
normal responses to light irradiance (Rubetgal, 1996). In addition, in normal
subjects, shorter wavelengths around the maximunsitsaty of rods induced a greater
melatonin suppression than wavelengths maximalipudating the photopic visual
system (Brainardet al, 2001b). Several studies demonstrated that inntsdeith
degenerated retina with no functional rods andtmmes, normal or close-to-normal
circadian and acute responses to light irradianeeewnaintained (Freedmaet al,
1999; Lucast al, 2001b; Lucast al, 1999).

Early studies in rodents reported an unusual desgense relationship in the
phase shift responses induced by light exposurdsaasiecreased sensitivity to longer
wavelengths which suggested the involvement ofvelnphotoreception system, if not,
of a novel visual pigment (Takahaskti al, 1984). Similarly, melatonin suppression
during the night was reported to be most sensittvanonochromatic exposures of
wavelengths around 459 and 464 nm (blue light) umans (Brainarcet al, 2001a;
Thapanet al, 2001). This sensitivity does not match the ctzdgphotoreceptors of the
eye. Similarly, pupillary constriction in mice laolg rods and cones was reported to be
driven by a photopigment most sensitive to 479 nawelengths (Lucast al, 2001a).
This action spectrum was recently reproduced inagaes in the absence of cone and
rod inputs and in humans (Gamkt al, 2007). Night time human cone processing is
also influenced by previous light exposure with aximum sensitivity to 483 nm
(Hankins and Lucas, 2002). These action spectrum steongly suggest that a novel
non-classical photoreception system was responbléhe nonvisual effects of light
irradiance.

Several human studies compared the nonvisual resporelicited by

monochromatic lights geared towards the classisalal system (~555nm), or geared
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towards the non-classical photoreception systerolved in light irradiance detection
(460nm). Acute suppression and shifts (delays ahdareces) in circadian phase of
melatonin secretion were reported to be greateslerurshorter wavelength lights
(Cajochenet al, 2005; Lockleyet al, 2003; Warmaret al, 2003; Wright and Lack,
2001; Wrightet al, 2004). Limited but significant modifications iheep architecture
were also reported after blue light exposure, aspaved to green light exposure and
darkness (Munclet al, 2006). Sleepiness, assessed objectively (by \waklBG) and
subjectively, heart rate, CBT, expression of tlezklgendPER2 and a simple reaction
time task (measuring vigilance), were most affeddgdshorter wavelength lights in
humans (Figure 2.3 and 2.4) (Cajoctetral, 2006b; Cajocheet al, 2005; Lockleyet
al., 2006).
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Figure 2.3: Acute responses to blue (460nm) and green (550nm) 2h evening light
exposures (2.8 x 10" ph/cm?s) (from Cajochen et al., 2005). a. melatonin

secretion; b. subjective sleepiness; c. CBT.

Acute effects on reaction times, subjective sleegan and melatonin secretion,
were detected after 30 min of light exposure aragieth no more than 30 min after
cessation of the light exposure. However, the tgaip@solution of these studies was
limited to 30 min (Figure 2.3a,b). The acute eemh heart rate and CBT had a greater
latency and outlasted the light exposure for longeriods of time (Figure 2.3c). In
addition, longer wavelengths elicited acute andyéwnterm responses on melatonin
secretion and affected reaction times 30 min afteen light exposure was initiated
(Figure 2.4) (Lockleyet al, 2003; Lockleyet al, 2006). Furthermore, cortisol was not
differentially affected by the wavelength of ligahd skin temperature appeared to be

equally modulated by shorter and longer wavelen@lagocheret al, 2005; Lockleyet
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al., 2003; Lockleyet al, 2006). These results might suggest specific effe€ light

irradiance for different parameters of circadiaygpblogy and behavior, and may imply
different photoreceptor contributions to these #feeffects. A recent study suggested
a different light sensitivity for some behaviorajpacts (Revelét al, 2006). However,

the results of the latter study are inconclusivd anly included subjective sleepiness
measures. At high intensities green light exposbhes been shown to improve
behavioral parameters (Hormet al, 1991), demonstrating that, as for white light, if

intensity is sufficient, all types of light can uck acute effects.
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Figure 2.4: Acute effect of a blue (460nm) or green (555nm) 6.5h night time light

exposures (2.8 x 10™ photons/cm?/s) on reaction times (from Lockley et al., 2006).

Melanopsin, a novel photopigment in a novel photore ception
system driving responses to light irradiance

A novel opsin, melanopsin, was discovered, notabljpe human eye, and proposed as
a candidate photopigment responsible for the nomavisesponses to light (Provenab
al., 1998; Provenciet al, 2000). Melanopsin is expressed in a subset ahsgitally
photosensitive RGC with large receptive fields, tidd morphology, and
neurotransmitters, and a low and uniform distritmutihroughout the retina. These cells
constitute the majority of the retinohypothalamiact (RHT), which conveys
information from the retina to the SCN (Berson, 20Bersonet al, 2002; Gooleyet

al., 2001; Hannibakt al, 2002; Mooreet al, 1995; Provenci@t al, 2002; Warreret
al., 2003). The development of mutant mice in which ¢gfene for melanopsin, or the

genes for melanopsin and rods and cones, wereedeletvealed that melanopsin was
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indeed involved in nonvisual responses to lighthsasc-fos gene induction in the
SCN, pupillary constriction, and shifts in locomogztivity circadian rhythm (Lucast
al., 2003; Pandat al, 2003; Pandat al, 2002; Rubyet al, 2002; Semeet al, 2003).
In addition, in melanopsin knock-out mutant midee RGC which normally express
melanopsin and are sensitive to light become inseaso light (Rubyet al, 2002).

However, debates continued on whether melanops$ad as a photopigment or
as a photoisomerase (enzyme) (Foster and Bellingk@@?), and other molecules were
proposed as the photopigments mediating respowséght irradiance. For instance,
chryptochromes, members of plant blue light recsptand circadian photoreceptor in
Drosophilia, were shown to be necessary for normal respormsdght irradiance in
several studies on rodents (Miyamoto and Sanc&8;15elbyet al, 2000; Thompson
et al, 2001; Thresheet al, 1998; Van Geldeet al, 2003a). Simultaneous studies
reported that the expression of melanopsin in ruostgsensitive cells rendered them
photosensitive with a maximum sensitivity aroun@d® in 2 studies (Pandst al,
2005; Qiuet al, 2005) and closer to 420nm in another one (Mebfaal, 2005). This
definitively established melanopsin as a novel tgpehotopigment recruited by the
photoreception system involved in the transmissibnirradiance light information
(Figure 2.6). These studies also demonstratedrk&tnopsin was both a photopigment
and a photoisomerase capable of regenerating. iGgfptochromes for their part are
essential molecules in the machinery regulatingadian rhythms in mammals, but not
in nonvisual photoreception (Griffiat al, 1999; Lucas and Foster, 1999; Reppert and
Weaver, 2002; van der Horst al, 1999).

Although nonvisual responses to light irradiancachs as phase shifts in
locomotor activity and pupillary constriction, weneduced in the absence of
melanopsin in rodent mutants, they were not corajledbsent (Figure 2.7) (Lucas
al., 2003; Pandat al, 2002; Rubyet al, 2002; Semet al, 2003). Only if melanopsin,
cone, and rod gene expressions were prevented, alleresponses to light irradiance
lost (Hattaret al, 2003). These results revealed that melanopsinoisthe sole
photopigment involved in the generation of the nsnal responses to light. In rodents,
response sensitivity of SCN neurons to flashesofapic or photopic light levels were
shown to be compatible with classical photorecemputs to the circadian master
clock (Aggelopoulos and Meissl, 2000), and tranggeablation of rods altered
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circadian rhythmicity (Lupet al, 1999). Other rodent studies revealed that the RidT
not only consist of melanopsin expressing RGC aX@woleyet al, 2003; Hattaret
al., 2006; Sollar®t al, 2003). This revealed that other RGC, receivimuta from rods

and cones, project to the SCN and influence ciesadigulation.
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Figure 2.6: Schematic wavelength sensitivity of S- (blue), M- (green), and L-cones
(red), and of rods (right dashed curve) and melanopsin expressing RGC (left

dashed curve — Mel") (from Solomon and Lennie, 2007).
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Figure 2.7: Melanopsin involvement in nonvisual responses to light exposure.

a. pupillary constriction in wild type and mutant mice with nonfunctional melanopsin
(Opn4 ™), rods (Gnatl ™), and/or cones (Cnga3 ") (from Hattar et al., 2003).

b. Phase shifts in locomotor activity induced by light exposure in wild type (WT)
and melanopsin knocked-out (OPN4 "') mice (from Panda et al., 2002).

Note that responses are still detected in the absence of melanopsin.

44



Human data also suggested that the classical muoafptors could support
circadian responses to light, at least in part (Real, 2001; Zeitzeret al, 1997). A
system giving, different weights to the classicAbioreceptors than in vision, was
proposed to match the wavelength sensitivity ofvigral responses to light in humans
(Reaet al, 2002). This proposition was later modified to aaat for the evidence for
melanopsin involvement, but still involved S-comesitribution (Figueiraet al, 2004).
This contribution was later confirmed in macaquebere S-cones were shown to
trigger inhibitory OFF responses in melanopsin egping RGC, whereas M- and L-
cones and rods elicited activating ON responseasodstrating the presence of neural
connections between these photoreceptors and npsianBGC (Daceyet al, 2005).
Two melanopsin expressing RGC populations presgrtéendrites in distinct strata of
the retina were observed in macaque and rodentréiaceet al, 2005; Hattaet al,
2006). They seem to present the same responseattd4+L-cones stimulations, but it
is unknown whether they differ at other levels. thar, cone signals were recently
shown to contribute to pupillary constriction in cagues (Gamliret al, 2007). Rods
were also shown to interact with melanopsin expngs®GC (Doyleet al, 2006).
Modeling of M-cones contribution to nonvisual respes to light, through genetic
ablation of these photoreceptors in rodents, shotirad they were implicated in
nonvisual responses to light and that their coatitim dynamically varied across the
course of the first 15 min of light exposure (DigiiBenyahyeet al, 2007). In addition,
integration of photic information arising from flass of light in rodents was shown to
be very different from the integration observecafirolonged light stimulations (Vidal
and Morin, 2007). This further suggested that #lative contributions of the different
retinal photoreceptors changed in the course dfi@mination, especially early in the
exposure.

Response dynamics to light stimuli also differshegt photoreceptor level. Rod
and cone responses to light are typically time-backo the stimulij.e. neural inputs
start or cease a few milliseconds after light inéd on or off. In addition, rapid
attenuation of rod and cone firing occurs in reggoto a constant stimulus (Dacey et
al., 2005). When cones are inhibited, intrinsichligesponse of the melanopsin
expressing RGC cells is sluggish and does notwtenfiring is detected seconds after

initiation of the stimulus and is maintained for nmies after the exposure,
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demonstrating that these cells can account folothg integration time of the nonvisual
system (Figure 2.8c) (Berson et al., 2002; Dacegl.et2005). However, inputs from
rods and cones enable melanopsin to respond quicklgght, within a few ms,
similarly to rods and cones (Figure 2.8a,b) (Daeél, 2005; Wonget al, 2007).
Differences in response dynamics are also detestezh investigating adaptation to
ambient light levels in the classical and non-atadsphotoreceptors: adaptation is
achieved in tens of minutes in the visual systeme({iRs, 2003), whereas it takes place

on a time scale of hours in melanopsin expressiB¢ RNVonget al, 2005).
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Figure 2.8: Intrinsic rod and cone mediated responses to light exposure in
melanopsin expressing RGC (from Dacey et al., 2005). a. rod mediated response
to very low light level exposure (2 x 10® ph/cmzls); b. cone mediated response to
light (5 x 10" ph/cmzls); c. intrinsic response of melanopsin expressing RGC cell

after blockade of cone inputs.

A model was proposed in which at low light levetgls inhibited melanopsin
RGC responses, to reflect the higher light levguneed to induce nonvisual responses
(Rea et al, 2005). At high intensities this inhibition woulde removed and
contributions from cones could further induce resmoin melanopsin RGC. This model
is difficult to verify in humans, but illustratebd complexity of interactions between
retinal photoreceptors, and of the contributiorclassical photoreceptors to nonvisual
response to light. It also emphasized a possilenprent role of S-cones, which, as
suggested in macaques (Dacgtyal, 2005), could greatly contribute to melanopsin
expressing RGC responses, at least in the early gfathe illumination (later,
attenuation occurs in classical photoreceptors)wéder the model suggests an
activating role of S-cones (Rest al, 2005) while they were showed to have an
inhibitory role in the RGC expressing melanopsira¢By et al, 2005). Conversely,

melanopsin RGC were shown to influence vision. Mefssin expressing RGC project
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to areas typically involved in vision in macaquasch as the LGN and olivary pretectal
nuclei (OPN) (Daceyet al, 2005), and modulate visual processing in rodetina
(Barnardet al, 2006). Finally, a novel type of cones exclusivexpressing melanopsin
has been discovered, but it has not been attritautiediction yet (Dkhissi-Benyahyat
al., 2006).

In the past 7 years or so, substantial evidencastipgp to the unique
characteristics of the circadian photoreceptionesyshas accumulated. Why natural
selection chose blue light to mediate respons@sadiance changes remains unknown.
Because blue light is predominant at dawn and dasthors have hypothesized that a
greater sensitivity to shorter wavelengths woultp leynchronizing circadian rhythms
to the external time (Foster, 2005). Support fos itlea come from data suggesting that
melatonin onset and offset of secretions are utigecontrol of two distinct oscillator
mechanisms that detect light-to-dark and darkgbtliransitions separately, and would
adjust melatonin secretion according to the enwvireintal seasonal change in day length
(Wehret al, 2001).

The presence of two different photoreception systeusing the same
photoreceptors in different ways, implies that tiggvels assessed by photon density
values should be used to assess the specific £ffieetliated by the visual and non-
classical photoreception systems (Foster and LU&89). The lux scale is equated for
visual sensitivity (Ryer, 1998) and does not cqoesl to the photon catcher behavior
of photoreceptors, only eliciting responses toreright quanta (Gegenfurtner, 2003),
whereas power measures do not take into accourmthgngge in energy with the photon

wavelengths.

Gene transcription/translation loops generate circa dian
rhythms and respond to light

Some aspects of the circadian rhythm of cortisathsas the position of the nadir of
secretion, were shown to be very similar in monaotigg but not in dizygotic twins
(Linkowski et al, 1993). These results constituted early eviderstggesting that,
similar to most organisms, there was a geneticrobat circadian rhythms in humans.
Several genes are implicated in the generationi@fdian rhythmicity in

mammals, such aslock, Bmall and those of thBeriod family, Perl, Per2, andPer3
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and Cryptochromefamily, Cryl andCry2 (Ko and Takahashi, 2006). The products of
these genes are involved in several positive agdtie feedback loops regulating their
own transcription in a circadian manner. Brieflyl@CK and BMAL1 form a
heterodimer that activates the transcription ofReeandCry genes, as well as nuclear
receptor genes which inhibddmall expression. PER and CRY translocate back to the
cell nucleus, where CRY inhibits transcription Gfock and Bmall as well as the
nuclear receptor genes, releasing their inhibitn®Bmall (Reppert and Weaver, 2002;
Van Gelderet al, 2003b). One cycle of this feedback loop lastauaRdh and, because
clock proteins are also transcription factors ftineo genes, they impose a circadian
expression in multiple downstream systems (Ko aaklafiashi, 2006). Disruptions of
the feedback loops (through genetic modification®oduce major circadian
abnormalities. Novel clock genes continue to bealisred. Figure 2.9 illustrates the
complexity of the recent advances in the genetfcsiroadian rhythms. It is however
still unclear how a cellular molecular cycle genesaa circadian rhythm output from
the whole SCN population.
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Figure 2.9: Transcriptional and translational feedback loops involved in circadian
rhythms generation (from Ko and Takahashi, 2006).
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Much remains to be discovered about how light edposnodifies circadian
rhythms through its effect on clock genes. The spdata show that the light irradiance
signal reaches the SCN, through neurotransmitielased mostly from melanopsin
expressing RGC, and affect gene expressions (ReapérWeaver, 2002; Van Gelder
et al, 2003b). Light rapidly inducePRerl expression in rodent SCN neurons at the
beginning or the end of the night, whereas ligldurtion of Per2 is only important
early in the night and undetectable later. Thefferdnces in time of day inductions by
light exposure betweelRerl andPer2 could be related to the phase response curves to
light based on physiological measures (Reppert\&edver, 2002). In humanBER2
light-induced expression was detected after exgogua 2h blue monochromatic light
(460nm) but not after a green (550nm) monochronlgjit exposure, demonstrating
that non-classical photoreception was involvedhis effect (Cajochert al, 2006b).
The last member of theriod family, Per3 does not seem to be directly affected by
light exposure (Tartteliret al, 2003). Increases in PER1 and PER2 protein express
enhance CRY cytoplasm concentration, which seentgatrfor affecting circadian
phase (Reppert and Weaver, 2002). Light exposwe iaduces expression of other
genes acting outside the feedback loops, suchf@s(Dkhissi-Benyahya et al., 2000).

Clock genes have received much attention for thade in circadian disorders
such as ASPS and DSPS, and in diurnal preferemchamans. Positive associations
have been found between extreme chronotypes acll gkne polymorphisms such as
in PER2 (Carpenet al, 2005),PER3 (Archer et al, 2003; Pereiraet al, 2005), and
CLOCK (Katzenberget al, 1998). However some studies do not report such
associations FER1 (Katzenberget al, 1999); CLOCK (Robilliard et al, 2002)].
Mutations inPER2andPER3have also been associated with ASPS (ébhl, 2001)
and DSPS (Ebisawet al, 2001), respectively.

Recently, humanPER3 polymorphisms were reported to affect sleep
architecture and performance after 24h of contisuaakefulness (Violat al, 2007)
and to influence mood disorders (Artieli al, 2007). This adds tBER3implications in
DSPS and extreme evening chronotype, and showshilsatlock gene is an important

component of the circadian molecular system.
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What is the brain circuitry involved in nonvisual e ffects of
light?

Oscillations in clock gene expressions are not gmbsent in the SCN (Reppert and
Weaver, 2002; Sapeat al, 2005a). Many brain areas (Ale¢ al, 2002) and organs,
such as the liver or lungs (Reppert and Weaver228@mazakiet al, 2000), show
intrinsic circadian rhythms in protein and RNA l&/¢hat may control local activity.
The maintenance and synchronization of all thesglperal circadian rhythmicities are
mainly achieved by the SCN (Buijs and Kalsbeek,12®eppert and Weaver, 2002). It
seems to be the only structure capable of maimgiprolonged synchronized circadian
oscillationsin vitro, whereas the other brain areas or organs eithemodccycle in
isolation or are unable to maintain a synchronidedhm for long durations (Reppert
and Weaver, 20025CN transplantations, between hamsters with a smatbgenous
circadian period and hamsters with a 24h periodnatestrated that circadian
rhythmicity was imposed by the transplanted SCNRat al, 1990). However, not all
circadian aspects are restored by this transplantaindicating that chemical and
synaptic communications to and from the SCN areessary to regulate circadian
rhythms (Buijs and Kalsbeek, 2001; Matsumeatioal, 1996; Reppert and Weaver,
2002). These communications have been subjectedetose investigations, which will
be briefly summarized.

Outputs from the SCN follow three major pathwaysg(Fe 2.10) (Saper et al.,
2005b). One pathway runs dorsally and rostrallyngléhe third ventricle, into the
medial preoptic area (MPO) of the hypothalamus #ueesh up into the paraventricular
nucleus of the thalamus (PVT). This PVT pathway bBE® been connected to the
prefrontal cortex (Sylvestest al, 2002). The functionality of this connection has n
been demonstrated but it could serve in part ciacachodulations of higher cognitive
functions. A second pathway goes to the retrochatismarea and capsule of the
ventromedial nucleus (VMH). The third pathway isirgpto the subparaventricular
zone (SPZ). Part of the axons pass through the ®PZeach the dorsomedial
hypothalamic area (DMH). This third pathway is ttm@st important in term of the
proportion of projections it includes, and of thewber of parameters it has been shown

to affect.
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Projections from the VMH, SPZ and DMH to cholinergand aminergic
neurons, as well as to orexin producing cells Haen demonstrated (Deurveilher and
Semba, 2005). Many of these projection sites aregbdhe wide network that regulates
arousal (Jones, 2003) but its remains to be detednivhich of the indirect projections
they receive from the SCN are functionally regulgtiarousal. Thus far circadian
regulation of sleep-wake and locomotor activityhisught to be mainly mediated by the
pathway linking the SCN, SPZ and DMH as demondiraie specific lesions of these
nuclei (Sapeet al, 2005b). A functional link between the SCN and ltheus coeruleus
(LC) through the DMH has been demonstrated (Astoredet al, 2001). This nucleus
is the major source of norepinephrine of the orgraniwhich promotes and regulates
wakefulness, and projects to a multitude of regittmeughout the brain (Aston-Jones
and Cohen, 2005).

In addition, the SCN was shown in rats and in husnnproject directly to
orexin producing neurons in the lateral hypothataarea (LHA), which contributes to
the regulation of wakefulness (Abrahamstral, 2001). The ventrolateral preoptic area
(VLPO) is also a direct target of the SCN. It i©ught to be part of the switch
regulating the transition between sleep and wakeis, and projects to numerous areas
involved in arousal regulation including the LC ah#iA (Saper et al, 2005a).
However these direct SCN projections are weak arid the DMH that provides a
strong indirect link between the SCN, and the LH#&d VLPO (Chouet al, 2003;
Saperet al, 2005a). The DMH has also been reported to be iitapbin the circadian
regulation of feeding behavior (Goolest al, 2006). Body temperature regulation
appears to be mediated by the direct projectioma fbe SCN to the SPZ, and not to go
through the DMH (Sapeet al, 2005b). The SPZ also seems involved in circadian
regulation of locomotor activity. Melatonin reguéat appear to be mainly regulated by
indirect connections between the SCN and the pigkeald (Sapeet al, 2005b). The
SCN project directly to the dorsal paraventriculacleus of the hypothalamus (PVH),
which connects to the columns of the upper thoraspinal cord that contact
sympathetic preganglionic neurons that control glimeelatonin secretion.

Several circadian rhythms which exhibit close termaporelationship are
therefore actually mediated through partially distipathways. This is thought to allow
greater adaptability of the organisms to their emvinent (Sapeet al, 2005b). This
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great diversity in the pathways leaving the SCikeftected in the heterogeneity in the
rhythmic activities and in the responses to ligtgsgnt in the SCN. Gene expression
and electrical activity was shown to vary from r@uto neuron, and to depend on the
neural connections of the different parts of thaNS@e la Iglesiaet al, 2004; Saeb-
Parsy and Dyball, 2003; Schaapal, 2001). Furthermore, although most SCN neurons
are activated by light exposure, many are inhib{(tddijer et al, 1998). In addition to
present broad projections throughout the brain,SG& receives numerous afferents
(Krout et al, 2002). Hypothalamic, limbic, thalamic and bragmstnuclei project to the
SCN. These projections could modulate circadiamleggn of homeostatic functions,
and be responsible for the observed variation iN &€tivity with changes in vigilance
states (Deboest al, 2003).

Limkbic \a/
‘-""""_._‘_""""-..‘_

X Hypothatamus

K—‘ Yisceral
0.4 mm lateral to n‘;idl'—:nek A

Thermoreguiation

Cortex

ascrefion

Melatonin ‘Wakefulness, feeding -
secretion Or:_x n
MCH
Corticogteroid Sleep
s

il
¥,
i
I
f
I

Giutamate:

TRH

Figure 2.10: Major output pathways of the hypothalamic SCN (from Saper et al.,
2005b). See text for abbreviations other than: ARC: arcuate nucleus; PVHd: PVH
dorsal; PVHm: PVH medial; CRH: corticotrophin releasing-hormone; MCH:

melanin-concentrating hormone; TRH: thyrotropin-releasing hormone.
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The SCN receives strong and distinct innervatiaosnfthe eye through the
RHT (Gooleyet al, 2001; Sollarset al, 2003). Its cell activity is sensitive to light
exposure in a dose dependent manner and the edfelagbit depend on the time of day
(Meijer et al, 1998).Expression of the early gemefosin the SCN is also induced by
light, again in a dose dependent manner, reve#iegapacity of the SCN to integrate
light inputs (Dkhissi-Benyahyat al, 2000). The SCN clearly appears therefore as one
of the early mediators of the effect of light irragce on physiology and behavior. The
intergeniculate leaflet (IGL) of the thalamus alezeives strong retinal innervations
(Morin and Pace, 2002; Muscat and Morin, 2006). rhmediate early gene-fosis
even more strongly induced by light exposure inl@Gk than in the SCN. The IGL has
strong connections with the SCN to which it convelgstic and non-photic information
through the geniculo-hypothalamic (GHT) pathwayrtker, IGL lesions reduce-fos
expression in response to light in the SCN, sugygst role for the IGL and GHT in
SCN photic response to light (Muscat and Morin,@0&imilarly to the SCN, the IGL
projects to and receives afferents from numerowseninvolved in arousal regulation
in the brainstem and hypothalamus such as the VUR®,also the SC and OPN,
involved in eye movements and pupillary constricticespectively (Morin and
Blanchard, 2005).

It is unknown which of the SCN and IGL projecticarsd what other brain areas
are involved in mediating the acute and longer teromvisual responses to light
irradiance. The characterization of the brain dtrguinvolved in eliciting these
responses has only recently begun, and much of wwhatown is limited to the retina
and the direct projection of RGC expressing melamoffigure 2.11). There are only a
few thousands of these cells in the retina (Dastegl, 2005; Wassle, 2004) but their
projection sites are surprisingly numerous, attléasrodents (Gooleyet al, 2003;
Hattar et al, 2006; Hattaret al, 2002). They project to other hypothalamic sitesnt
the SCN, such as the VLPO, SPZ, and LHA. MelanopshC also target the IGL, the
OPN, as well as other pretectal nuclei, the lateadlenula (LHb), a relay site between
the limbic and striatal areas and the midbrain, tiedamygdala, a structure involved in
emotion regulation, and more specifically the medraygdala (MA), which seems to
integrate signals from the olfactory system. Priip&s of melanopsin expressing RGC

are also found in structure involved in vision sashthe LGN and SC. Projections to
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the OPN and LGN were described in macaques (Datal, 2005), but the other target
sites still need to be confirmed in primates.

Melanopsin RGC targets are often interconnectegpating that there is a
brain irradiance network distinct from the netwaedcruited for vision (Goolegt al,
2003). Most projections in rodents reach the SGBL, land OPN which suggests a
prominent role for these three structures, whiah sirongly interconnected (Hattat
al., 2006). The multiple connections of the melanopRIBC reveal that nonvisual
responses to light could affect the many brain fions sustained by their targets, and
further support the importance of understanding rttechanisms of action by which

light exposure leads to nonvisual responses.

Figure 2.11: Main projections of the melanopsin expressing RGC in mice (from
Hattar et al., 2006). See text for abbreviations other than: AH: anterior
hypothalamic area; BST: bed nucleus of the stria terminalis; LH = LHA; PAG:

periaqueductal grey; PO: preoptic area; pSON: peri-supraoptic nucleus.

What about the human brain?

Although the evidences presented so far seem tav stiat there is a good
comprehension of the brain system implicated invisural responses to light, we are
just starting to understand its complexity. The ptexrity of the photoreceptor
interactions is a good example. In addition, mdghe works determining these neural

circuits and molecular mechanisms involved in nenal responses to light were
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carried out in nocturnal rodents. The human systeght not be identical. Investigating
human brain function (in its entire volume) from caronobiology perspective is
therefore of primary interest. Light exposure ip@wverful external stimulus which

induces acute disruptions in physiology and allovegght in nonvisual brain responses.
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3. Nonvisual responses to light in humans and

neuroimaging — Questions addressed in this thesis

At the time this PhD thesis was initiated, a singiiedy had been carried out to
investigate nonvisual brain responses to light exp® using functional neuroimaging.
This study was held in Liege at the Cyclotron Rese&enter. The main results of the

study will be enounced before stating the objestwkthis thesis.

Nonvisual responses to light exposure in the human brain
during the circadian night  (Perrin et al., 2004)

Nonvisual brain responses to a bright polychromiaiitt exposure were assessed using
positron emission tomography (PET). Scans we rexbrith darkness (< 0.01 lux)
following 17 min, 16.5 min, 0.5 min and 0 min ofiditt light exposure (> 8000 lux)
between 0030h and 0430h (Figure 3.1a). The nonvisesponse to light was
independently assessed by a significant suppress$imelatonin secretion (Figure 3.1b)

and a decrease in the decline of subjective akest(fégure 3.1c).
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Figure 3.1: Experimental design (a), melatonin secretion profile (b), and subjective
alertness (c) results of the PET study investigating the nonvisual effect of bright

white light exposure (> 8000 lux) (from Perrin et al., 2004).
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Subjects (N = 13) performed an auditory oddbalagem task during scan
acquisitions (Kiehl and Liddle, 2003). EEG was meleal throughout each scan to
evaluate the modulation of the P300 evoked potiengécited by the detection of
deviant tones during the task (Halgretal, 1998). Performance (count of the deviant
tones) was high and the P300 amplitudes and la&emweere not different across scans,
reflecting the proper recruitment of attention hybjects. In order to obtain EEG
recordings free of eye-movement artifacts, subjeete requested to fixate a small red

diode placed in front of their eyes. This introddigevisual component to the task.

Adpusted CBF
{Arbitrary units)

Z = +40 mm

/

Adjusted CBF  (Arbitrary units)

Figure 3.2: Increases in brain activity induced by the bright white light exposure (>
8000 lux) in the following 30 to 120 seconds of darkness. Left: significant activity
modulations on the mean structural image of all subjects; right : activity estimates
of the different brain areas. a. right IPS; b. striate (a; top and lower panels) and

extrastriate cortex (b and c on lower panel) (from Perrin et al., 2004).

Light exposure significantly increased regionateteal blood flow (rCBF) in

the striate cortex, bilateral extrastriate cort@xd in the right intraparietal sulcus (IPS)
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(Figure 3.2). The IPS is part of the top-down nekwvmodulating attention (Corbetta
and Shulman, 2002). Therefore the light-induced uattbn of activity in this area
probably reflects the attentional effect of ligletected at the behavioral level. Analyses
of the connectivity between the different regioegealed that the connections between
the IPS and the visual areas strengthened asdigidasure duration increased. This is
compatible with an enhanced top-down modulatioreafly visual areas by parietal
regions.

The PET data also revealed that the hypothalame@a avas significantly
deactivated following light exposure (Figure 3.Bhis is compatible with the sustained
decrease in activity recorded in rodent SCN follayvia bright white light exposure

(Meijer et al, 1998).

Ajushed CRF (Abmry wnits]

Figure 3.2: Decrease in hypothalamic activity in the following 30 to 120 seconds of
darkness following bright white light exposure (> 8000 lux). Left: significant activity
modulation on the mean structural image of all subjects; right : activity estimates

(from Perrin et al., 2004).

In summary this study was the first to identifyura correlates of a nonvisual
brain response to light exposure in human. It shibtlat short light exposures (from a
human chronobiology point of view) of less than 20mwere sufficient to induce
detectable significant modulations of brain acyivielated to a mixed auditory and
visual task in parietal, occipital and hypothalarareas in the few tens of seconds of
darkness following the illumination.

The literature reviewed in the preceding chaptel the results of the PET study
described above set the bases of the present Pédis thwhich addressed several

experimental questions in three different invesiayes.
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First experimental guestions: _ Can nonvisual effects of white light

exposure be detected during the day in humans? What are the
dynamics of daytime nonvisual brain responses to light?

Most studies investigating the effects of light espres were carried out at night in
order to maximize the effects induced and the sgigiof the designs. However, light
is naturally surrounding us during the day. Itherefore of great interest to determine
the nonvisual effects of light at a time the gmaajority of individuals are exposed to it.
A few studies demonstrated nonvisual responsest le}posure during the day
(Hashimotoet al, 1997; Jewetet al, 1997; Phipps-Nelsogrt al, 2003; Rugelet al,
2005a). However the brain mechanisms involved warknown. In line with the
previous PET investigation, the first experimenttlas thesis aimed at demonstrating
that regional brain function could be affected bigit white light exposure (>7000lux)
during the day, and at identifying neural corredatéan alerting effect of light.

Subjects performed again an auditory oddball pgradiask, but it was devoid
of any visual requirements. Brain activity relatedhe task was recorded before, during
and after a 21 min light exposure. In order to oarfor the effect of the repetition of
sessions, subjects also performed the task inragois darkness on another day. The
analyses did not consider the illumination peribdsause they were contaminated by
classical visual responses. Nonvisual effectsgiftlexposure were therefore observed
in the darkness periods following the exposures.

Dynamic changes in nonvisual responses to ligatpaorly characterized in
humans, mainly because of the limited time resofutyf the protocols employed. To
gain insight in that matter, we introduced a nomeliroimaging technique to the
chronobiology field: functional magnetic resonamoaging (fMRI). It benefits from a
much better time resolution and allows the chareaton of precise brain processing
mechanisms. Therefore the first experiment of thissis also aimed at determining
some aspects of the brain dynamics of an alerffiegteof light.

A third question was addressed: is it possiblsdparate the direct nonvisual
effects of light on brain responses from the inctirehanges related to the enhanced
alertness induced by a bright white light exposuka?analysis taking into account the
changes in subjective sleepiness in the differebjests was dedicated to this question.

The results of this first experiment are presermechapter 5.
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Second experimental gquestions:  Can a cognitive brain function
other than attention be affected by daytime monochromatic light
exposures in human? Do nonvisual brain responses elicited by light

depend on the wavelength of the exposure?

A few studies demonstrated effects of light on véraand there are only sparse data
supporting nonvisual responses to light relatetliger cognitive processes (Badit
al., 1991; Cajocheret al, 2000; Campbell and Dawson, 1990; Dawttal, 1993;
Frenchet al, 1990). In addition, only one study showed an afff monochromatic
light exposure on behavior using a simple readiime task (Lockleyet al, 2006). The
second experimentation of this thesis sought ficstestablish that daytime light
exposure could affect several aspects of humanitagioy using an auditory working
memory task, instead of the previous attention {asklitory oddball). It also aimed at
showing that nonvisual brain responses to lighy acording to the wavelength of the
exposure by illuminating participants with blue @&m) or green (550nm)
monochromatic lights of equal photon densities (®X ph/cnf/s).

Subjects performed an auditoBtback task before, during and after being
exposed to an 18-minute monochromatic light. Subjeame twice to the lab on 2
separate days. They were exposed to blue lightnenday and to green light on the
other. Because light exposures were identical imgeof photon density, major bias
arising from visual responses to light were pregdiwhen comparing sessions recorded
during the illuminations. Therefore, this experimeslowed the comparison of
monochromatic light effects during the exposures.

The results of this experiment are reported inptba6.
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Third experimental questions: _ Is it possible to detect brain areas

involved in the establishment of nonvisual responses to light using
exposure lasting a few tens of seconds only? What are the relative
contributions of the different parts of the visible spectrum and, by
inference, of the underlying retinal photoreceptors, to nonvisual

brain responses to short light exposures in human?

All retinal photoreceptors mediate nonvisual reggsnto light (Hattaet al, 2003).
Data published after the initiation of this PhDdisedemonstrated connections between
classical photoreceptors and melanopsin RGC (Datay, 2005). In addition, a report
published after the termination of this third expemntation actually modeled M-cone
relative contribution to nonvisual responses titlignd revealed that it progressively
decreased as the illumination was pursued (DkiEssiyahyaet al, 2007).

The third experimentation of this thesis used nobnomatic lights aimed at S-
cones (violet light — 430nm), melanopsin RGC (bligiat — 473nm), and M-cones
(green light — 527nm) to characterize their relatsontributions to nonvisual brain
responses to light. This protocol took the big stepvard of using light exposures
lasting 50s only, which is very short from a huntdmonobiology point of view. This
was achieved for several reasons. First we hypiest would allow the detection of
brain areas affected by light early in the exposiiteese areas would therefore most
probably be involved in the initiation of the noswal brain responses to light, and
would presumably include subcortical and brainstgnuctures. Second, short light
exposures permit the assessment of the relativeilootions of different photoreceptors
at a time signals arising from cones are less @dtienl than after long uniform light
exposures. Third, short light exposures can berated within a single acquisition
session. This within-session design increasesehsittvity of the analyses as compared
to the more conservative between-session comparisarried out in the previous
experiments. Again major bias, arising from thessieal visual responses induced by
the different exposures, were prevented by comgailtumination of equal irradiance.

The results of this experiment are presented aptdr 7.
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4. Methodology

Experimental settings

Several physical constrains have to be taken iotmunt when designing magnetic
resonance imaging (MRI) experiments. First and miogportantly, the scanner
generates an important magnetic field (60,000 tithesEarth magnetic field for a 3
Tesla (T) MR scanner, such as the one used intllesis). The room containing the
scanner is therefore built as Faraday cage to ptawmagnetic variations arising from
outside the cage to disturb data acquisition. Nimfeagnetic objects can be present in
the Faraday cage as they could be attracted byntgnetic field and cause serious
safety hazards. Although of no potential dangen fesromagnetic objects can disturb
the local magnetic field and should not be pladedecfrom the data acquisition area.
Second, the MR scanner used in this thesis isfapaly design for head studies, and is
therefore shallower than whole-body MR scanners Tkad-coil i(e. the antenna
detecting the signal recorded) only leaves a femtieters in front of the participant’s
eyes. Third, gradient switching required for fuool MRI data acquisition generate a
loud noise (>100 dB). Participant's ears are tlweeefprotected and specific audio
systems have to be employed for auditory tasks.

We used a bright (70,000lux at light source lewa)d white light source
(PL900, Dolan-Jenner Industries, Boxborough, MA AY$laced outside the Faraday
cage (Figure 4.1c). Light intensity could be congputontrolled. A 6-meter-long and 1-
inch-diameter metal free optic fiber (Figure 4.Dejan-Jenner Industries, Boxborough,
MA, USA) ran along the participant’s bodies to galight from the source to the
diffusers (Figure 4.2). The diffusers were spealfic designed at the University of
Liege for the purposes of this thesis (Figure 4.liayronsisted of mounted mirrors
(Figure 4.1b) turning the light beam arriving péeiato the participant’s bodies to
illuminated the eyes (Figure 4.2). The 4 x 5.5 dffusing frame was placed 3 to 4 cm
away from the eyes and ensured uniform illuminabbmost of the visual field. Ultra-
violet (UV) light filters (Edmund Optics Inc., YoylJK) were placed in the diffusers to
prevent UV hazards. Monochromatic lights were posduby placing narrow band-pass
filters (full width at half maximum (FWHM): 10nm;dinund Optics Inc., York, UK)
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between the light source and the optic fiber. Clkanigp colors were achieved by a
computer controlled filter wheel (Figure 4.1d; AB3U, Spectral Products,
Albuquerque, NM, USA) placing filters in front dfié¢ light beam (Figure 4.1c). Light
level could not be assessed directly in the MR earand was therefore calibrated
outside the Faraday cage using a radiometer (QRO;am Photometrics Ltd.,
Livingston, UK). Relative poly- and monochromatighit spectra were determined
using a spectrometer placed at the diffuser levelaGpec-2048, Avantes, The
Netherlands).

Figure 4.1: Lighting equipment. a. Lateral view of a diffuser. b. Above view of a

diffuser; the diffusing piece of plastic which is positioned in front of the participant
eye has been removed to show the inside mirrors. c. Light source (1), filter wheel
(2), optic fiber (3). d. Inside view of the filter wheel mounted with 2 narrow band-
pass filters. e. fiber optic; light source end (1), and split diffuser end (2).

Approximate scales are indicated on each picture.

In the first and second experiments, a single ege @posed to light while the
other was continuously monitored using an infra-egé tracking devise (Model 504,
Applied Science Group, Bedford, MA, USA). Data weisualized online and video-
taped to ensure participants had their eyes opeimgldihe light exposure. Space
limitation did not allow assessment of gaze positend pupil size. For the third

experiment, we chose to illuminate both eyes toeiase the amount of light reaching
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the brain within the short 50s illuminations. Spaoetation did not allow the use of the
eye tracking devises. However, both previous expanis revealed that all participants
kept their eyes open during the illuminations. We therefore very confident that this
was also the case in the third experimentatiorpaascipants were instructed that the
eye tracking system was used, and that one eye ceaBnuously monitored (a

“‘dummy” infra-red mirror was placed above the dskus).

Figure 4.2: Lighting equipment and MR scanner. a. Participant position; the optic
fiber (2) runs along the body to the diffusers (1) placed in front of the eyes. b. View
of the MR scanner showing the fiber optic running to the head-coil onto which the
diffusers are placed. c. View of head-coil showing the diffusers connected to the
split end of the optic fiber (blue light -473nm- is diffused).

Auditory  tasks  were  built using Cogent 2000 tock®
(http://www.vislab.ucl.ac.uk/Cogent/) implemented Matlab 6.1 (Mathworks Inc.,
Sherbom, MA, USA) on a 2.8-GHz XEON DELL personaiputer (Round Rock, TX,
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USA). Sounds were transmitted to the participastsgfMR CONTROL amplifier and

headphones (MR Confon, Magdeburg, Germany). Paaints’ responses were required
in all three experiments and were obtained usiMRacompatible keypad designed at
the Cyclotron Research Centre. The computer tHewas run on, was synchronized
with the MR scanner and precisely logged the tirh@azurrence of each stimulus,
scans and participant’s response. Regressors @iean®deling the different aspects of

the protocol could therefore be computed and etlim the fMRI data analysis.

Magnetic resonance imaging principles

Magnetic resonance imaging first requires the pctdo of a strong homogenous
magnetic field. Atomic nuclei, principally the poot (.e. nuclei of the hydrogen atoms),
align themselves with the field, resulting in aremll magnetization of the tissues. The
rate at which nuclei reach equilibrium in the magnéeld, is called the longitudinal
relaxation rate T1 (Kastler, 1997a). Proton nuptecess (~ rotate) around the magnetic
field at a specific frequency. The phase of altpnonuclei are however random so that
the resultant of the precession is null. This rangihase equilibrium state is disturbed
by the application of a brief radio frequency (Rf@ctromagnetic pulse that creates a
transient phase coherence in all proton nuclei.r€balting transient magnetization can
in turn be detected by the head coil (or antensa &adio signal. It is this signal that is
turned into an image. The radio signal exponemtidddes away within a few
milliseconds. The time of this decay is referredatdransverse relaxation time T2*
(Kastler, 1997a). The value of T2* depends on tvenomenon. First, precessing
nuclei induce small magnetic variations in theirreunding that induce slightly
different rates of precession in the other nudliclei phase differences increases and
results in an extinction of the local magnetizatinduced by the RF pulse. This local
effect varies according to the composition of tesswor fluids. Second, dephasing
dynamics depend on the inhomogeneities of the maitenain magnetic field

The radio signal recorded after several RF putsesconstructed into an image.
Spatial reconstruction is achieved by inducing isfigtvarying local magnetic fields
that result in different precession frequenciege€torthogonal magnetic field gradients
are applied to the examined voluneeg( the brain), resulting in a different precession
frequency and phase for each proton nuclei (Kasti@®7b). The detected signal can
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therefore be characterized according to three dsmeal coordinates. A given T2*
value correspond to a specific encoded value sow@ations in T2* resulting from
tissues composition differences are reflected @nititensity of the signal displayed in

the images.

Functional MRI principles

Functional MRI uses echo planar imaging (EPI) whatlows the recording of the
signal arising form the whole brain volume in a feaconds only (Kastler, 1997c).
Although this time resolution is poor as compam@dhe EEG, the combination of both
a relatively fast acquisition time and a very gapatial resolution (usually a few mm)
made fMRI a very popular technique for the studyain function. The brain volume
is recorded a slice at a time (about 100ms pee)sli€or functional images, slices are
usually a few mm thick and signal recorded fromugaxe of a few square mm are
pooled to form a data point. This volume unit iereed to asvoxel The spatial
resolution of functional EPI acquisitions is nottiopal but this relative weakness is
greatly overcome by the mapping of functional dat#o precise anatomical images
(coregistration see below). Whole brain volume signal (scan) esorded every
repetition time (RT). The EPI set on the 3T MR swremployed in this thesis used a
RT of 2130 ms, and thirty two 3 mm-thick slicesuléag in a spatial resolution of 3 x
3.4 x 3.4 mm (= voxel size).

The EPI settings optimally record variations inicasignal arising from changes
in the oxygen level within the blood. This bloodygen level dependent (BOLD;
Figure 4.3) fMRI signal models haemodynamic chantheg indirectly arise from
changes in local cell activity (Glaset al, 2004). When neural populations fire,
metabolism increases in neuron and glial cells iaddces a local increase in rCBF,
blood volume, and oxygen consumption. Oxyhaemogltdiel rises after 1-3s because
of an increase of blood supply that is in excesc@spared to the local oxygen
requirements (an initial decrease in oxyhaemoglobimay occur initially).
Oxyhaemoglobin reaches a maximum concentrapeal§ approximately 3-9s after the
initiation of the activation, to then decrease helthe baseline levelugdershoadt

before returning to baseline level 20 to 25s dfterinitial activation.

" See pp. 824-6
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Figure 4.3: Schematic representation of a BOLD response. PST: post stimulus
time (seconds) (After Phillips C., 2004)

The magnetic state of the iron atoms of haemoglabhanges depending on
whether the molecule is in the oxy- or deoxyhaemioigl state. Increase in
deoxyhaemoglobin concentration decreases T2* rétaxaime. The BOLD signal is
therefore a reflection of the local blood ratioary- and deoxyhaemoglobin which is
indirectly dependent on the activity level of thersunding brain cells (Glaset al,
20047.

Processing of fMRI data

We used Statistical Parametric Mapping (SPM - Httpvw.fil.ion.ucl.ac.uk/spm)
implemented in Matlab to analyzes fMRI data (Figut&l). Data of the first 2
experiments were computed with SPM2 implementedatiab 6.1 whereas data of the
third experiment were computed using SPM5 impleeenh Matlab 7.1. However,
most evolutions of the software between SPM2 andlSBid not concern fMRI data
analyses. Data processing may vary from one uséetother and from one protocol to

the other. Only the procedures used in this thedide described.

" See pp. 824-6
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Preprocessing

Before any statistical analysis is computed, fMRtadundergo several preprocessing
stages. The first step of the preprocessing aimsadigning all data onto the first brain
volume acquired, using rigid body registration noetlffor a complete description of
this method see (Ashburner and Friston, 2004b)is Titst step takes into account the
movements of the participant from one scan to the.Although usually limited, these
movements change the origin of the signal recoméle three dimension space of the
scanner. Six vectors are generated at this stagefar each movement direction (3
translations and 3 rotations). Each vector contauwadues that represent the
displacement of each scan as compared the first sca

Functional images are then precisely matched, aregistered, to a high
resolution anatomical image of the subject (Fris2304). This image is recorded in a
separate session, using acquisition settings egwipg spatial resolution.

Functional and high resolution anatomical images then normalized to a
standard space in order to allow between subjechpedsons [for a complete
description of the method see (Ashburner and Hrjs2004a)]. This standard space is
similar to the 3 dimensional space set by Talairaod Tournoux (Talairach and
Tournoux, 1988) which used three orthogonal plamsoximately corresponding to 3
major brain subdivisions to assign 3 dimensionakdmates to every parts of the brain.
However, Talairach and Tournoux (1988) based tHescription on a dead brain in
which displacement of the neural tissues had oeduithe standard space now used in
SPM is a mean brain of about 350 anatomical imagesrded at the Montreal
Neuroscience Institute (MNI) and is referred tareesMNI space.

In the last preprocessing step, fMRI data are shmub (using a Gaussian
Kernel; FWHM 8mm) in order to improve the signalrtoise-ratio and reduce residual
inter-individual differences (Friston, 2004). Smwog also renders data more suitable

for the statistical analysis which is based onmaloan Gaussian field theory.

General linear model, design matrix, and regressors

The statistical analysis uses a general linear in@leM) to describe the sign& in a

voxel i of each acquired brain volumein terms of a linear combination of the

" See p. 604
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regressorskR of the design matrix, plus a constant tekn and an error terna,
representing the unexplained variability:

Xij=BriX Ryj+P2oiX Roj+P3iX Rej+...+ By X Rj + Ki + g

wherefy,; is a parameter estimate of the vokahd represents the relative contribution
of the R, regressor to the signal recorded in vox@&iebel and Holmes, 2004)It is
estimated using a method of ordinary least squavhgh aims at reducing most the
sum of the squared differences between the actukihe fitted values.

All conditions of the experiment are modeled inurohs of a design matrix that
contains all relevant factors of the experimentakigh and relates them to the
preprocessed fMRI data (Kiebel and Holmes, 2004) column is a continuous
regressor that contains either stick or block fioms that indicate the precise time of
each trial type and its duration, and are convolw&ti the haemodynamic function to
match the characteristics of the BOLD signal reedrdKiebel and Holmes, 2004)
Trials can last several scans (blocks) or be itateous (events; duration = 0s). The
design matrix attempts to comprehensively desdtieeexperimental design, and also
comprises a mean term. Regressors include theréfiereonditions of interese(g.
correct responses of the participant) but alsogltdsho interestg.g.wrong responses)
and the realignment parameters computed duringrg@eepsing NIB: realignment
parameters are not convolved with the haemodynaesigonse). Regressors may take
particular shapes if the underlying brain mechanisnmhought to follow a pattern
different from classical blocks or events. For amste, in the third experiment, we
hypothesized that light information stimulation bubuild-up through a 50s
illumination period and introduced “sawtooth-likggarameters, convolved with the
haemodynamic response, that modeled any brain itgctihat would increase
progressively to return to baseline after eactmihation (see Figure 7.1c).

Regressors may also represent a parametric mantulattia trial typej.e. a trial
the amplitude of which changes in the course ofattguisition of the data (Kiebel and

Holmes, 2004) The most typical parametric modulation is theeetffof time. Brain

" See p. 726
"See p. 751
¥ See p. 752
8 See p. 753
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activity may decrease with time if boredom occws,may increase with time if a

stimulation progressively builds-up. In the firstat experiments of this thesis, linear
changes in activity with time were modeled. Althbuifpese changes do not always
reveal significant variations, they model part loé¢ tdata variance, reduce the residual
error and therefore increase the sensitivity ofahalysis. Quadratic changes in brain
activity with time were also modeled in the firgtot experiments allowing the detection

of faster modulations of brain activity.

Statistical inferences

Once the solution of the GLM is found, paramet¢inesgtes of all voxels can be entered
in statistical testst(F) using linear contrast) (Penny and Holmes, 2004)These
contrasts are applied at each voxel and constnéast images that can be inspected
to detect significant voxels. Linear contrasts daolude a single regressor. The
resulting contrast image will then represent thénnedfect of this regressor. Contrasts
can also compute the difference between regres3bus.resulting images will then
represent the difference between the regressoessihtistical tests computed take into
account the size of the effecf ¢cp;) but also its variance.

Summary statistics images are fed in a second lavalysis (random effects
analysis) taking into account inter-subject vatigbiand allowing inferences on the
general population from which the subjects werevdrgPenny and Holmes, 2004)
Summary statistics images are further smoothechduai Gaussian Kernel; FWHM:
6mm) before being fed into the random effects aislyStatistical inferences are
carried on the parameter estimates computed aatitom effects.

The brain volume is composed of more than 100,00&M. The likelihood of
obtaining voxels significantly affected by an expental condition by chance is
therefore highd.g.with p = 0.001, we would obtain at least 100 significaoxels by
chance). Data are corrected for multiple compaggonprevent this type of error. The
correction method takes into account the spatiaktation between voxels of the fMRI
data to computes the number of independent meastithe data set, and define the
value threshold required to reach significance ttBe¢ al, 2004). If based on the

literature, a significant activation can be expdcite a given location, correction for

" See p. 844
" See p. 843
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multiple comparisons can be computed on a smahgigdly spherical) volume (of
generally of 10 mm radius) around taepriori location of interest. If n@ priori are
available for a given location it has to survivee ttmore conservative multiple
comparison correction over the entire brain volumbe considered significant (Brett
al., 2004j.

A basic assumption of classical statistics is thatdata variance is identical and
identically distributed across factors. When thésuamption is falsified, a correction for
non-sphericity is applied, for instance when regpes of a design matrix are correlated
(Glaser and Friston, 2004)This was the case in the first experiment whesrel/
values were modeled by linear and quadratic timelutators at the random effects

level.
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Figure 4.4: Schematic representation of the preprocessing and statistical analysis

of fMRI data using SPM (Friston, 2004)

Masking procedure

In order to test whether the significant voxelsaajiven contrast1 are also significant

in another contrast2, C1 can be masked by all the voxels@?2 that have a higher

" See pp. 875-6
TSee p. 781
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value than a predefined threshold (usually the nslomposed of all voxels having Z
score leading to @ < 0.05uncorrected. The masking procedure can leave all the
voxels that are common to ba@il andC2 (inclusive mask), or that are only present in

C1 (exclusive mask).

Bayesian inferences

If voxel i is shown significant in a given contrast C, it da@ stated that it was
significantly affected by the experimental condition case of a main effect, or that its
activity was significantly different between two rzhtions, for differential contrasts
(i.e. the null hypothesis is rejected). Howevevaikel i is not shown significant, one
cannot state that voxelwas not affected by the experimental conditionhat it was
similarly modulated by two conditions. Posterioolpability maps (PPM) enabling
conditional or Bayesian inferences about regionstligcific effects can be computed to
help resolving this issue (Friston and Penny, 200Bese maps reflect the posterior
probability of each voxel of presenting a valueesigr to a predefined threshold, given
the data. The value of this threshold takes intmant the variability of the whole data
set. Using Bayesian inferences, it is thereforesibtes to state that voxelwas very
unlikely to be affected by the experimental comditif PPM value of voxel is low. It
could also be possible to state that vaxehs more likely to be significant @1 than
in C2if PPM values are superior @1

Bayesian inferences were only possible at theawndffect level in SPM2. In
SPM5, PPM can be computed at the fixed effect lewel fed in a random effects
analyses on PPM of all subjects. Bayesian inferenegre carried out in the first two

experiments of this thesis, which used SPM2.
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5. Daytime light exposure dynamically enhances brai n

responses

This chapter was published @urrent Biology2006; volume 16; pages 1616 to 1621
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Department of Neurology, CHU, Liege, Belgium; 5.n®8y Sleep Research Centre,
University of Surrey, Guildford, UK.

Introduction and summary

In humans, light enhances both alertness and peafuze during night and day time
(Badiaet al, 1991; Cajocheret al, 2000; Frenchet al, 1990; Phipps-Nelsoet al,
2003) and influences regional brain function (Reet al, 2004). These effects do not
correspond to classical visual responses but irvalmonvisual, or non-image forming,
system, which elicits greater endocrine, physiaalji neurophysiological and
behavioral responses to shorter wavelength ligtats to wavelengths geared toward the
visual system (Brainardt al, 2001a; Cajochent al, 2005; Hankins and Lucas, 2002;
Lockley et al, 2003; Lockleyet al, 2006; Munchet al, 2006). During daytime, the
neural changes induced by light exposure, and time& courses, are largely unknown.
Using fMRI, we characterized the neural correlatéshe alerting effect of daytime
light by assessing the responses to an auditorpaldthsk (Halgreret al, 1998; Kiehl
et al, 2001; Kiehl and Liddle, 2003; Stevems al, 2000), before and after a short

" The supplemental materials published online wiiis article are included in the body of this chapte
and in appendix 1.
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exposure to a bright white light. Light-induced impement in subjective alertness was
linearly related to responses in the posterioratimais. In addition, light enhanced
responses in a set of cortical areas supportiegtaanal oddball effects, and prevented
decreases of activity otherwise observed duringicoous darkness. Responses to light
were remarkably dynamic. They declined within mawutafter the end of the light

stimulus, following various region-specific timeuwsees. These findings suggest that
light can modulate activity of subcortical stru@sirinvolved in alertness, thereby
dynamically promoting cortical activity in networkevolved in ongoing nonvisual

cognitive processes.
Materials and Methods

Subjects

Participants were healthy, right-handed, non-snmgkeroderate caffeine and alcohol
consumers, and were not on medication (N = 19;ehiafes; age: 20-25 [median: 21];
body mass index: 17.9-26 [median: 21.1]). A semiettured interview established the
absence of medical, traumatic, psychiatric, orsldsorders. None had worked on
night shifts during the last year or traveled tlgloumore than 1 time zone during the
last 2 months. Extreme morning and evening typesssessed by the Horne-Ostberg
Questionnaire (Horne and Ostberg, 1976), were ercdu None complained of
excessive daytime sleepiness as assessed by tlwtR@®eepiness Scale (Johns, 1991)
and of sleep disturbances as determined by thebBith Sleep Quality Index
Questionnaire (Buysset al, 1989). Participants gave written informed consdihte
study was approved by the Ethics Committee of theuRy of Medicine of the
University of Liege.

Volunteers followed a constant sleep schedule fodays before the first
experiment day and until the second, 2 days l&@empliance to the schedule was
assessed using wrist actigraphy (Cambridge Newosej UK) and sleep diaries. In
order to record 2 volunteers on the same day aahee circadian time, volunteers were
requested to follow one of 2 sleep schedules dligeby 1.5h (2300h - 0700h + 30min,
or 0030h - 0830h + 30min). They were requestecetimin from caffeine and alcohol-
containing beverages and intense physical actioityd days before participating.
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Protocol
Subjects were scanned during 6 consecutive 8-misassions during which they

performed an auditory oddball task (Figure 5.1a,b).

3 kss 1 2 2 & 0 0 T;:MR? y
Dim |‘|ght{v¢ﬁ]ux} (= panel B)
Time (hr)
Light visit

No-light visit

. o 1
Time (min})  qg 30 50 70

KSS scores

Alert

15 25 35
Hours after awaking

Figure 5.1: Experimental design and subjective alertness evolution.

a. General timeline relative to scheduled wake time (hrs). Arrows: KSS 1-9.

b. Timeline of the fMRI acquisition of both days (enlarged fMRI box of panel a).
Empty rectangle: 6 oddball sessions. BS: Baseline session; S1-2: post-exposure
sessions 1 and 2. Time in minutes after entering the scanner. Arrows: KSS 7-9.

c. Mean subjective alertness of subjects (x SEM). Solid line: day without light
exposure. Dotted line: day with light exposure. Gray rectangle: light exposure

period. Empty rectangle: fMRI period. Time relative to scheduled wake time (hrs).

The auditory oddball task is devoid of any visuabgessing and elicits
reproducible brain responses (Kiehl and Liddle, 30@ata were acquired before (2
sessions; < 0.01 lux), during (2 sessions; > 4.18'% ph/cm?'s, or > 7000 lux) and

after (2 sessions; < 0.01 lux) one eye was expfuse?ll minutes to a bright white light.
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Light exposure occurred approximately 5h after tuabi wake up time. The same
protocol was followed on another day, but no liglas administered. The order of the
day with and without light was counterbalanced atdsjects.

During each experiment day, they first stayed m-tight (< 5lux) to eliminate
effect of previous outdoor illumination for 3h dagi which they rated their vigilance on
the Karolinska Sleepiness Scale (KSS) (Akerstedt &illberg, 1990) every 30
minutes. Three additional KSS scores were obtaiigdd before the light exposure, at
the end of it and at the end of the experimentuWtaers received a small standardized
snhack in the middle of the 3h preparatory periotieraction with subjects during data
acquisition was limited to standardized sets oftesmes. No feedback was given on
performance. Subjects were trained on a shorteeesion of the protocol at least a

week before the experiment.

Oddball task

Subjects were required to count the odd tonesyespbnd to them by pressing a key as
fast as possible. 300 auditory stimuli per sessiene presented. They consisted of
frequent (600 Hz) and odd tones (400 Hz), presengi® and ~10 % of the time in
pseudo-randomized order. Each tone was 600 ms &timguilus onset asynchrony was
1000 ms between tones and at least 4200 ms bewdeetones. Tones were produced
using COGENT 2000 (http://www.vislab.ucl.ac.uk/Coteand were transmitted to the
subjects using MR CONTROL audio system (MR Conf@Germany). On both days,

volume level of both tones was set by the volunbedore the first session.

Light exposure

One eye was exposed to light (spectrum: Figure. 32¢ other was monitored using
infrared eye-tracking system (Applied Science GroM@\). The eye-tracking signal
was video-taped, and examined to ensure voluntesttheir eyes open at all time and
were looking toward the light during the illuminati The exposed eye and the order of
the day with and without light exposure were cotdtanced. Light was transmitted by
a metal-free optic fiber from a source (PL900, Dealanner, MA) to a diffuser ensuring
uniform illumination through a 4 x 5.5 cm frame. &to space constraints within the
head coil, the diffuser box was close to the sulg@ye (3 to 4 cm). Slight variations in

subject morphology or in the position the diffubex can modify the light intensity
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reaching the eye by a few hundreds of lux. Thithes reason why we state the light
intensity was > 7000 lux. This figure represents lthwer bound of light intensity used
in this study. For some subjects, we computed liplat intensity levels were closer to
8000lux.
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Figure 5.2: Spectrum of the white light used for the illumination. Intensity is given

relative to the maximum arbitrary units for every wavelength (1).

Demographic data

Three subjects reaching mean reaction time highan 500ms for more than one
session of the same visit were excluded. They ditlaonform to the instructions
requiring to respond as fast as possible. As mailatevel is low during daytime (Dijk
and Lockley, 2002), we relied on the known alertaffgct of light (Badieet al, 1991;
Cajocheret al, 2005; Cajochesmt al, 2000; Phipps-Nelsoet al, 2003), as assessed by
the KSS (Akerstedt and Gillberg, 1990), to ascertm effect of light. Subjects were
considered as responders if a reliable responsdgthb was deemed detected, i.e. if,
when subtracting the KSS score obtained at theoétite baseline session (before light
exposure period) from the KSS score obtained aetfteof light exposure period, the
score of the day with light exposure was largenttiee score of the day without light
exposure. Four non-responders were excluded frenamialysis looking for the effects
of light exposure (including behavioral analysi§)velve responders (7 females; age:
20-25 [median: 22]) were included in this analy3ike last analysis, testing the effects
of light on the correlates of alertness, incorpedathe 4 non-responders (10 females,
age: 20-25 [median: 21]).
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Functional MRI scan acquisition

fMRI time series were acquired using a 3T MR scarfA#legra, Siemens, Germany).
Multislice T2*-weighted images were obtained withgedient echo-planar sequence
using axial slice orientation (32 slices; voxelesi3.4x3.4x3 mrf) matrix size 64 x 64 x
32; repetition time = 2130ms; echo time = 40mg #ngle = 90°). The 4 initial scans
were discarded to allow for magnetic saturatioe&f. Sessions consisted of 232 scans.
Head movements were minimized using a vacuum caoskostructural T1-weigthed
3D MP-RAGE sequence (TR 1960ms, TE 4.43ms, Tl 1X)(meld of view (FOV)
230x173 cm?, matrix size 256x256x176, voxel siz8x0.9x0.9 mm) was acquired in

all subjects.

Functional MRI data analysis

Functional volumes were analyzed using SPM2 (Ipuv.fil.ion.ucl.ac.uk/spm).
They were corrected for head motion, spatially redired to an echoplanar imaging
template conforming to the MNI space, and spatiathoothed with a Gaussian kernel
of 8mm FWHM. Analysis of fMRI data, based on a naixeffects model, was
conducted in 2 serial steps, accounting respegtifcel fixed and random effects. For
each subject, changes in brain regional responees @stimated using a general linear
model in which the activity evoked by odd tonesath session was modeled by stick
functions, convolved with a canonical haemodynaregponse function. Two further
regressors represented the modulation of brainorsgs to odd tones by linear and
quadratic function of time. Movement parametersivéer from realignment of the
functional volumes were included as covariates minterest. High-pass filtering was
implemented in the design matrix using a cut-offigme of 128 seconds to remove low
frequency drifts. Serial correlations in fMRI si¢mawere estimated using an
autoregressive (order 1) plus white noise model amdstricted maximum likelihood
algorithm.

The effects of interest were then tested by lirceantrasts, generating statistical
parametric maps. Since no inference was made atlélel of analysis, summary
statistic images were thresholded @tcorrected = 0.95. Summary statistic images
resulting from these different contrasts were smedt(6mm FWHM Gaussian kernel)

and entered in a second-level analysis. This seabep accounts for inter-subject
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variance in the main effects of light and corregfsoto a one-sampletest for brain
responses to odd tones. Both time modulators werleded in a separate parametric
within-subject one-way ANOVA. For the latter anagyserror covariance was not
assumed independent between regressors and comrémtinon-sphericity was used for
final inferences (Glaser and Friston, 2004). Theulteng set of voxel values for each
contrast constituted maps of the T-statisticsliermain responses and F-statistics when
they were modulated by time, thresholded at p HD.(Btatistical inferences were
performed after correction for multiple comparisars small spherical volumes (svc;
10mm radius) at . < 0.05 threshold, around priori locations of activation in
structures of interest, taken from published warkatiention and oddball tasks in fMRI.

The second analysis tested for the effects of lightalertness and used a
singular value decomposition conducted on the 1& K8ores collected over the 16
subjects. The component related to the highesneajee, i.e. explaining the largest
part of the variance, was selected for the analy$ie corresponding eigenvector over
subjects was used in a multiple regression atdhdam effects level, on the contrast
(summary statistics) images representing the dayséssion (post 1 > baseline)
interaction. Statistical inferences were condu@sdpreviously described, with priors
focused on the neural correlates of alertness.

Before performing any svc, peaks reported in Tatdr (Talairach and
Tournoux, 1988) space were transformed to MNI spesbeg Matthew Brett's bilinear
transformation  (http://imaging.mrc-cbu.cam.ac.uldgimg/MniTalairach -  no
coordinates were shifted more than 5 mm). Standdedeotactic coordinates of

previously publishea priori locations, used for spherical svc, are as follow.

Locations involved in oddball paradigm and perceptumovelty detection.These
locations are as follows: right anterior cingulaygus 16 38 10 (Kiehl and Liddle,
2003), left and right precuneus +11 -52 70, 0 -B5lGehl et al, 2001), right insula 45
11 5, right superior temporal sulcus 49 -12 -5 \&ts et al, 2000), right posterior
cingulate 0 -22 42 (Huettedt al, 2004), left hippocampus -30 -34 -6, -22 -38 -6
(Strangeet al, 1999), right fusiform gyrus 32 -80 —20 (Kiehl alnddle, 2003).

Locations involved in attentionThese locations are as follows: right dorso-lateral
prefrontal cortex 20 8 48 (Hopfinget al, 2000), 53.54 5.25 41.63, 49.49 -1.34 49.99
mm, right intraparietal sulcus 25.3 -61 46.8, 2952.6 42.9, 23.2 -64.7 35.8, right
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fusiform gyrus 23.23 -80.52 -23.72, 25.25 -80.62.33, right insula 31.31 21 14.17,
43.43 10.7 13.62 (Shulmaet al, 1999) (transformed in MNI coordinates), 32 24 4
(Hopfingeret al, 2000).

Locations involved in arousal regulatiomhese locations are as follows: left thalamus
pulvinar -4 -24 10 (Fouchet al, 2004), -6 -30 9 (Coukt al, 2004).

Masking procedures

In the day by session (post 1 > baseline) intesactinean parameter estimates
suggested differences in baseline activity betwdags. To rule out this possible
confound, we excluded from the interaction the rbaieas in which neural responses
differed during the baseline session between bais dexclusive mask atRorrected=
0.05). Results remained unaffected, except foramsgs in the rIPS in which some
voxels were excluded. In this area only, baselifierénces might in part explain the
day by session (post 1 > baseline) interactiorceffe

In the day by session (post 1 > post 2) interactiroean parameter estimates
revealed an increase of activity from the 1st ®2hd post-exposure session of the day
without light exposure. To verify that this increadid not rule the interaction effect, we
excluded from the interaction brain areas in wtaddifference was found between days
during the 2nd post-exposure session (exclusivek BB ncorrected= 0.05). This mask

did not affect the results.

Bayesian inferences and posterior probability maps

In the random-effect analyses, PPM (Friston andni2eB003) and effect size were
computed for response to odd tones in the first-prposure sessions of both days. The
day (light > no-light) by session (post 1 > posirgraction revealed regions in which
activity decreased from thée'to the 2° post-light exposure sessions in the light visit.
We wanted to verify that these regions presentédylaer probability of activation in
the T post-exposure session of the day with light exposompared to the samé& 1
post-exposure session of the day without light exp®, to support the interpretation of

the result of the day (light > no-light) by sess{post 1 > post 2) interaction.
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Results and discussion

Only data acquired in three sessions of darknemeéfter referred to as baseline and
first and second post-light sessions) were consileData obtained during sessions
with light exposure were discarded because they wentaminated by classical visual
responses (Hayne=st al, 2004). The very first session was not used becdusan be
contaminated by physiological events related teme@ostural changes (Bonnet and
Arand, 1998). The timeframe of the nonvisual lighiated effects was examined at two
levels in subjects showing an alerting effect ghti First, we report modulation of
evoked responses by light exposure; this modulaisoexpressed between sessions
preceding (baseline session) and following (pogesure sessions 1 and 2) the
illumination. Second, we addressed light-dependemddulations of the evoked
responses within-sessions, over a shorter timesth&light-dependent effect here was
the time-dependent adaptation of evoked responsgsnweach session. Finally, to
establish the relationship between these light-deget effects and the alerting effects
of light exposure, we extended the cohort to ineladn-responders (subjects who did
not exhibit an alerting effect of light) and usedsabject-specific measure of this
alerting effect to predict the light-dependent efffedescribed above.

The first set of analysis included subjects shovanglerting effect of light. As
expected, repeated measure ANOVA on KSS scoresspbnder subjects with session
and day (light > no-light) as within-subject (N 2)1factors revealed main effects of
session (F(8) = 6.19; p < 0.00001), day (F(1) 95@= 0.037), and a day by session
interaction (F(8) = 4.30; p = 0.00021; Figure 5.1RJ)anned comparisons showed no
significant differences between days over the 7 Is&S3es prior to illumination (F(1) =
2.24; p = 0.16), and for the last KSS score (F(B.47; p = 0.09). A significant main
effect of light condition was detected only for tB#lhn KSS measures, collected at the
end of the illumination period (F(1) = 19.51; p HQ1).

Repeated measure ANOVA on the same subjects wsgigeand day as within
subject factor did not reveal any session effectdaction time (F(5) = 1.86; p = 0.12),
and for errors in counting the number of odd tof#€5) = 1.62; p = 0.17). No effect of
day was found for reaction time (F(1) = 4.13; p.87) and for counting errors (F(1) =
0.37; p = 0.56). Likewise, no interaction betwela 2 factors could be detected either
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for reaction time (F(5) = 0.46; p = 0.81), and ¢ounting errors (F(5) = 0.34; p = 0.89).
The error rate in the oddball paradigm was very (0¥ misses/session).

In partially sleep deprived subjects, daytime wHitht exposure has been
reported to improve reaction times (Phipps-Nelsinal, 2003). In contrast, our
normally rested subjects were able to maintaindste@action times during all sessions,
despite concurrent fluctuations in alertness. Ddffiees in cognitive task, sleep
pressure, and exposure duration probably explasndiscrepancy. Moreover, different
nonvisual responses might be sensitive to diffengavelengths, as suggested with
subjective alertness (Revel al, 2006).

For fMRI data, a significant day (light > no-lighty session (post 1 > baseline)
interaction effect was observed in the left hippopas (-30 -30 -2 mnZ = 3.91; Ru.=
0.011), right anterior cingulate cortex (10 36 1tn¥Z = 3.88; Rv. = 0.011), left
precuneus (-8 -50 72 miE;= 3.82; p..= 0.014), and right intraparietal sulcus (rIPS; 22
-56 40 mmyZ = 3.33; pv.= 0.049; Figure 5.3a,d; Appendix 1: supplementalet&5.1).
Mean parameter estimates showed that, in these,dight exposure prevented the
progressive decline in responses observed in aomig darkness during the day
without light and increased activity as comparetdseeline.

In the post-exposure period, a significant day bgs®n (post 1 > post 2)
interaction was observed in the right precuneuss@852 mm;Z = 3.67; p..= 0.036)
and right superior temporal gyrus (rSTG; 44 -16m2; Z = 3.25; pv.= 0.038; Figure
5.3e,f; Appendix 1: supplemental table S5.2). Mparameter estimates showed that
the responses in these regions decreased froni'tletfie 2¢ post-exposure session of
the day with light exposure, whereas during the @dakiout light exposure, responses
increased from theS1to the 29 post-exposure session (this latter increase diduie
the interaction effect; samasking proceduren Material and methods No significant
modulation had been found in the previous day bgsisea (post 1 > baseline)
interaction in the rSTG and right precuneus. Theyrhe due to the lack of statistical
power of between-session contrasts at the randéecteflevel. In keeping with this
suggestion, posterior probabilities of activatiofrigton and Penny, 2003) were
considerably larger during thé' post-exposure session of the day with light exposu
in both regions (precuneusigR = 0.47, Ro-ight = 0.01; rISTG: Ryne = 0.81, Roqight =
0.05).
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Importantly, no significant increase in responses waserved in the"? post-
exposure sessioMyacorrected < 0.001; Appendix 1: supplemental table S5.3). €hes
findings suggest that the effects of light expodargely dissipated within 10 minutes
after the end of the light exposure, similarly terammess which was only transiently
enhanced by light exposure. Finally, no decreaswam response was elicited by light
exposure.

We then looked for brain areas in which responsasldvdynamically dissipate
within sessions. Such changes would not necesgfviéyrise to significant changes in
activity when averaged over a whole session anddvoot appear in between-session
contrasts. We therefore compared the within-sessomporal modulations of brain
responses in post-exposure sessions to baselinginWhe set of areas where a
significant temporal modulation was detected, wasatered only regions in which
mean parameters estimates were consistent withffact f light counteracting the
decrease in activity induced by continuous darkifeggire 5.4, lower panels). In these
conditions, any negative modulation of activitytbyie can arguably be interpreted as a
dissipation of the effects following light exposui@ppendix 1: supplemental tables
S5.4 and S5.5).

The day by session (post 1 > baseline) interact@mputed on brain responses
modulated by time identified 5 regions (Figure 5thg right insula (40 20 & = 4.48;
Psve= 0.002), right posterior cingulate cortex (8 —264=3.35; p..= 0.049),

Figure 5.4: Day by session interaction computed on the brain responses modulated by time.
Upper panels. Day by session (post 1 > baseline) interactions (red voxels). Panel a also shows
light condition by session (post 2 > baseline) interactions in green (yellow for overlapping
voxels). a. right insula; b. right posterior cingulate; c. rSPL; d. rDLPFC (left) and right fusiform
gyrus (right).

Middle panels. Reconstruction of the modulation of the response in the 1% post-exposure
session, of the day with light exposure (arbitrary units) over the course of 230 scans (~ 8
minutes). In panel a, the dotted line pertains to the 2" post-exposure session. Temporal
modulation of the BOLD response was reconstructed by the sum of both time modulators
weighted by their respective mean parameter estimates.

Lower panels. Mean parameter estimates in the baseline (BS) and 1% post-exposure (S1)
sessions, and 2™ post-exposure session (S2) for panel a, of the day with light (empty bars) and

without light exposure (filled bars) (a.u. £ SEM).
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right superior parietal lobe (rSPL; 14 —44 767 4.23; pu.= 0.007), right dorso-lateral
prefrontal cortex (rDLPFC; 28 12 4Z;= 3.50; p..= 0.046), and right fusiform gyrus
(34 -84 -16;Z = 3.99; Rvc = 0.009). In all these regions, responses decreased
quickly after light exposure than during continuaaskness, as compared to baseline.
The computed temporal modulation (Figure 5.4, nadahnels) shows that responses
were never maintained at initial post-light leviels more than 50 scans (~100 seconds).
A similar temporal modulation was identified, agairthe right insula (40 18 6 mrZ,

= 3.71; Rwc= 0.019), by the day by session (post 2 > baseiimejaction (Figure 5.4a,
dotted line). These results indicate that the degin of the responses to light exposure
follows multiple region-specific time courses.

The oddball task engages cognitive processes sschuditory perception,
attention and working memory (Halgren al, 1998; Kiehlet al, 2001; Stevenst al,
2000). Light modulated responses in the right SPLPFC and IPS, each part of the
top-down attention network, and in the right ingwdaterior cingulate and STG, each
involved in the bottom-up reorientation of attentitowards low-frequency events
(Corbetta and Shulman, 2002; Halgenal, 1998). Light also induced changes in the
left hippocampus, involved in perception, idenafion and integration of the stimulus,
processes in which the superior temporal sulcusrédfl are also involved (Halgrest
al., 1998; Stevenst al, 2000; Stranget al, 1999). The fusiform gyrus, precuneus and
posterior cingulate cortex are typically reportedoddball fMRI and their responses
were also modulated by light (Huetted al, 2004; Kiehlet al, 2001; Stevengt al,
2000).

In our final fMRI data analysis, we extended ouhax to cover people who did
not show an alerting response to light. In the A-responder subjects, discarded from
the analyses characterizing the effect of lightosxpe, KSS scores did not show any
alerting effects of light exposure. We computeda-parametric Mann-Whitney U-test
on 2 independent groups (responders: N = 12; ngperalers: N = 4) over subjects’
mean reaction times across repetition of oddbabises in each visit. This test revealed
that reaction times of non-responders were fasi@n responders during the day with
light exposure (for the baseline session, 1st prgbsure session, as well as very first
session and 2nd session of the light exposure hefigrrecied= 2.18; p = 0.03 — for 2nd

post-exposure session as well as 1st session digtiteexposure period: rected =
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1.94; p = 0.06) and in 4 of the 6 sessions of e without light exposure (baseline
session: rected= 2.30; p = 0.019 — 2nd post-exposure sessionedsa® the very first
session and the 2nd session of the light exposnedd Zorectea= 1.81; p = 0.08 — 1st
post exposure session and 1st session of thedigidasure period: girected= 1.21; p =
0.26).

These data suggest that non-responders remaingdblegt at all times and no
effect of light on alertness could possibly be obsd. We therefore wanted to establish
the relationship between the light-dependent mdauiaof evoked responses and
variation of alertness at the between-subject Iéeh@lsummarize alertness variations we
used the principal eigenvariate (following a prpati component analysis of the KSS
scores). This eigenvariate is a scalar summaryhefdegree to which each subject
follows the course of the principal eigenvector,ickhaccounted for 68.49% of

alertness variance (inset Figure 5.5a).
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Figure 5.5: Interaction of light and alertness.

a. Profile of the 1% eigenvector of the singular value decomposition on KSS scores.
Solid line: day without light exposure. Dotted line: day with light exposure. Inset:
Percentage of variance explained by the six first components.

b. Day by session (post 1 > baseline) interaction related to the 1% eigenvector in

the pulvinar.

Responses identified in the day by session (postbaseline) interaction were
significantly related to the®leigenvariate in a single area of the thalamus, lcation
compatible with the pulvinar (-2 -24 &= 4.11; p..= 0.003; Figure 5.5b and Appendix
1: supplemental table S5.6), an area distinct fiteenbrain regions reported in the other
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analyses. The thalamus is a key structure modglasilertness, involved in the
interaction between alertness and attention in msnt@oullet al, 2004; Foucheet al,
2004). This result indicates that the change itath&c response to odd tones after light
exposure is linearly related to alertness variatimmluced by light exposure,
independently of whether light induced a behavieféct in every subject. Owing to
and beyond this alerting effect, responses to tigmitive challenge are increased at the
cortical level.

Beside the classical visual system, irradiance rmétion is interpreted in
mammals by a nonvisual system (Foster, 2005) tleaterates a wide range of
physiological responses, such as the modulatioraleftness (Badieet al, 1991;
Cajocheret al, 2005; Cajocheet al, 2000), hormone secretion (Cajocletral, 2005;
Cajochenet al, 2000; Dijk and Lockley, 2002), heart rate, sléag@ncy, core body
temperature (Badiat al, 1991; Cajochemt al, 2005; Cajochert al, 2000; Dijk and
Lockley, 2002), retina neurophysiology (Hankins ahdcas, 2002), pupillary
constriction (Lucaset al, 2001a), and gene expression in the SCN (DkhissiyBhya
et al, 2000).

The light-induced modulations of brain responsesdd tone detection arguably
represent still another type of nonvisual responises unlikely that the classical visual
system might interfere with a pure auditory task arodulate the responses elicited by
the detection of odd tones, presented in a strehiinequent tones, after the light
exposure has ended. In addition, the light-inducsodulation of brain responses
presents two basic features of nonvisual resportbey. are induced by, and they
outlast, light exposure. Classical visual respatséght typically cease very shortly
after the end of the stimulation. Even in the meticones or rods respond to light
stimulation in a stimulus-locked manner. In cortirdight pulses of a few seconds
induce a sustained response which outlasts theé siggmulus and declines slowly in
melanopsin expressing ganglion cells, photorecspiothe nonvisual system (Dacety
al., 2005). Both classical and non-classical photg®re contribute to nonvisual
response in rodents (Hattar al, 2003). As the white light source covered the whol
visible spectrum and included ~3 times more photonshe photopic than in the

nonvisual range, classical and melanopsin photptecewere differentially stimulated
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(Foster, 2005). However, we cannot determine thaive contribution of each type of
photoreceptors to the brain responses modulation.

The present results confirm and extend our previee3 results. First, this
fMRI study shows that short white light exposuréeets brain function also during
daytime. Second, event-related fMRI characterizassient cerebral responses to a
cognitive challenge (Josephs and Henson, 1999hnmplies that only areas involved
in odd tone detection could be identified, wherP&SI characterized enduring light-
induced changes in functional states of the bnalated or not to the ongoing task.
Third, fMRI, due to its better temporal and spatedolutions, allowed us to show that
light exposure elicits effects on brain activityatlquickly dissipate following region-
specific time courses. While the topography of treesponses depends on the task
executed by the participants, the multiple dynaroicthe light-induced modulations in
regional brain responses might represent a gepkesiomenon.

Melanopsin expressing RGC project to several hygathic regions, including
the SCN (Gooleyet al, 2003). In rodents, indirect projections from tREN to cell
groups involved in arousal regulation exist in fbeebrain and brainstem (Deurveilher
and Semba, 2005; Sapet al, 2005a). At present, it is not known which of thes
projections contribute to the establishment of dical response to light exposure. It is
likely that the initial nonvisual responses activdbrainstem and/or diencephalic
structures, which in turn modulate thalamic, theortical responses. The direct
projections of the melanopsin RGC to the LGN (Daeewl, 2005), if also present in
human, might also be the natural pathways follovegdirradiance information to

influence thalamic and indirectly, cortical actyit

Conclusion

A short exposure to bright light can transientleyent the sleepiness developed in
continuous darkness. At the macroscopic systend, léve alerting effect of light is
reflected by an enhanced thalamic activity, whiohturn might modulate cortical
responses to a cognitive challenge, independentiy fany visual information. The
enhanced brain responses outlast the exposure Wbigklyg dissipate following

regionally-specific time courses.
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Introduction

Whereas the classical visual system generates snaigéhe external world, another
nonvisual system (also referred to as “non-imageting” system) detects variations in
ambient irradiance and elicits a wide range of eesps. These responses include long-
term modifications of circadian rhythms and acutarges in hormone secretion, heart
rate, sleep propensity, alertness, CBT, retinaropgwysiology, pupillary constriction,
and gene expression (Badaal, 1991; Brainarcet al, 2001a; Cajochest al, 2005;
Dijk and Lockley, 2002; Dkhissi-Benyahyat al, 2000; Duffyet al, 1996; Frenclet
al., 1990; Hankins and Lucas, 2002; Lockktyal, 2003; Lockleyet al, 2006; Lucast
al., 2001a). Converging evidence derived from clasgibgsiology techniques, such as
determination of wavelengths of maximum sensitidgtion spectra), and molecular
genetic techniques, such as genetic ablation of amdl cones in rodents, point to the
unique characteristics and neuroanatomical basteeohonvisual system (Brainasd
al., 2001a; Hankins and Lucas, 2002; Luedsal, 2001a; Thaparet al, 2001). Its

" The supplemental materials published online wliis article are included in the body of this chapte
and in appendix 2.
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wavelength of maximum sensitivity is shifted to gbo wavelengths (blue light)
compared to the classical visual system in botmals and humans. The nonvisual
system depends on input from both RGC expressingnopsin (Bersoret al, 2002;
Daceyet al, 2005; Hattaet al, 2002) and the classical visual photoreceptorstéiriat
al., 2003). Melanopsin is a recently discovered phigropnt (Provencicet al, 2000)
that is most sensitive to blue light at a wavelanginging from 420nm to 480nm,
depending on the study considered (Melgamal, 2005; Pand&t al, 2005; Qiuet al,
2005). The melanopsin expressing RGC transmitsliaree signals to hypothalamic
nuclei such as the suprachiasmatic nuclei (SCN)wel as to a number of non-
hypothalamic structurese(g. superior colliculi, LGN, medial amygdala), suggegti
that the melanopsin dependent photoreception systedulates many brain functions
(Gooleyet al, 2003; Hattaret al, 2006). However, its action on cortical functioash
not been studied extensively.

Although it is often stated that light affects beloa and cognition in humans,
few studies have been devoted to studying thegetsffWhite light has been shown to
improve subjective alertness and performance omplsirtasks such as reaction time,
digit recall, two letter search and simple probkswmlving both during night and daytime
(Badiaet al, 1991; Campbell and Dawson, 1990; Frertlal, 1990; Phipps-Nelsoat
al., 2003). To date only 2 neuroimaging studies, ugiagitron emission tomography
(PET) (Perrinet al, 2004) and fMRI (Vandewallet al, 2006) characterized the neural
correlates of the nonvisual effects of white liglkposure. Two studies have shown that
a blue-light sensitive photoreception system maddslahe effect of light on alertness
and reaction times (Cajochen al, 2005; Lockleyet al, 2006). These latter studies,
however, did not include brain imaging and the akuaorrelates of the effects of blue
light remain unknown. Furthermore, there is culsemio direct evidence that light
exposures of wavelengths close to the maximum téhsiof the melanopsin-
dependent photoreception system (blue ~470 nm)pfothe classical three cone
photopic system (green 550 nm) elicit different visnal brain responses to a complex
cognitive task. In the present fMRI study, we ainadlemonstrating that the spectral
guality of light influences the activity in braimeas involved in executive functions,

even during daytime, a time at which humans arerally exposed to abundant light.
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Materials and Methods

Subjects

Participants were healthy, young subjects (N =11Bfemales; age: 18-29 [median: 23];
Body Mass Index (BMI): 18.7-29.7 [median: 22.85f. semi-structured interview
established the absence of medical, traumatic,histyc, or sleep disorders. Absence
of color blindness was assessed by the 38 platgordshihara’s Test for Color-
Blindness (Kanehara Shupman Co., Tokyo, Japan)p&ticipants were non-smokers,
moderate caffeine and alcohol consumers, and weteon medication. None had
worked on night shifts during the last year or élad through more than one time zone
during the last 2 months. Extreme morning and exgernypes, as assessed by the
Horne-Ostberg Questionnaire (Horne and Ostberg6)19%ere not included. None
complained of excessive daytime sleepiness as sesbd®/ the Epworth Sleepiness
Scale (Johns, 1991) and of sleep disturbances tasmdeed by the Pittsburgh Sleep
Quality Index Questionnaire (Buysseal, 1989). All participants had normal scores at
the 21 item Beck Anxiety Inventory (Beodt al, 1988) and at the 21 item Beck
Depression Inventory Il (Steet al, 1997). They were right-handed as indicated by the
Edinburgh Inventory (Oldfield, 1971). Participaig@ve their written informed consent
and received a financial compensation for theitipaation. The study was approved
by the Ethics Committee of the Faculty of Medicai¢he University of Liége.
Volunteers followed a 7-day regular sleep schedbelore their first visit and
kept the same schedule for 2 more days, until teecond visit. Compliance to the
schedule was assessed using wrist actigraphy (Atdiw Cambridge Neuroscience,
UK) and sleep diaries. In order to record 2 volerdgeon the same day at approximately
the same circadian time, volunteers were requdstéallow one of 2 sleep schedules
differing by 1.5h (2300h-0700h +/- 30min, or 003WBR0h +/- 30min). Volunteers
were requested to refrain from all caffeine analadt-containing beverages and intense

physical activities for 3 days before participatinghe study.
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Protocol

Volunteers completed the protocol on two separates dFigure 6.1). The experimental
paradigm was identical on both days, except for rtt@ochromatic light exposure

condition (blue or green), the order of which waarterbalanced.

a KSS 1t 2 3 4 5 6 7 8 9
¥ o ¥ A v W L '] B
Dim light < 5lux fMRI
; ' ' = 1 | >
Time (hrs) 1.5 25 3.5 45 e
b KSS 7 8 9
S| Light
3 x 1013
phicm?fs |
! ! ! I I T —
Time {min) 10 30 50 70

Figure 6.1: Experimental design.

a. General timeline. Time relative to scheduled wake time (hrs). Arrows: subjective
sleepiness assessment (KSS 1-9).

b. Timeline of the fMRI period. S1-3: 2-back sessions 1 to 3. FS: flanking sessions.
Time in minutes after entering the scanner. Arrows: subjective sleepiness
assessment (KSS 7-9).

On each day, subjects were first maintained in hight (< 5 lux) for 3h and

then scanned during 3 consecutive sessions which tiveed before (session 1; < 0.01
lux), during (session 2) and after (sessions 3;04 Qux) one eye was exposed for 18
minutes (durations varied slightly, see Resultsa tolue (470nm) or a green (550nm)
monochromatic light. The photon densities of baghtl exposures were identical (3 x
10" photons/cm?/s) so that blue light stimulation e tmelanopsin dependent
photoreception system would be equal to the stinuaf the classical photoreception
systems elicited by green light during the othesitviLight exposure occurred

approximately 5 hours after habitual wake up tiiree,during the biological day when

melatonin secretion is low (Dijk and Lockley, 200Ruring every session, participants

performed an auditorg-backworking memory task (Braveet al, 2001), which does
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not explicitly depend on visual input, and is reliaexecuted by a majority of subjects.
Subjective alertness scores, as assessed by tl@inkka Sleepiness Scale (KSS)
(Akerstedt and Gillberg, 1990), were collected gv&0 minutes during the 3h

preparatory period and every 20 minutes while engbanner.

Participants performed the 2-back task during twmiBute flanking sessions
placed at the beginning and at the end of the fist&juisition period. The first flanking
session allowed enough time for physiological eveatated to recent postural changes
(sitting, walking to the fMRI scanner, standing #ofew minutes, and then lay down in
supine position) to dissipate (Bonnet and Aran®8)9The latter events can influence
arousal and might have otherwise contaminated ata. @he second flanking session
took into account potential participants’ expectas@bout the end of the experiment,
which might change their motivational and arousates Participants were unaware of
the duration of this last flanking session and weskl its duration could vary
substantially.

During the data acquisition period, all subjectseriacted with the same
investigator who used a standardized set of seesebetween ever®-back sessions.
This protocol was implemented in order to minimvagiation in motivational state due
to social interactionse(g. encouragement by an investigator which may modigirb
responses; cf. Grandjeagt al, 2005). No feedback was given on performance.
Volunteers received a small standardized snackeémiiddle of the 3-hour preparatory
period preceding fMRI data acquisition. They weegned on a shortened version of the
protocol and habituated to the experimental comwlti at least a week before the
experiment. Subjects had to reach 75% of corresgamses on the 2-back task at the

end of training to participate to the experiment.

2-back task

Stimuli consisted of 9 French monosyllabic consdmathat were phonologically
different so that they could easily be identifi&timuli were 500ms long and inter-
stimulus-interval was 3000ms long. For each conspnalunteers were requested to
state whether or not it was identical to the coasbrpresented 2 stimuli earlier, by
pressing a button on a keypad for “yes” and anodiner for “no”. Thirty-four series of

25 to 30 stimuli were constructed with ~30% of pgsianswers. Inter-series-intervals
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lasted 10 to 25 seconds. Series were presentedoanty per visit and were randomly
assigned to one of the scanning sessions. In bsits,vthe number of series in each
session varied as follow: flanking sessions coedisif 2 series, session 1 of 9 series,
session 2 of 10 series, and session 3 of 11 seSi@suli were produced using
COGENT 2000 (http://www.vislab.ucl.ac.uk/Cogentfinplemented in MATLAB
(Mathworks Inc., Sherbom, MA) on a 2.8 GHz XEON DElpersonal computer
(Round Rock, TX) and were transmitted to the subjasing MR CONTROL amplifier
and headphones (MR Confon, Germany). On both yigiesfirst session was preceded
by a short session during which volunteers hadetotlse volume level to ensure an
optimal auditory perception during scanning.

Light exposure

In a previous fMRI study, we reported that 21 masubf white light exposure (> 7000
lux) was sufficient to counteract the decreaseléntr@ess and brain activity otherwise
observed in continuous darkness (Vandewallieal, 2006). However, we could not
easily separate the changes in responses relatbd tight-related increase in alertness
from the effect of lightper se.We specifically designed the present study in otde
avoid the confounding effects of variation in atets and performance. First, we used a
monochromatic light stimulus with a photon densibout a hundred times lower than
in our previous fMRI study. Second, only one eye wgposed. Previous investigations
demonstrated additivity of binocular compared tonowular illumination (Brainarebt
al., 1997). Third, the monochromatic light exposures Wenited to 18 minutes, a short
exposure as compared to previous studies invesiigéhe effect of monochromatic
light on behavior (Cajocheet al, 2005; Lockleyet al, 2006) and melatonin secretion
(Brainard et al, 2001a; Lockleyet al, 2003; Thaparet al, 2001). Thus the total
number of photons administered in our study is @015 times smaller than in
behavioral investigations (Cajochest al, 2005; Lockleyet al, 2006) and most
endocrine studies (Brainaet al, 2001a; Lockleyet al, 2003), but not all (Thapagt
al., 2001). Using this experimental strategy, we waenaing to characterize the changes
in brain responses independent of behavioral clsange

Narrow interference band-pass filters (FWHM: 10tdmund Optic, UK) were
used to produce two monochromatic illuminationglZdnm and 550nm. The exposed
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eye and monochromatic light exposure were assigpsdudo-randomly in a
counterbalanced manner. The light was transmitied metal-free optic fiber from a
source (PL900, Dolan-Jenner Industries, MA) to albntiffuser placed in front of the
subjects’ eye. The diffuser was designed for thgpgse of this study and ensured a
uniform illumination. Light was administered thrdug 4 x 5.5 cm frame placed 3 to 4
cm away from the eye. Irradiance could not be nreasdirectly in the magnet, but the
light source was calibrated and irradiance estithatebe 3 x 18 photons/cm?/s (840-C
power meter, Newport, Irvine, CA). The non-illumied eye of the subject was
monitored at all times using an infra-red eye-tmagksystem (ASL, Model 504;
Applied Science Group, Bedford, MA). The imagestltd eye-tracking system were
monitored on-line, video-taped, and examined ineprd ensure that all volunteers
included in the analyses had their eyes open dinal and were looking toward the

light during the illumination.

Functional MRI data acquisition

Functional MRI time series were acquired using aMi scanner (Allegra, Siemens,
Germany). Multislice T2*-weighted fMRI images weobtained with a gradient echo-
planar sequence using axial slice orientation (B2s voxel size: 3.4x3.4x3 min
matrix size 64x64x32; repetition time = 2130ms;@time = 40ms; flip angle = 90°).
The 4 initial scans were discarded to allow for ne&tg saturation effects. There was
little variation in the number of scans of the hdogous sessions of both visits®(1
flanking sessions: 95.3 + 4.2 (mean + SD); sesslo8.6 * 8.3; sessions 2: 454.6 +
7.1; sessions 3: 506.8 + 7.6¥2lanking sessions: 96.6 + 3.5). Head movementewer
minimized using a vacuum cushion. A structural Tdigthed 3D MP-RAGE sequence
(TR 1960ms, TE 4.43ms, Tl 1100 ms, FOV 230 x 173, amatrix size 256 x 256 x

176, voxel size: 0.9x0.9x0.9mm) was also acquineallisubjects.

Functional MRI data analysis

Functional volumes were analyzed using StatistRalametric Mapping 2 (SPM2 -
http://www.fil.ion.ucl.ac.uk/spm) implemented in MAAB. They were corrected for
head motion, spatially normalized (standard SPMegarpaters) to an echo planar
imaging template conforming to the MNI space, gpatislly smoothed with a Gaussian

Kernel of 8 mm FWHM. The analysis of fMRI data, édson a mixed effects model,
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was conducted in 2 serial steps, accounting reispéctor fixed and random effects.
For each subject, changes in brain regional regson®re estimated using a general
linear model in which the activity evoked by théb&sk series in each session was
modeled by boxcar functions, convolved with a cacelnhaemodynamic response
function. As we reported previously (Vandewadle al, 2006), the dynamics of the
light-induced modulations of brain activity is fastsome areas. Such rapid changes do
not necessarily give rise to significant changeadtivity when averaged over a whole
session and consequently, do not appear in betsessien contrasts. We therefore
added two further regressors in our analyses, septang the modulation of brain
responses to the 2-back series by linear and giiatime. We used these regressors to
compare the within-session modulation of brain oesgs by (linear and quadratic) time
in the different sessions in order to identify amynvisual brain response that would
build-up and dissipate with time after lights wdregned on and off, respectively.
Movement parameters derived from realignment of thectional volumes were
included as covariates of no interest. High-pdssriing was implemented in the matrix
design using a cut-off period of 128 seconds tooseriow frequency drifts from the
time series. Serial correlations in fMRI signal evestimated using an autoregressive
(order 1) plus white noise model and a restrictedximum likelihood (ReML)
algorithm.

The effects of interest were then tested by lirceantrasts, generating statistical
parametric maps [(SPM(T)]. Since no inference waslemat this (fixed effects) level of
analysis, summary statistic images were threshaddi@ghcorrectes= 0.95. The summary
statistic images resulting from these differenttcasts were then further smoothed (6
mm FWHM Gaussian kernel) and entered in a secoral-Enalysis. This second step
accounts for inter-subject variance in the maira@# of light (random effects model)
and corresponds to a one-samptest for brain responses to the 2-back series. Both
time modulators were included in a separate paranetithin-subject one-way
ANOVA. For the latter analysis, the error covariangas not assumed independent
between regressors and a correction for non-sptyer@s used for final inferences
(Glaser and Friston, 2004). The resulting set okelovalues for each contrast
constituted maps of the T statistics for the masponses and F statistics when they

were modulated by time, thresholdedpgtcorrected= 0.001. Statistical inferences were
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performed after correction for multiple comparisars small spherical volumes (svc;
10 mm radius) at a threshold of,y= 0.05, around priori locations of activation in

structures of interest, taken from published work reback tasks and executive
processing, multimodal binding, and from our owrrkvon the effects of white light on
brain responses in fMRI.

Before performing any svc, peaks reported in Tatdhr (Talairach and
Tournoux, 1988) space were transformed to MNI spmsbeg Matthew Brett's bilinear
transformation (http://fimaging.mrc-cbu.cam.ac.uldgimg/MniTalairach; no
coordinates were shifted more than 5 mm). Standdedeotactic coordinates of
previously published priori locations, used for spherical svc, are as follow:

Locations involved in working memory and execufivgctions: left IPS -26 -58 47
(Colletteet al, 2005), -20 -66 46, -20 -66 48 (Wagaral, 2004), -12 -71 47 mm; right
insula 32.32 22.44 5.53 (Cohext al, 1997) (transformed to MNI space), 40 16 2
(Wager et al, 2004); left thalamus -8 -12 -11; left supramaadjigyrus -38 -50 42
(Wager and Smith, 2003), -40.40 -51.68 45.15 (Coéeal, 1997) (transformed to
MNI space); left middle frontal gyrus -43 24 27 §Beret al, 2001), -40 22 21 (Cohen
et al, 1997).

Locations involved in multimodal activation/crossdal binding: left thalamus
(Busharaet al, 1999) -14 -20 8; right insula 36 24 -4, 38 2AB@isharaet al, 2001);
left inferior parietal lobule -44 -38 42 (Bushaatal, 1999).

Location modulatedy white light exposure: right insula 40 20 8 (Vandlle et al,
2006).

Masking procedures

In all analyses, we excluded brain areas that weteecruited by the 2-back task from
all the interaction analyses, by masking our resuith a map of all regions that
showed any positive response to the task (inclusigskpuncorrectes= 0.9). In the light
condition (blue > green) by session (2 > 1) inteoaicwe applied an exclusive mask for
baseline differences (session 1 green > sessidtel Mncorrected= 0.05) in order to rule
out possible confounds arising from these diffeesndn the light condition (blue >
green) by session (2 > 3) interaction we also agpdin exclusive mask for differences
at the end of the visits (session 3 green > ses¥iolne;p = 0.05uncorrected, which
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ruled out possible confounds arising from theséedkhces. In order to verify which
effect contributed to the light condition (blue regn) by session (2 > 3) interaction we
employed two independent masks. We applied a nmsdérecie= 0.05) including areas
for which activity decreased from thé“2to the ¥ session during the blue light
condition. Interaction effect in the regions renagnafter the application of this mask
would be mostly related to the latter decreasectivity in the blue light condition. A
second verification employed another maskdrrected 0.05) excluding areas for which
activity increased form theé"®to the ' session of the green light condition. Interaction
effect in the regions remaining after the applmatof this mask would not be mostly
related to the latter increase in activity in tmeem light condition.

Bayesian inferences and posterior probability maps

In the random-effects analyses, we aimed at vegfyithat the absence of significant
statistical effects in one contrast in a locatibthe brain was not merely due to an error
of type Il (false negative). We computed PPM emablconditional or Bayesian
inferences about regionally specific effects (lmstind Penny, 2003), which provide
the posterior distribution of an activation givametdata. PPM and effect size were
computed for response to the 2-back series inigig tondition (blue > green) by
session (3 > 1) interaction to verify the absentceemaining light modulation in the
post light exposure period. We estimated the piostg@robabilities for each of the
regions we reported in the light condition (blugreen) by session (2 > 1 and 2 > 3)
interactions. PPM were also computed on the seseasions of both visits, in order to
check that no activation was present in the oaigibrtex during the illumination

periods.

Results

Behavior

The length of the 2-back series and the pausesebetseries varied. Session duration
changed therefore a little between visits and subjd_ight exposure in the blue light
condition lasted 17 min 45s on average (range: it72@s to 18 min 13s; median: 17
min 49s). Light exposure in the green light comfitiasted 17 min 54s on average
(range: 17 min 37s to 18 min 28s; median: 17 mis).5M order to rule out placebo or

expectancy effects, we debriefed the participabuttheir color preferences. Nine
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subjects preferred the blue illumination, 8 preddrthe green light condition and one
had no preference. Therefore, differences in leggosure duration and in expectation

or placebo effects are unlikely to have biaseddselts of this experiment.
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Figure 6.2: Behavioral results.
Solid line: blue light condition; dotted line: green light condition; gray rectangle:
light exposure period.
a. Mean KSS scores (+ SEM). Box: fMRI period. Time relative to scheduled wake
time (hrs).
b. Mean accuracy (+ SEM). S1-3: 2-back sessions 1 to 3. FS: flanking sessions.
c. Mean reaction times (x SEM). S1-3: 2-back sessions 1 to 3. FS: flanking

sessions.
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Repeated measure ANOVA on KSS scores (Figure @&Rh)repetition and day
(blue > green) as within-subject factors revealednneffects of repetition (F-value =
9.95; df = 8, 136; p-value < 10-6), but no maireef$ of day (F-value = 2.07; df = 1,
17; p-value = 0.17), and no day by repetition iatéon (F-value = 0.47; df = 8, 136; p-
value = 0.87). Although light did not significantlgffect alertness, it seemed to
counteract the increase in subjective sleepinessreed in KSS scores on both days.

Subjects were instructed to be as accurate asbhp@ssid that at least 75% of
correct responses were requested. Repeated meaSN@¥A on accuracy scores
(Figure 6.2b) with session and day (blue > greenvahin-subject factors revealed
main effects of session (F-value = 4.66; df = 4,®8alue = 0.002), but no main effects
of day (F-value = 0.29; df = 1, 17; p-value = 0,68)d no day by session interaction (F-
value = 0.85; df = 4, 68; p-value = 0.50). Althougjibjects were not instructed to be as
fast as possible, reaction times were analyzede&ed measure ANOVA on reaction
times (Figure 6.2c) with session and day (blue eseg) as within-subject factors
revealed main effects of session (F-value = 19BXL 4, 68; p-value < 10-6), but no
main effect of day (F-value = 0.04; df = 1, 17; gdue = 0.84), and no day by session
interaction (F-value = 0.75; df = 4, 68; p-valu@.56).

FMRI data

Therefore, as intended, when fMRI data were comsijeany difference in brain
activity between visits could only be attributedth® behavioral differences between
light conditions. We first aimed at characterizihg wavelength-specific time courses

of brain responses from sessions 1 to 3. We therefumputed 2 separate light

Figure 6.3: Comparison of the brain modulations observed during blue light condition (470nm)
and green light condition (550nm).

a. left intraparietal sulcus; b. left supramarginal gyrus; c. right insula; d. left middle frontal gyrus;
e. left thalamus.

Left panels : responses are displayed over the mean structural image of all subjects
(Puncorrected<0.001). The light condition (blue > green) by session (2 > 1) interaction is displayed
in red. The light condition by session (2 > 3) interaction is displayed in blue. Overlaps are in
yellow.

Right panels : mean parameter estimates in the 1%, 2™ and 3" sessions (a.u. + SEM). Solid

line: blue light day; dotted line: green light day.
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conditions by session interaction contrasts. Th& Btne compared the differences of
brain activity found in both light conditions whe&emparing the illumination periods
(sessions 2) to the baseline sessions (sessiofigtit) condition (blue > green) by
session (2 > 1) interaction], while the second ewaluated the differences of brain
activity obtained between light conditions when pamng the illuminations to the
post-exposure periods (sessions 3) [light condifldne > green) by session (2 > 3)
interaction]. Both interactions revealed significalifferences in the left intraparietal
sulcus (IPS), left supramarginal gyrus, left midéental gyrus (MFG), right insula,
and in the left thalamus (Table 6.1 and Figure Ahendix 2: supplemental table S6.1
and S6.2). The activity estimates (right panelsufég6.3) showed that blue light
exposure prevented the progressive decline in bresponses observed during green
light exposure (from % to 2% sessions). As a rule, blue light exposure incrbase
regional responses, as compared to baseline, exctyet left IPS.

Activity estimates also revealed that the response$iese regions decreased
from the 29 to the & session during the blue light condition, wherdsesytincreased
from the 29 to the ¥ session of the green light condition. Further ysed (see
Masking proceduresn Materials and methodsrevealed that in the right insula, left
supramarginal gyrus, and left MFG, the significaffects were essentially due to the
decrease in response during the post exposuredpefithe blue light condition. In
contrast, in the left IPS and thalamus, the effare largely influenced by the increase
in activity after the green light was switched off.

We then assessed whether the differences in tleetefbf the light conditions
persisted after the light exposures. However naifsigint difference in brain activity
was identified in the contrast comparing the pogtesure sessions to the baseline
sessions, suggesting that no differential effe€tght conditions remained during the
post-exposure period, as compared to baseline.rdicay, probabilities of activation,
as inferred by Bayesian statistics (Friston andhi?eR003), were low (<22%) in the all
5 areas for which we detected an effect of lightaesxre during the illumination period.

Importantly, no regions were significantly more ckaated by blue than green
light exposure during or after the illumination e, as compared to baseline
(Appendix 2: supplemental table S6.3). Likewise pn@in areas were more activated by
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blue light as compared to green light exposurerafite compared to during the

illumination.

Table 6.1.Comparisons of the responses to blue and grelehdigposures

(MNI coordinates)

Light condition (blue > green) by Light condition (blue > green) by
session (2 > 1) interaction. session (2 > 3) interaction.
. . p-value p-value
Brain regions X Y z | Z-score X Y z | Z-score
(svc) (svc)

-34 | -62 | 344 4.30 0.027
-20 | -64 2 3.45 0.023

Left IPS -18 | -60 | 44 4.03 0.004

Left
supramarginal | -46 | -50 | 48 3.58 0.016 -44 | -50 | 38 3.93 0.005

gyrus

Left Thalamus | -14 | -14 | 16 3.16 0.049 -10 | 4 16 4.16 0.002

Left MFG -38 | 32 | 34 3.63 0.014 -40 | 32 | 28 4.20 0.002

Right Insula 40 | 28 0 3.31 0.033 38 | 28 0 3.77 0.008

Collectively, our results speak for specific timm@ited enhancement in brain
responses during blue, as compared to green, dighbsure. We point out that blue
light exposure has been reported to induce greatgtlary constriction than green light
exposure and is consequently associated with reldigie input to the retina (Cajochen
et al, 2005). Although we could not assess pupil sizéhan present study, it is very
likely that, if pupillary constriction differed beten light conditions, constriction
would have been greater under blue light exposDomsequently, any superiority of
blue light in modulating brain responses is unikig be related to the effect on pupil
size.

Noteworthy, no difference between light conditiomsre found in the occipital
cortex for any of the comparisons. Bayesian statisiferences confirmed that the
probability of activation never exceeded 2% in fthecipital cortex in both light
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conditions during the illumination period. Thisding speaks against the involvement
of the classical visual system in the observedcedfe

Finally, we did not identify any brain areas wheesponses changed with time
within each session, and differently between liginditions (seéunctional MRI data
analysisin Materials and methodsThis absence of temporal modulation implies that
the light-related differences in brain activity oefed above appeared almost
immediately after lights were switched on and giated very quickly after lights were

turned off.

Discussion

The present results demonstrate that brain respansa complex cognitive task are
modulated by light exposure in a wavelength-depenhdenner. When compared to a
green light exposure of identical photon densitghart exposure to a 3 x £@h/cnf/s
blue light on a single eye during daytime is sudint to induce almost immediate
changes in brain activity. These changes persisthi® duration of the exposure, but
cease when light is switched off. These findingancd be accounted for by any
measurable difference in alertness or performamaeby any order or placebo effects.
In addition, because the experimental design cetgda two narrow-band
monochromatic lights, our findings suggest that theelanopsin dependent
photoreception system contributed to modulate thesgonses.

The light-induced modulation of brain responsesewkrcated in structures
typically involved in executive functions (CabezadaNyberg, 2000; Cohespt al,
1997; Colletteet al, 2006). The left MFG, supramarginal gyrus and lRSe been
repeatedly implicated in-backtasks. The insula and the thalamus, both in thealed
right hemispheres, have been involved in severa¢as of working memory (Cabeza
and Nyberg, 2000). Areas are mostly located inle¢fiehemisphere in keeping with the
left lateralization of verbal working memory (Brawet al, 2001; Colletteet al, 2006).
The thalamus is a key structure modulating arousglorted in studies exploring the
interplay between alertness and cognition (Cetllal, 2004; Foucheet al, 2004).
Additionally, the right insula, left parietal cortex, and thalarare also involved in

visuo-auditory cross-modal binding (Bushataal, 2003; Busharat al, 1999; Downar
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et al, 2000) and would respond during the performananadduditory task under visual
stimulation.

We previously reported that white light exposurduiced nonvisual responses
outlasting the illumination period (Vandewake al, 2006). In contrast, in the present
study, the monochromatic light exposures we useitedl immediate changes in brain
responses, which did not outlast the exposure asipdted swiftly. This reveals a new
aspects of the dynamics of the nonvisual respoiaskght, which, except for pupillary
constriction (Luca®t al, 2001a), are typically assumed to develop oves tdmminutes
(Brainard et al, 2001a; Cajochert al, 2005; Lockleyet al, 2003; Lockleyet al,
2006; Thaparet al, 2001). The swift dynamics observed in the prestutly are
probably related to the low dose of light admimstk

Our design implies that the melanopsin dependerdtopbception system
contributed to modulate brain responses to the itegrtask (Brainardet al, 2001a,;
Daceyet al, 2005; Hankins and Lucas, 2002; Lueasal, 2001a; Melyaret al, 2005;
Qiu et al, 2005; Thaparet al, 2001). The melanopsin dependent photoreceptisieisy
is known to transmit irradiance signal to numersubcortical structures including the
SCN, site of the master circadian clock, the VLR@plved in sleep regulation, the
superior colliculus and the lateral LGN, both paftthe classical visual system, the
IGL, implicated in circadian photoentrainment, theedial amygdala, involved in
reproduction behavior modulation, the OPN, impkchin pupillary constriction, the
lateral habenula, etc. (Hattar al, 2006). These structures are connected to mamy oth
major physiological systems; it is therefore difficto designate a unique pathway
mediating our effects. Likewise, indirect projecisofrom the SCN to cholinergic,
orexin and aminergic cell groups involved in ardusgulation exist in the forebrain
and brainstem (Abrahamsat al, 2001; Aston-Jones, 2005; Deurveilher and Semba,
2005; Saperet al, 2005b) and might be responsible for the increassgonses
observed in the thalamus. In addition, direct popms of the melanopsin RGC to the
LGN have been reported in primates (Daedyal, 2005) and might represent the
pathway followed by irradiance information to irdghce thalamic activity, if they are
also present in humans.

Because performance and alertness did not diffevsacdays in the present

study, light-induced cortical and subcortical resge changes occurred independently
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from behavioral modifications. It can also be adytleat they are very likely to occur
very early in the cascade of events elicited byamabsin dependent responses, since
modulation appeared almost instantaneously. Owrique fMRI studies, which used
bright white light exposure in an attentional pagad also reported significant effects
of light on thalamic and insular activity in theripel of darkness following the
illumination (Vandewalleet al, 2006). Collectively, these data suggest that the
thalamus and the anterior insula are key structiuresediating the effects of light on
brain activity related to different cognitive furaits during and after the exposure.

Although our design used a wavelength close topbak sensitivity of the
melanopsin dependent photoreception system (470anththe data are consistent with
an involvement of the melanopsin system, we arématposition to assess the specific
contribution of each photoreceptor. Short, mediuamd long cones were reported to
input to the melanopsin pathway (Dacetyal, 2005) and all classical photoreceptors
were shown to be necessary for a complete nonvisgdonse to light in rodents
(Hattar et al, 2003). A recent human study also reported a noyeé of cones
expressing exclusively melanopsin (Dkhissi-Benyabayal, 2006). Lights of various
spectral compositions and dose response prototmsalds specifically address this
guestion.

Our protocol also revealed intriguing brain deaatims during green light
exposure followed by a subsequent increase inigcti@urrent knowledge about the
effects of green light exposures only allows vepgailative interpretations of these
findings. On the one hand, the effects of greehtligre reminiscent of those we
observed during continuous darkness in a previoperenent. We reported that the
repetition of an auditory oddball task in continsodarkness induced a temporary
deactivation in several brain areas that were @vaoted by bright white light
(Vandewalleet al, 2006). On the other hand, although, to our kndgde no report
supports this hypothesis, it is tantalizing to segjghat green light exposure would have
a genuine effect on brain responses, different fioore light exposure. In such
perspective, the deactivations we observe wouldhleeresult of a specific process
induced by 550nm light exposure. Future experimshtauld be specifically designed
to separately assess the effects blue and grderekgosures.
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The vast majority of studies on the effects of igikposure mediated by the
melanopsin dependent photoreception system toale @anight and/or after extended
wakefulness episodes (Baditial, 1991; Brainarcet al, 2001a; Cajochest al, 2005;
Campbell and Dawson, 1990; Lockleyal, 2003). The few studies carried out during
daytime imposed partial sleep deprivation to inseesleepiness and thereby maximize
the sensitivity of their design (Phipps-Nelseinal, 2003; Rugeet al, 2005a). As light
exposure occurred during the day in well restedestiy our data have a broader
impact. The spectral composition of common artdidight is geared towards the
classical photopic system and does not considecdh&ibution of light to nonvisual
functions. Future research should establish themaptlight regime (wavelength,
duration, photon density, light history) requiredefficiently enhance human cognition
during daytime, especially for demanding taskgy.(education) or profession®.§.

military, healthcare professional, police, spagesiniplane crews).
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Introduction

Light processing has been studied extensivelyenctintext of circadian biology which
emphasizes nonvisual (or non-image-forming) effeds environmental light
(irradiance). These nonvisual effects include tlyackronization of the circadian
clocks, suppression of melatonin, regulation ofegleas well as improvements of
alertness and cognition (Brainagtlal, 2001a; Cajocheat al, 2005; Dijk and Lockley,
2002; Lockleyet al, 2003; Lockleyet al, 2006; Munchet al, 2006). We have shown
that nonvisual responses related to alertness eguiton are associated with changes
in regional brain activity detected by positron ssmn tomography (PET) and
functional magnetic resonance imaging (fMRI) (Resgt al, 2004; Vandewallet al,
2006; Vandewalleet al, 2007b). A number of recent studies, using a wideety of
methodologies, revealed that acute or longer taxmam nonvisual responses are most
sensitive to monochromatic lights of wavelengthsveen ~ 460 and 480nm (Brainard
et al, 2001a; Cajocheet al, 2006b; Cajochert al, 2005; Dkhissi-Benyahyat al,
2007; Gamlinet al, 2007; Lockleyet al, 2003; Lockleyet al, 2006; Lucaset al,

" The supplemental materials submitted with thickertare included in the body of this chapter amd i
appendix 3.
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2001a; Munclet al, 2006; Thapaet al, 2001; Vandewallet al, 2007b). This is much
shorter than the overall maximum sensitivity of getopic system (~555nm) and does
not coincide with the maximum sensitivity of anytbé classical photoreceptors (rods:
~505nm; S-cones: ~430nm; M-cones: ~530nm; L-cor®0nm) (Buck, 2003;
Solomon and Lennie, 2007).

A fifth retinal photopigment, melanopsin, was reitediscovered (Provenciet
al., 2000) and shown to be expressed in retinal gamgiells (RGC) that are directly
light sensitive (Bersoet al, 2002), with a maximum sensitivity between 42@89nm
(Melyanet al, 2005; Pandat al, 2005; Qiuet al, 2005). Melanopsin expressing RGC
are implicated in nonvisual responses to light §éaet al, 2002; Pand&t al, 2002).
They project to numerous brain structures in rasléBiooleyet al, 2003; Hattaet al,
2006), including hypothalamic nuclei, such as tNSnd the VLPO, as well as many
non-hypothalamic structures including the OPN, amg/gdala, but also areas typically
involved in vision such as the LGN and the supetwlficuli. In addition, melanopsin
RGC project to the LGN and OPN in Macaques (Daetyal, 2005). These
neuroanatomical pathways provide a mechanism bytwhradiance changes could
affect many brain functions.e. circadian entrainment, pupillary constriction, asal}
attention, and emotion regulation, as well as vigi@ajocheret al, 2005; Daceet al,
2005; Dkhissi-Benyahyat al, 2007; Lockleyet al, 2003; Lockleyet al, 2006; Lucas
et al, 2001a; Vandewallet al, 2006; Wirz-Justicest al, 2004). However, classical
visual photoreceptors are necessary to induce @eplonvisual responses to light
(Hattar et al, 2003). In addition, RGC which do not express mepsin, and
presumably are not photosensitive, project to @&l Sintergeniculate nuclei (IGL) of
the thalamus and VLPO, suggesting that signal nyidrom the classical retinal
photoreceptor reaches these structures (Goetewl, 2003; Sollarset al, 2003).
Nevertheless, the respective roles of the differeiihal photoreceptors have not been
completely assessed.

Rod and cone responses to light are typically tioo&ed to the exposureg.
neural inputs start and cease within a few ms ditgrt is turned on and off,
respectively. In addition, quick attenuation of radd cone signals occurs in the
presence of a constant light stimulus (Daeegl, 2005). Intrinsic light responses of the

melanopsin expressing RGC are much more sluggididamot show attenuation: they
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are only detected seconds after the onset, amd) fisi maintained for minutes after the
end of the light exposure. This feature suggesisttiese cells are able to account for
the long integration time of the nonvisual systeBeréonet al, 2002; Daceyet al,
2005). However, melanopsin expressing RGC receipets from rods and the three
classes of cones, which enable them to instantaheoespond to light exposure, and
suggest an important role for rods and cones imtmvisual response to light early in
the exposure (Daceyet al, 2005). Accordingly, relative efficacy of differen
wavelengths indicates that M-cones contribute irgmily to the initiation of the
response in rodents, but later the melanopsin egprg RGC are the dominant
contributor (Dkhissi-Benyahyat al, 2007). Similarly, wavelength sensitivity of rat
SCN neuron responses to light flashes suggestedtalwtion of rods and all cones to
the SCN response to brief light exposures (Aggeltgand Meissl, 2000).

A role for S-cones in nonvisual response was sugdes humans by data
showing a greater increase in subjective alertnester violet light exposure (420-
440nm) (Revell et al, 2006). However, most human studies investigatihg
mechanisms of nonvisual responses to light employexhochromatic exposures
targeting melanopsin RGC and M- and L-cones (Ca&poeh al, 2005; Lockleyet al,
2006; Munchet al, 2006; Vandewalleet al, 2007b). Reassessment of S-cones
contribution to nonvisual responses to light usingiolet light specifically targeting
these photoreceptors remains to be done. In additionvisual responses to different
wavelengths in humans have only been characteatfted long duration exposures (at
least tens of minutes)ge. after substantial attenuation of rod and coneadgghus, the
relative contributions of all retinal photorecestan early nonvisual responses to light
are largely unknown in humans.

Furthermore, besides the known projections of R&@ressing and not
expressing melanopsin to brain structures involwedonvisual functions, most the
brain mechanisms and pathways mediating nonvisgsgonses to light exposure are
unknown. In rodents, the SCN and thalamic IGL reedight irradiance information
almost immediately and appear therefore to be glyamplicated in eliciting nonvisual
responses to light (Meijeat al, 1998; Morin and Blanchard, 2005). The SCN and IGL
project to many brain structures involved in ardusgulation (Morin and Blanchard,
2005; Sapeet al, 2005b) and a functional indirect connection bemvéhe SCN to the
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brainstem locus coeruleus (LC) has been establiéhstbn-Joneset al, 2001). This
may be the pathway followed by light to modulatermess. However beyond these
early subcortical and brainstem structures, thenbreechanisms involved in generating
physiological or behavior nonvisual responsesgbtlare not characterized in animals.

In humans, using PET and fMRI, we identified newairelates of the alerting
effect of a bright white light exposure (> 7000lugelivered at night or during the day
in brain areas such as the IPS, hippocampus, tialgulvinar, insula, and
hypothalamus (Perriret al, 2004; Vandewalleet al, 2006). More recently we
demonstrated that brain activity related to a waogkmemory task is maintained (or
even increased) by blue (470nm) monochromatic legtgosure, whereas it decreases
under green (550nm) monochromatic light exposur@n@iéwalleet al, 2007b). These
effects were detected in areas implicated in wagrkimemory such as the thalamus,
insula, IPS, and middle frontal gyrus (MFG). Thesedies were carried out using
prolonged light exposures (17 to 21 min). The brameas first affected by light
exposure and involved in triggering nonvisual resas to light are therefore largely
unknown in humans.

In the present study, we used fMRI to specificabgess early nonvisual effects
of light over the entire brain. We used alternatinglet (430nm), blue (473nm), or
green (527nm) monochromatic light exposures of keghaton density to investigate
the processing of stimuli preferentially triggeriSgcones, melanopsin expressing RGC,
or M-cones, respectively. Light exposures lasted, 30 very short duration from a
human circadian biology perspective, in order tangasight in the relative
contributions of the different retinal photorecapt@arly on in the establishment of
nonvisual responses to light. We also hypothesilzatisuch short exposures would not
induce wavelength-specific responses in a largebeurof brain areas but would mainly
affect a few areas involved in early nonvisual ceses, presumably subcortical and

brainstem areas.
Materials and Methods

Subjects

Participants were healthy, young subjects (N =8ltemales; age: 19-27 [median: 22];
BMI: 18.7-27.3 [median: 22.2]). A semi-structurederview established the absence of
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medical, traumatic, psychiatric, or sleep disordébsence of color blindness was
assessed by the 38 plate edition of Ishihara’s TastColor-Blindness (Kanehara
Shupman Co., Tokyo, Japan). All participants weme-smokers, moderate caffeine and
alcohol consumers, and were not on medication. Nwa worked on night shifts
during the last year or traveled through more tbae time zone during the last 2
months. Extreme morning and evening types, as s&sdeby the Horne-Ostberg
Questionnaire (Horne and Ostberg, 1976), were noluded. None complained of
excessive daytime sleepiness as assessed by thertkp8leepiness Scale (Johns,
1991), or of sleep disturbances as determined byPikttsburgh Sleep Quality Index
Questionnaire (Buysset al, 1989). All participants had normal scores on 2hetem
Beck Anxiety Inventory (Beclet al, 1988) and the 21 item Beck Depression Inventory
Il (Steeret al, 1997). They were right-handed as indicated byBtimburgh Inventory
(Oldfield, 1971). Participants gave their writtenfarmed consent and received a
financial compensation for their participation. Tstidy was approved by the Ethics
Committee of the Faculty of Medicine of the Univgref Liege.

Volunteers followed a regular sleep schedule dutimey7-day period preceding
the laboratory segment of the experiment. Compéattc the schedule was assessed
using wrist actigraphy (Actiwatch, Cambridge Neuwreace, UK) and sleep diaries. In
order to record 2 volunteers on the same day abappately the same circadian time,
volunteers were requested to follow one of 2 skdpedules differing by 1.5h (2300h -
0700h +/- 30min, or 0030h - 0830h +/- 30min). Vdkars were requested to refrain
from all caffeine and alcohol-containing beverages intense physical activity for 3

days before participating in the study.

Protocol

Subjects were first maintained in dim light (<5 Juwr 2h and then scanned during
three consecutive 20 min sessions (Figure 7.laje€erdrops of tropicamidum 0.5%
(Tropicol®) were administered in the eyes 20 mifobe entering the scanner to inhibit
pupillary constriction. In each session, subjecterew alternatively exposed to
monochromatic 50s light exposures separated by13k$operiods of darkness (<0.01
lux) (Figure 7.1b). Monochromatic light was viol@30nm), blue (473nm), or green
(527nm) and aimed at S-cones, melanopsin expreBsB(g, and M-cones respectively.
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In each session two wavelengths were presentedaliechated. Each color was
presented ten times per session.
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Figure 7.1: Experimental design.

a. General timeline. Time relative to scheduled wake time (hrs). Arrows : subjective
sleepiness assessment (SS 1-7).

b. Timeline of the fMRI period and light condition organization.

Black bars indicate occurrences of the different conditions. Note that the
combination of light 1 and 2 changes from session to the other. S1-3: sessions 1 to

3 during which 3 combinations of light are employed (combination order is given as

example). Time in minutes after entering the scanner. Arrows : subjective
sleepiness assessment (SS 5-7).

c¢. Functions used to model brain activity. See methods for details.

Subjects were exposed to the three possible conmisaof wavelengths over
the three sessions. The order of the combinatiodstlze wavelength of the first light
exposure in each combination, were counter-balanged subjects. In accordance with

other protocols in this research area, the photmsities of all light exposures were
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identical to allow the assessment of the relatmetrcbution of the photoreceptors most
sensitive to each wavelength. Photon density waatsed*® photons/cm?'s because, at
this level, nonvisual responses at night and duttiegday, depend on the wavelength of
the light exposure (Brainamet al, 2001a; Cajocheat al, 2006a; Cajocheat al, 2005;
Gamlin et al, 2007; Lockleyet al, 2003; Lockleyet al, 2006; Munchet al, 2006;
Thapanet al, 2001; Vandewalleet al, 2007b). This photon density was equivalent to
an illumination level of 4, 7.5, and 24.5 photopix for violet, blue and green light
exposure, respectively. The first light exposureuoed approximately 4h after habitual
wake up time, i.e. during the biological day wheelaonin secretion is low (Dijk and
Lockley, 2002). During each session, participangsfggmed an auditory2-back
working memory task (Bravest al, 2001), which is reliably executed by a majorify o
subjects and does not explicitly depend on visopli. Subjective alertness scores, as
assessed by the KSS (Akerstedt and Gillberg, 199&)e collected every 30 minutes
during the 2h preparatory period and between eagsian while in the scanner.

During the data acquisition period, all subjectseriacted with the same
investigator who used a standardized set of seesebetween each session. This
protocol was implemented in order to minimize vé@oia in motivational state due to
social interactions€.g. encouragement by an investigator which may modifgirb
responses (Grandjea al, 2005)]. No feedback was given on performanceuKigers
were trained on a shortened version of the protandl habituated to the experimental
conditions at least a week before the experimeubjests had to reach 75% of correct
responses on the 2-back task at the end of tratoipgrticipate to the experiment.

2-back task

Stimuli consisted of nine French monosyllabic cavasds that were phonologically

different so that they could easily be identifi&imuli were 500ms long and the inter-
stimulus-interval was 2500ms. For each consonaitnteers were requested to state
whether or not it was identical to the consonaesented 2 stimuli earlier, by pressing a
button on a keypad for “yes”, and another one foo”! Series of stimuli were

constructed with ~30% positive answers. Fourteersanants were presented in each
illumination period for a total of 35s, and 2 te@sonants were presented in half of the

darkness periods, for a total of 5 to 12.5s. Sexoesd therefore be 33 consonant long if
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a darkness period with the task was placed bet&emnsecutive illumination periods
where the task was performed. Series were presemtgdonce and were randomly
assigned to one of the scanning sessions. Residgecould last up to 44s if a rest
period in darkness was placed between two consecuitumination rest periods.
Stimuli were produced using COGENT 2000 (http://wwalab.ucl.ac.uk/Cogent/)
implemented in MATLAB (Mathworks Inc., MA) on a 2@Hz XEON DELL personal
computer (Round Rock, TX) and were transmittecheosubjects using MR CONTROL
amplifier and headphones (MR Confon, Germany). fiise session was preceded by a
short session during which volunteers had to stvtilume level to ensure an optimal
auditory perception during scanning.

Light exposures

Narrow interference band-pass filters (FWHM: 10iidmund Optic, UK) were used to
produce the three monochromatic illuminations. kefi wheel (AB301-T, Spectral
Products, NM) was computer controlled to switchdpass filters and thereby change
light wavelength. The light was transmitted by atahéree optic fiber from a source
(PL900, Dolan-Jenner Industries, MA) to two smaffusers placed in front of the
subjects’ eyes. The diffusers were designed foptirpose of this study and ensured a
uniform illumination over the entire visual fieldight was administered through a 4 x
5.5 cm frame placed 3 cm away from the eye. Speadteach monochromatic light
were checked at the level of the diffusers (AvaSp@t8, Avantes, The Netherlands),
and the 430nm, 480nm and 532nm band-pass filteesl ypsoduced light with a
maximum radiance at respectively 430.3nm, 472.8nch 327.3nm. Irradiance could
not be measured directly in the magnet, but thét ligource was calibrated and
irradiance estimated to be “£(photons/cmz2/s (840-C power meter, Newport, Irvine,
CA) after prereceptoral lens absorption for thdedént wavelengths was taken into
account (Stockman and Sharpe, 2000). The total atrmfublue light received during
the experiment was well below the blue-light hazaréshold (ICNIRP, 1997).

In order to un-correlate task and light onsets, ahditory task was performed
during 35s of the 50s illumination periods. Halftbé illuminations started with 15s of
rest, the other half terminated with 15s rest mkyidn addition, a 0-to-1s jitter was

implemented between light onset/offset and taskewofset when they occurred
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simultaneously in order to further un-correlatenmtheDarkness periods (< 0.01 lux)
separated all 50s illuminations. The auditory tasls performed during half of the
darkness periods, the duration of which were thém B.5s. Rest was requested during
the other half; in which case darkness was lafitm 14s. llluminations with one color
were always followed by darkness periods and theitldminations in the other color
of the session.

Behavioral data analysis

Accuracyscores were always very high, so we computed depand criterion values
following the signal detection theory (Green andefw 1966) in order to identify
possible changes in behavior not reflected in dverecuracy. Repeated measure
ANOVA with light condition and session as withinbgect factors were carried out
separately on d-prime, criterion and reaction tinfiegpeated measure ANOVA with
repetition as within subject factor were compute&dsobjective sleepiness scores. All

behavioral analyses were computed with Statistitg$tatSoft France, France).

Functional MRI data acquisition

Functional MRI time series were acquired using aMi scanner (Allegra, Siemens,
Germany). Multislice T2*-weighted fMRI images weobtained with a gradient echo-
planar sequence using axial slice orientation (B2s voxel size: 3.4x3.4x3 min
matrix size 64x64x32; repetition time = 2130ms;@time = 40ms; flip angle = 90°).
The four initial scans were discarded to allowrfagnetic saturation effects. There was
little variation in the number of scans per sesdiolne-green sessions: 563.3 = 5.9
(mean + SD); violet-blue sessions: 563.4 + 6.2egreiolet sessions: 563.3 = 7.5).
Head movements were minimized using a vacuum caoskostructural T1-weigthed
3D MP-RAGE sequence (TR 1960ms, TE 4.43ms, Tl @) FOV 230 x 173 cm?,
matrix size 256 x 256 x 176, voxel size: 0.9x0.9x@n) was also acquired in all

subjects.

Functional MRI data analysis

Functional volumes were analyzed using StatistRalametric Mapping 5 (SPM5 -
http://www.fil.ion.ucl.ac.uk/spm) implemented in MAAB. They were corrected for

head motion, spatially normalized (standard SPMBarpaters) to an echo planar
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imaging template conforming to the Montréal Neugital Institute (MNI) space, and
spatially smoothed with a Gaussian Kernel of 8mmHMV The analysis of fMRI data,
based on a mixed effects model, was conducted m $erial steps, accounting
respectively for fixed and random effects. For eaghject, changes in brain regional
responses were estimated using a general lineaglnmodhich the different parts of the
experimental design were modeled using either homcastick functions, convolved
with a canonical haemodynamic response functiogufiel 7.1c). Boxcar functions
modeled the 15s rest illumination periods, the iBGmination periods including the 2-
back task, and the darkness periods during whieh tdsk was performed. Stick
functions modeled light onsets and light offsetsc&ise the melanopsin photoreception
system is viewed as a “photon counter” integraimgdiance information over long
periods of time (Bersost al, 2002), we hypothesized that some brain areastragggh
their activity build up during the 50s of illuminan, irrespective of whether the task is
performed or not, to return to a baseline leveleohght is turned off. We therefore
added “sawtooth-like functions” that modeled thigildbup effect (Figure 7.1c).
Melanopsin expressing RGC do not cease firingghit loffset (Daceyet al, 2005), so
brain responses to light offsets are unlikely tpresent a nonvisual response to light.
Further, rest periods during the illuminations wehert as compared to the task periods
and were contaminated by the performance of tHe Td® regressors modeling offsets
and rest periods were therefore considered as iedemrof no interest together with
movement parameters derived from realignment offtinetional volumes. High-pass
filtering was implemented in the matrix design gsancut-off period of 256 seconds to
remove low frequency drifts from the time seriesri8 correlations in the fMRI signal
were estimated using an autoregressive (orderus)white noise model and a restricted
maximum likelihood algorithm. The effects of intstewere then tested by linear
contrasts, generating statistical parametric méps.summary statistic images resulting
from these different contrasts were then furtheoamed (6mm FWHM Gaussian
Kernel) and entered in a second-level analysiss Baicond step accounts for inter-
subject variance in the main effects of light coiodi (random effects model) and
corresponds to a one-sampiest for brain responses to the 2-back series, tigkets,
or sawtooth-like regressors. The resulting set okel values for each contrast

constituted maps of the t statistics thresholdemaérecte= 0.001. Statistical inferences
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were performed after correction for multiple comgans on small spherical volumes
(svc; 10 mm radius) at a threshold gfcp 0.05, around priori locations of activation.
Activations were expected in structures involved nHbacktasks, arousal regulation,
and showing nonvisual responses to light in our éMRI and PET work. Brain areas
to which the melanopsin expressing RGC projectunictionally linked to the SCN,
were also considered aa priori locations of activation. Standard stereotactic
coordinates of previously published priori locations, used for svc, are as follow:
amygdala: 22 -6 -15 (Sandet al, 2005); hippocampus: -30 -30 -2 (Vandewalteal,
2006); lateral geniculate nucleus: -23 -21 -3 (Kaset al, 2004); locus coeruleus: 2 -
32 -20 (Sterpenichkt al, 2006); thalamus: -14 -14 -16 (Vandewadteal, 2007b).

Results

Behavior

In order to rule out a placebo effect, we debrietleel participants about their color
preference. Five subjects preferred the green iHation, six the blue light condition,
four preferred the violet light. Therefore, diffaces in expectation or placebo effects
are unlikely explanations for the results of thiperiment.

Subjects were instructed to be as accurate ashpessid that at least 75% of
correct responses were requested. Mean accuracyigiador all sessions and light
conditions (>93%) indicating that the task was Igagierformed throughout the
protocol. Subject could however sometime executetdisk differently and still reach
high performance. We computedprime and criterion values to test this hypothesis.
Sessions could not be directly compared becausditmors changed from one session
to the other. We therefore tested whether subjdméiavior in one light condition
changed from one session to the other and if tightlitions were similar.

Repeated measures ANOVA on d-prime values (Figuga)7with light
condition and session as within-subject factorseaéed no main effects of light
condition (F-value = 0.18; df = 2, 28; p-value 84).and of session (F-value = 0.04; df
= 1, 14; p-value = 0.84), and no light conditiondmssion interaction (F-value = 0.18;
df = 2,28; p-value =0.83). Repeated measures ANOWAriterion values (Figure 7.2b)
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Mean values + SEM are plotted. The color of the light corresponds to the bar color.
a. d-prime values in the different light conditions (2 sessions per condition);

b. Criterion values in the different light conditions (2 sessions per condition);

c. Reaction times in the different light conditions (2 sessions per condition);

d. Sleepiness scores evolution across the protocol;

e. Sleepiness collected before each session type;

f. Sleepiness collected after each session type
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with light condition and session as within-subjéattors revealed no main effects of
light condition (F-value = 0.02; df = 2, 28; p-vale# 0.98) and of session (F-value =
0.34; df = 1, 14; p-value = 0.57), and no light dbion by session interaction (F -value
=0.24; df = 2, 28; p-value = 0.79).

Subjects were instructed to respond as fast ashp@drit to avoid anticipation
errors, i.e. to prefer accuracy over speed. Meadati@n times for each light condition in
each session were nevertheless analyzed for campks of the results (Figure 7.2c).
Again, sessions could not be directly compared dmzaonditions changed from one
session to the other. We therefore tested whethigiess’ reaction time in one light
condition changed from one session to the other iiméaction times were similar
across light conditions. Repeated measures ANOVAnean reaction times with light
condition and session as within-subject factorseated no main effects of light
condition (F-value = 0.72; df = 2, 28; p-value 49). and of session (F-value = 0.28; df
=1, 14; p-value = 0.61), and no light conditiond®gsion interaction (F -value = 1.19 ;
df = 2, 28; p-value = 0.32).

Repeated measure ANOVA on KSS scores (Figure STvat) repetition as
within-subject factors revealed main effects ofetgpon (F-value = 10.22; df = 6, 84; p-
value < 10-6). Planned comparisons showed significhfferences in KSS scores
collected before and after entering the scannesa(tre = 20.67; df = 1, 14; p-value =
0.0005) and between the KSS collected after themnsksession and those collected
after the first and the third session (F-value 676.df = 1, 14; p-value = 0.022).
Therefore, entering the scanner and the associdtadge in posture, significantly
increased sleepiness. However, the randomizatisesdion type order prevented this
time effect on sleepiness from biasing our datdedu, repeated measure ANOVA with
KSS score collected before each session (Figum) a2 within subject factor did not
show significant differences (F-value = 0.28; d2=28; p-value = 0.76), nor did the
repeated measure ANOVA with KSS score collecteer afach session (Figure 7.3f) as
within subject factor (F-value = 0.10; df = 2, 2Byalue = 0.91).
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FMRI data

Sustained effects

The analysis of fMRI data first focused on the braesponses recorded during the
blocks of 2-back task. The effects described bedosvtherefore sustained because they
describe differences between light conditions thatntained during the entire blocks.
Significant differences between violet and bludigxposures were detected in the left
MFG and in the left thalamus, a few mm away frone fbcation for which we
previously found a wavelength dependent effecighfti(Vandewalleet al, 2007b), as
well as in two areas of the brainstem. Spatial ltggm of the fMRI technique does not
allow a precise identification of the brainstem leuacluded in the activated areas, but
the location of the activations is compatible w#lveral pontine nuclei involved in
arousal regulation, and in particular with the L@aterally (Figure 7.3; Table 7.1)
(Jones, 2003). Activity estimates show (Figure Tight panels) that, compared to the
violet light condition, responses were greater uride blue exposure in the four brain
areas. No significant differences between blue gregn light exposures, and between
violet and green light exposures we detected dutegk periods (Appendix 3:
supplemental tables S7.1). The regressors moddimgogressive build-up of the
response during the 50s illuminations did not réwegnificant differences between

light conditions (Appendix 3: supplemental tabl&s23.

Table 7.1. Light condition effects during the performance of the 3-back task.

Brain areas XyZzZ Z p

Blue light > violet light

Left middle frontal gyrus -44 42 30 3.45 | 0.020
Left thalamus -18-2410 | 3.32 | 0.028

Left brainstem -6 -38 -20 3.22 | 0.035
Right brainstem 6 -30 -16 3.17 | 0.040

Coordinates (xyz) in the standard MNI space. No other significant light condition

effects were found during the performance of the task.
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Figure 2: Significant differences between the blue and violet light conditions during
the performance of the 2-back task.

Left panels: statistical results overlaid to the population mean structural image
(Puncorrected < 0.001). Right panels: Mean parameter estimates of the blue and green
light conditions at light onset (a.u. + SEM). a. left MFG — b. left thalamus — c. right
brainstem — d. left brainstem.
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Transient effects

The analysis of fMRI data then focused on the temdrain responses triggered by the
onsets of the different exposures. Significantedldhces between responses to blue and
green light onsets were observed in two limbic sirélae left hippocampus and right
amygdala, and in the left thalamus, in the samatioc as during the task (Figure 7.4;
Table 7.2). Activity estimates (Figure 7.4, riglainels) show that these three brain areas
strongly responded to blue light onsets while tlaeiivity was barely affected by green

light onsets.

ey

Estimated response (a.u.)

I

Figure 3: Significant differences between blue and green light conditions at light
onset.

Left panels: statistical results overlaid to the population mean structural image
(Puncorrected <0.001). Right panels. Mean parameter estimates of the blue and green
light conditions at light onset (a.u. £ SEM). a. left hippocampus — b. right amygdala

— c. left thalamus.
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No significant differences were found between wialed blue light onsets, while
violet light onsets increase left LGN activity sijgantly more than green light onsets
(Table 7.2; Figure 7.5; Appendix 3: supplementhlda S7.3).

Estimated response
u

Figure 7.5: Significant differences between green and violet light conditions at light
onset in the left LGN.

Left panels: statistical results overlaid to the population mean structural image
(Puncorrected < 0.001). Right panels. Mean parameter estimates of the green and

violet light conditions at light onset (a.u. £ SEM).

Table 7.2. Light condition effects at light onset.

Brain areas Xyz Z p

Blue light > green light

Left hippocampus -28 -38 2 3.57 | 0.019
Left thalamus -16 -24 18 3.37 | 0.034
Right amygdala 16 -4 -18 3.31 | 0.039

Violet light > green light

Left LGN -22-22-10 | 3.43 | 0.029

Coordinates (xyz) in the standard MNI space. No other significant light condition

effects were found at light onset.
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Discussion

This study compared the brain responses elicited vimtet, blue and green
monochromatic light exposures of short durationsf5@nd equal irradiance (£0
ph/cnf/s), presented in pairs in 3 separate sessionkessating blocks of 50 seconds.
The results are consistent with two of our preditdi First, these short light exposures
produce detectable wavelength-sensitive modulatibthe regional brain responses
evoked by a working memory task. In particular,eblight is superior to violet light in
eliciting this response modulation. These resulisnot be accounted for by any
measurable difference in alertness or performanoe,by any order or expectation
effect. Second, these modulations are consideredsiained because the brain activity
is continuously enhanced during the 50s blue ldbtks and consistently so during the
whole blue/violet fMRI session. Although sustaindtse light-induced responses still
represent early nonvisual responses as compardtse we reported after 18min of
blue monochromatic light exposures (Vandewell@l, 2007b). They primarily involve
subcortical areas related to arousal (brainstemthaldmi). At the cortical level, the
responses are enhanced in a single area, the MR(S. résult contrasts with the
enhanced responses in widespread cortical regidicge@ by longer exposures
(Vandewalleet al, 2007b) and suggest that the functional recruitnoérthe cortex
require longer exposures, and possibly the actigatifluence of subcortical structures.

In addition, another, unexpected, finding concerinadsient responses triggered
at the onset of light exposures in two limbic areias. the amygdala and the
hippocampus, and the left thalamus, irrespectivettdther the subject was engaged in
the working memory task. These results are rem#Kadcause blue light was superior
to green light in eliciting these brain responsasn though illuminance was about 5
times higher for the green light.

Collectively, these sustained and transient regggslow the efficacy of short
wavelength (473nm) light in modulating brain adyyiand indirectly suggest the
involvement of melanopsin expressing RGC, which #re photoreceptors most

sensitive to this wavelength.
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Sustained effects

A sustained enhancement of responses to the wonkiegnory task was observed
during the exposures to blue, rather than viotgttliin the brainstem, the thalamus, and
the left MFG. No difference in response was obsgmben contrasting blue to green
lights, or violet to green lights. These resultggest that the sustained response
modulation by monochromatic light is most sensitiwélue light and least sensitive to
violet light. The status of green light can not grecisely estimated but is consistent
with an intermediate sensitivity. By inference, dberesults suggest that melanopsin
RGC contribute most to these sustained nonvissgloreses whereas the contribution of
S-cones is the weakest and the involvement of Mesas intermediate. Accordingly,
melanopsin RGC and M-cones (Dkhissi-Benyaleyaal, 2007) seem to contribute
greatly to nonvisual responses to light during finst minutes of the exposure in
rodents.

The early recruitment of the brainstem by bluetlightentatively located in the
LC. This result is important because it is thetfin;ie a brainstem structure is shown to
respond to light in human. The LC appears as askeicture in our design. First, it
could receive nonvisual information from the SCNithwwhich it is functionally
connected in rodents (Aston-Joretsal, 2001). Second, as the major source of brain
norepinephrine, it is in position to modify the é&wf arousal (Aston-Jones and Cohen,
2005; Sapeet al, 2005a). Third, the LC is also involved in cogmitiand in executive
processes in particular (Aston-Jones and Coherg)200

Thalamic nuclei appear as the structures most stamgly recruited in humans
by nonvisual responses to light [polychromatic whight exposure (Vandewalkt al,
2006); monochromatic 470nm blue light exposure @éavalleet al, 2007b)]. Like the
brainstem, the thalamus is a key structure invoiwetthe interaction between alertness
and cognition in humans (Fouchetral, 2004) and it is recruited by working memory
tasks (Cabeza and Nyberg, 2000). In addition tlaathus might receive irradiance
information through a two step pathway linking nmelpsin RGC to the superior
colliculus which in turn projects to the pulvindidrris et al, 1999).

Cortical responses were enhanced after recurrisgpbfiods of blue (relative to
violet) monochromatic light exposure only in thdt I®MFG, an area implicated in
working memory (Cabeza and Nyberg, 2000). Thisteohirecruitment of cortical areas
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contrasts with our previous experiments, which useder light exposures. Exposures
to white light for about 21 minutes enhanced cattresponses to an auditory attention
task in widespread cortical areas [dorso-laterafrpntal cortex, intraparietal sulcus,
superior parietal lobe, insula, precuneus, antarat posterior cingulate cortices and
superior temporal gyrus (Vandewalét al, 2006)]. Likewise, 18 min exposure to
monochromatic blue (470nm) light (as compared &egr(550nm) light) increased the
responses induced by a working memory task in ¢fftelPS, SMG, MFG, and right
insula (Vandewalleet al, 2007b). Collectively, these findings suggest thanvisual
responses require some time to build-up in theegorThe assessment of this time
course will require further studies characterizihg relations between photon density,
duration of light exposure, and regional brain oeses. Such studies will benefit from
the methodological advance presented in this payaanely within-session assessment
of light-induced brain responses, which providast,freliable technique to characterize
light-induced brain responses.

As there are no direct connections between nonivgiséem and the cortex, we
surmise that the light-induced enhancement of cartresponses follows indirect

pathways involving activating subcortical structire

Transient effects

An unexpected result was the responses in leftda@mpus, left thalamus, and right
amygdala at light onsets of blue, relative to grigimt. Such differential response was
not observed between blue and violet lights or betwviolet and green lights. These
results are surprising for several reasons. Becthigseisual system is most sensitive to
green (555nm) light (Buck, 2003), and since lighset is a typical visual stimulus, we
expected green light to induce the greatest regsoasonsets. In addition, M- and L-
cones signals were reported to elicit activating @Nponses in melanopsin RGC
whereas S-cones were reported to mediate inhibi®kdr responses (Dacest al,
2005). Green light should therefore increase dgtini these melanopsin expressing
RGC while violet light should decrease their atyiviBrain responses mediated by
melanopsin RGC should therefore be least sensitiveiolet light. Taken together,

these elements suggest that melanopsin expressB@ €ontribute most to these
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transient limbic and thalamic nonvisual responsd®ereas the contribution of M-cones
Is the weakest and the involvement of S-conestésnmediate.

Due to its anatomical connectivity, the amygdalanigood position to quickly
receive irradiance information. The medial amygdaleeives direct connections from
melanopsin expressing RGC in rodents (Hatfaal, 2006). In addition, a functional
pathway linking the retina to the amygdala and kgp® the visual cortex through the
superior colliculus and thalamus has been propasddimans (Morriset al, 1999).
The hippocampus is connected to the amygdala (Amyled992), and both structures
receives numerous afferents from the LC (Castleal, 2005), a (potential) key
component of nonvisual response system receividgeicat retinal projections (Aston-
Joneset al, 2001).

At present, the functional significance of the limbresponses are unclear.
However, it is tempting to suggest that blue lighh modulate emotional processing by
the amygdala. In this perspective, recent data detrated that long term light
exposure regime employed in light therapy can aweer seasonal affective disorder
symptoms as well as those of other psychiatricrdess (Wirz-Justiceet al, 2004).
Direct assessment of the influence of light on eomail processing should address this
guestion.

Our protocol is very different from those used igion neuroscience, because
color vision investigations use isoluminant stimtdi account for luminance and
brightness brain processing.§.Landisman and Ts’o, 2002; Tootell al, 2004). The
significant difference in left LGN activity betweewviolet and green light onset is
therefore difficult to interpret. It is unlikely #t it is related the melanopsin RGC
projections to the LGN found in Macaques (Daeg¢al, 2005), since it was not found

in the session involving blue light.

Conclusion

This study is part of a series of investigationdigiit processing in the entire human
brain (Perrinet al, 2004; Vandewalleet al, 2006; Vandewalleet al, 2007b). We
demonstrate that a few tens of seconds of lightidgadimmediate and significant
changes in brain activity and that melanopsin esgprgg RGC seem to provide the most
important contribution to these changes. Our resalko suggest that specific pathways
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recruiting melanopsin but also maybe non-melanogsipressing RGC, relay light
information from the retina to different brain ase®ur data further suggest that light
can indirectly enhance cortical responses by réogiiactivating structures in the

brainstem and thalamus.
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8. General discussion

This thesis investigated the brain responses kd frgm a chronobiology point of view.
Human brain light processing has been study extelysiin vision neuroscience
(Gegenfurtner, 2003; Solomon and Lennie, 2007; Wagker and Pasternak, 2003;
Wassle, 2004). The neural bases of visual proogssi@ well established and are still
under intense investigation. In contrast, littleswkanown about the brain mechanisms
involved in nonvisual responses to light in humanshe time this thesis was initiated.
The PET study of Perriat al. (2004) demonstrated that functional neuroimagingjaco
be used to investigate these responses, even idl stmactures such as the

hypothalamus and paved the way for the three fMiReements presented here.

Visual vs. nonvisual responses

The terms €ircadian photoreception systéroould be employed to describe the longer
term effects of light on circadian rhythms, butcgracute responses to light, such as
those we describe, do not necessarily affect dmcadhythms, it does not seem
appropriate. The termsbnvisual or “non-image formingwere introduced to describe
the novel aspect of light processing that did notally relate to vision (Foster, 2005;
Gooleyet al, 2003).However the visual system recruits an important pathe brain
(cf. Figure 2.2) (Ungerleider, 1995) and many braimctions can be indirectly related
to vision. For example, both the ventral and dorsmual streams reach the
hippocampus (Ungerleider and Pasternak, 2003) lamdhalamic pulvinar is in close
relation with the occipital cortex (Casanova, 20@3)e cannot exclude that part of the
nonvisual effects of light we detected in theseasrae mediated by the visual occipital
cortex.

In addition, data are now accumulating to show laysr between nonvisual and
visual photoreceptions. Rods and cones are negdssisduce full nonvisual responses
to light (Dkhissi-Benyahyaet al, 2007; Hattaret al, 2003), while melanopsin
expressing RGC project to structures typically imed in vision, such as the LGN,
both in rodents and primates (Dacetyal, 2005; Gooleyet al, 2003; Hattaret al,
2006). Furthermore, melanopsin expressing RGC apgpegegulate visual processing
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both in rodents and in humans (Barnatdal, 2006; Hankins and Lucas, 2002), and
non-expressing melanopsin RGC project to nonvisuain structures (Goolegt al,
2003; Sollarset al, 2003), while a class of cone of unknown functexclusively
express melanopsin (Dkhissi-Benyalstaal, 2006). Finally, in the third study of this
thesis, we reported differential brain responsegaimous monochromatic light stimuli
that appeared at light onset. It is unclear whe#tedhis time scale it is appropriate to
consider these as nonvisual responses

Although, the terrmonvisualdid not appear completely appropriate, we chose to
use it in this thesis because this is the curremisensus term in the scientific
community. If overlaps between both systems coetittuaccumulate, one might speak
of photoreception as a whole and maybe shouldrpdb tdistinguish what might not be

distinguishable.

Methodological developments underlying our research strategy

Each of the fMRI studies reported in this thesidtan the experience gathered over
the years and explored novel aspects of nonvigasgonses to light. We were the first
to assess nonvisual brain responses to light uBuigl. Whereas PET describes
enduring functional states of the brain, eventteelafMRI characterizes transient
cerebral responses to a cognitive challenge (Jesapth Henson, 1999). It implies that,
whereas PET indiscriminately detected any lightscetl modification of rCBF, the
reported responses essentially characterized ttezagtion between the nonvisual
effects of light and human cognition. It was notta@ that, although light exposure
changes brain activity state, it would also chatige specific processes elicited by
cognitive challenges. In our view, fMRI was a neeeyg step forward because of its
much better temporal and spatial resolutions.

A second critical choice we initially had to makas to run daytime instead of
night time studies. Chronobiology originally coresield light as an environmental factor
exerting only a weak influence on human physiol@aschoff et al, 1971; Waterhouse
and DeCoursey, 2004). Potent effects of night tihght exposures were then
established (Czeislest al, 1986; Lewyet al, 1980), but only recently were daytime
effects of light exposure acknowledged (Hashimetal, 1997; Jewetet al, 1997).
These influences were typically weaker than thdsaght time exposures. Only a few
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studies actually demonstrated that these influermcesd induce acute responses in
partially sleep deprived subjects (Phipps-Nelsbml, 2003; Rugeet al, 2005a). The
use of daytime bright light exposure to detect newad brain responses to light was
therefore unusual in the chronobiology field ancemained quite challenging to detect
these responses in well rested subjects.

Having shown that a 20 min daytime bright whiténtigxposure was an efficient
brain activity modulator, we then aimed at showimgvelength dependent effects of
nonvisual brain responses. It was however not icetitet the short (18min) exposures
of light as those used in our first fMRI study, veelicit any detectable nonvisual
responses. Indeed, all studies that had demorstratevisual effects in humans had
used night time exposure (Brainagt al, 2001a; Cajochesmt al, 2006b; Cajocheet
al., 2006a; Lockleyet al, 2003; Lockleyet al, 2006; Munchet al, 2006; Thapart al,
2001) and effects on brain function assessed by BBCkley et al, 2006; Munchet
al., 2006) and on behavior (Locklest al, 2006) were detected only after or during
prolonged light exposures. In addition, only onepexikment showed wavelength
dependent improvement in performance (Locldegl, 2006).

The final, and maybe most important, innovatiororggd in this thesis is the use
of very short light exposure of 50s (short fromuamian chronobiology point of view).
One study recently used 10s monochromatic illunenapresumably during the day, to
compute action spectra of human pupillary constricGamlinet al, 2007). However
it did not deal with nonvisual brain responsesig¢itl related to a cognitive function.
This within-session manipulation of light conditiovas a very important step in our
research strategy because it opened multiple pbissf#bto assess various aspects of

nonvisual brain responses to light (peespectivebelow).

What are the brain mechanisms involved nonvisual re sponses
to light in human?

Although the light-induced changes we observed wetealways related to behavioral
changes, they support the view that light affetigsplogy and behavior at a time it is
naturally surrounding most people, and that itscspe quality and intensity are
important factors to take into account. We deteatffdcts that suggest that light

exposure quickly modulates brain activity in stawes involved in alertness and
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attention regulation. The light-induced increasesactivity in the thalamus and in
brainstem neurons, possibly of the locus coerulates,maybe the strongest indicators
of a rapid and important influence of light on ahess.

This thesis does not provide a comprehensive ctaization of the
mechanisms underlying the nonvisual effects of tligut it provides some new
information. Based on this fragmentary informatioe, propose the following scenario.

1) Exposure durations and cascades of nonvisuateve

We demonstrated that daytime light exposure catebcaffect brain functions
related to two distinct higher cognitive processes,attention and working memory.
Bright white light and blue light either maintainedincreased activity in several brain
areas involved in these processes. We suspedhttss brain responses, and especially
those of the third experiment, which employed 58posures, are involved in the
establishment of nonvisual brain responses to .lighey are likely to precede the
recruitment of cortical areas and any observabkengh in behavior or physiology
(Brainardet al, 2001a; Cajochert al, 2006b; Cajochemrt al, 2006a; Lockleyet al,
2003; Lockleyet al, 2006; Munchet al, 2006; Thapart al, 2001). In this view, light
would induce a cascade of functional events. Tleurgnent of activating subcortical
structures would lead to the activation of cortitzek-dependent areas and eventually to
changes in alertness, behavior and performance.ek#y future experiments using
similar tasks and wavelength exposures as in ollf&kperiments but more intense or
longer exposures should specifically address théston.

2) The involvement of the brainstem

The early recruitment of activating brainstem siuues by blue light exposure
which we detected in the brainstem could reswislespread nonvisual effects of light
at the cortical level. Many nuclei of the ascendangusal system lay in the brainstem
and several are compatible with the pontine locatibthe effect detected, such as the
laterodorsal tegmental nucleus (LDT), the dorsphea(DR), or the LC (Jones, 2003;
Saperet al, 2005a). A recruitment of the LC by blue lighsigoported by the functional
link with the SCN reported in rodent (Aston-Jom¢sal, 2001). Our results would then
imply that there is also a functional link betwege SCN and LC in human. The LC,
being the major source of the arousal promotingpioephrine and projecting to most

of the brain, could be responsible for all the @ffef light exposure we observed in
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other brain areas in all three experiments, inclgdn the thalamus (Aston-Jones and
Cohen, 2005). However, we cannot exclude that atbelei may be involved. The DR
and LDT also receive indirect projections from 8@N through the DMH (Deurveilher
and Semba, 2005), but their functionality has ne¢rbdemonstrated yet. The LDT
contain cholinergic neurons, that project to thalamus (Sapeet al, 2005a). They
could modulate its activity and be responsibletf@amic activation in our experiment.
The thalamus would then in turn modulate activityother brain regions. Neurons of
the DR are serotonergic and send numerous ascepdijertions to the forebrain and
cortex (Jones, 2003). Their involvement could aksult in widespread modulation in
cortical.

There are several possible reason why we did neergb activation of
brainstem nuclei in the first two experiments. Fibgtween-session comparisons are far
less sensitive than within-session contrasts, tscaf inter-session variability of the
data. It is likely that future experiments will albenefit from within-session designs to
detect small brain structures involved in nonvigeaponses to light. Second, brainstem
nuclei might stop firing as soon as the light expesceases and would therefore not be
observed in the following minutes of darkness dymhich we assessed brain response
in the first experiment. Third, habituation proassnay also occur in these nuclei and
differential activation between prolonged blue @nden light exposure may not reach
significance during 18 min. Fourth, in the last estment we could show that the
effects induced by violet and blue light exposunese more different than the effect
induced by blue and green light exposures. In eagoisd experiment we only contrasted
blue and green light and this may be why the btamswas not identified in this
experiment.

3) The recruitment of the thalamus

The thalamus is the only structure which was afédiy light condition in all
three experiments. The pulvinar mediated the iotema between light exposure and
alertness is the first experiment, while a locatidrich we tentatively identified as the
dorsal part of the pulvinar was affected by the aubmomatic light exposures. The
pulvinar is implicated in arousal regulation, ameé thalamus in general in executive
functions such as working memory (Cabeza and Nyb20§0; Coullet al, 2004;
Foucheret al, 2004; Portaset al, 1998). This might explain the slightly different
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locations of activation between the attentional ammidking memory paradigm used in

the first experiment and in the last two, resp&tyivHowever the thalamus relays most
information to the cortex, either from the retimauisual cortex (LGN), or between

cortical areas (Pulvinar) (Sherman, 2005; ShippQ420 It can therefore regulate

information flow in the brain, and an effect ofHigon such a brain structure is likely to
result in widespread cortical effects.

4) Early limbic responses

It is likely that the thalamus and brainstem motiaies we observed in the last
experiment represent the early nonvisual effectsligiit. However, in the same
experiment fast cortical responses in the amygdath hippocampus were detected at
light onset. These fast responses are probablyagga in part by the anatomical
connectivity of these limbic structures. The amygdaceives direct inputs from the
melanopsin expressing RGC (Hateral, 2006). The amygdala in turn directly project
to the hippocampus (Aggleton, 1992), which is atsmeiving activating inputs form the
brainstem (Castlet al, 2005).

5) Late neocortical responses

The effects on cortical activity probably represardecond or third step in the
pathway mediating nonvisual effects of light. Thestf experiment of this thesis
demonstrated that the multiple cortical brain am&#escted by light exposure presented
different response dynamics. Responses to monochioight also showed that the
MFG activity was modulated within the first secoradsa light exposure and remained
affected for 18 min, while the influence of light the insula, SMG and IPS could only
be detected using a 18 min illumination. The paysvanediating different light
responses involve different SCN projections notablyhe DMH, SPZ, PVH (Sapeat
al., 2005b). It is therefore possible that these pagfsaaffect different brain areas with
various dynamics. Accordingly, nonvisual responseslight presenting different
dynamics have been reported for other physiologredsures. For example, significant
differences between the effects of blue and greenathromatic lights were detected
after 30 min of illumination for melatonin suppriessand subjective sleepiness, 45 min
for CBT, and 90 min for heart rate (Cajochetral, 2005). The effects persisted for 30
to 120 min after cessation of the light stimuli fhiese parameters (Cajochenal,
2005; Munchet al, 2006).
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What are the retinal photoreceptors involved nonvis ual
responses to light in human?

We did not have direct access to the retinal pleatwtors involved in the effects we
detected. We can only make inferences based owdkelengths of the exposures we
used. Based on the literature, it is very likelgtthll cones and melanopsin expressing
RGC contributed to our results (Dkhissi-Benyaletaal, 2007; Hattaret al, 2006;
Pandaet al, 2002). Because irradiance levels were above ef dtotopic range
(approximately from below TOph/cnf/s to 13* ph/cnf/s) (Daceyet al, 2005), rods
were saturated by the light intensities we usedamedunlikely to be greatly involved.
Both the second and third experiments of this thesipport the view that the
melanopsin expressing RGC were major contributorthe effects, at light onset and
during 50s and 18 min of illumination. Photoreceptoan be excited by photons of a
wavelength they are not most sensitive to (Gegémdur 2003) and might therefore
have contributed to the response of melanopsin R@der blue monochromatic light
exposure. It is likely then that S-cones would hsewet inhibitory inputs, while M-cones
sent excitatory ones (Daceyal, 2005).

Our second experiment revealed an intriguing deerea activity in the left
thalamus, IPS, SMG, MGF, and right insula, undeegrlight exposure followed by a
return to approximately baseline level. The expii@mmafor this phenomenon is unclear.
Increases in one condition and decreases in ther atle expected when carrying out
interaction analyses. However, the decrease undsgnglight was important and
appeared to drive the interaction in some braiasar&reen light may actively decrease
brain activity, either by an action on the photeggors most sensitive to it (M- and L-
cones), or through an effect of light informatiom thhe brain, but no data are available
to support either of these views. Independentlythef process involved, a decreased
activity under green light exposure effect is sisipg when considering the recent
publication showing that the contribution of M-cen® nonvisual brain responses to
light is significant at least during the first mies of illumination (Dkhissi-Benyahyet
al., 2007). The results of our third experiment alspport a non-negligible contribution
from M-cones to nonvisual brain responses during finst 50s of illumination.
Differences between both experiments may be relat¢ke fact that green light would

induce different responses when immediately pretdnea blue light exposure or by
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prolonged darkness. The cumulative effect of séymmrods of 50s of green light could
also modify the responses. More investigationsracgiired to characterize the time
course of the relative contributions of the differestinal photoreceptors.

Contrary to what had been suggested based on fubjsleepiness data (Revell
et al, 2006), data of our third experiment showed thabSes do not appear to mediate
the effects observed during the first 50s of ammiihation. Whether this would be the
case using longer illumination is unknown, but seemlikely given the attenuation in
firing observed in cones under constant illuminat{@®aceyet al, 2005). S-cones do
seem, however, to contribute to brain responségtibat onset. The literature suggests
that this contribution would have to be mediatednoyn-expressing-melanopsin RGC
that were shown to project to nonvisual brain areasy a distinct melanopsin RGC
population (Daceyet al, 2005; Gooleyet al, 2003; Hattaret al, 2006; Sollarset al,
2003; Wonget al, 2007).

Possible implications

Daytime light exposure could be a potent tool tarder daytime sleepiness. Attempts
to design light exposures to prevent lapses oftr@ses in populations such as older
people, sleep disorder patients, or professiortaisla(e.g.aircraft crew, lorry and tube
drivers, healthcare professionals, military, pglicghould take into account the fast
dynamics of the effects of light on brain functiamd the wavelength specificity
demonstrated in this thesis.

Performance of a working memory task is partlyutated by the circadian
system (van Eekelen and Kerkhof, 2003) and lighposure influenced working
memory-related brain activity. Implicit sequencarlegng or short-term explicit word
pair recall tasks also receive circadian influen@@ajochenet al, 2004; Wyattet al,
1999). In two experiments of this thesis, we folight-induced activity modulation in
the hippocampus, which is strongly implicated icldeative memory (Squire and Zola-
Morgan, 1991). Although we did not assess effettgybt on this brain function, our
results could indicate that hippocampal-dependeasthary processes are influenced by
light irradiance. From this perspective, both stierin (working memory) and longer

term memory could benefit from appropriate lightieonment.
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The light-induced modulations of activity in limband paralimbic structures
such as the amygdala and right insula, could adseelated to attention modulation or,
for the latter, to working memory. Interestinglgese two structures are also implicated
in emotion regulation (Critchley, 2005; Sterpenathal, 2006). Light exposure could
therefore affect emotional cognition. Light therapy already used to treat mood
disorders such as seasonal affective disordersz{\stice, 2006). The biological
mechanism involved in the action of light on thessorders is unknown. The acute
effects of light exposure on structures involvedemotion regulation, offer a hint to
explain them.

The literature reviewed in chapter 1 and 2, anddselts of this thesis suggests
that bright white light or blue light at around 4680nm should be used to increase
alertness, performance, mood, etc. Caution shooNeeher be taken when deciding to
use light treatment, or particular lighting systefsolonged bright white or blue light
exposure could indeed have detrimental effects.ifi&ance, bright light sources can
cause photoretinitis aretinal burn This phenomenon is also referred tobase light
retinal injury because it appears to be mainly caused by théesiveavelengths of the
visible spectrum (ICNIRP, 1997). However, only vémght light sources such as the
sun or welding arcs seem to be hazardous. Furthherranght light exposure influences
circadian phase (Czeisleet al, 1986) and could induce sleep disturbances if
administered at the wrong time. Light exposure alsately affects thermoregulation or
sleep EEG (Cajocheet al, 2005; Dijket al, 1991; Munchet al, 2006) which could
also lead to physiological disturbances. In brik& detrimental influences of repeated
prolonged blue or bright white light exposures hawe been completely assessed, and
light level should not be increased, or the spéatoamposition modified, without

considering these possible negative influences.

Other considerations

Light history seems to play an important role indméng the impact of a given light
exposure (Heberet al, 2002; Jasseet al, 2006; Wonget al, 2005). We therefore
placed a period of dim light (< 5 lux) before thdRI recording to “wash out” the
previous effects of light and to increase the sauitsi of the protocol. This preparatory
period was reduced from 3 to 2h between the finst third experiments of this thesis.
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Given the low light level of the 50s illuminatioisiaximum 25 lux for green light),
little light adaptation occurred in the course luktlast experiment. Nevertheless it did
induce some adaptation which reduced the impattteopreparatory period and suggest
that shorter periods of dim light can be used dildnsaintain sensitivity to different
wavelengths. This preparatory period should be ceduas much as possible to
investigate nonvisual light effects in more natueal realistic conditions, easier to

transpose to real life situations.

Perspectives and future directions

A significant finding of this thesis is that withsession design using very short light
exposures enables the detection of nonvisual resgonEffects located in small
structures and early in the light exposure willréfiere be more likely to be detected
using within-session protocols. In natural condisipthe light levels we are exposed to
change continuously. This creates a series of elwanging light exposures that may
recruit the photoreceptors and brain areas invoivesghrly nonvisual brain responses. It
may therefore be very important to know these egfifigcts.

In our view, several further lines of investigatiman be envisaged. We
summarize those most directly related to this thesi

1) Dose-response curves and action spectra

Action spectrum and dose-response studies of beaponses to light could now
be carried out by alternating brief monochromatightl exposures of different
wavelengths and/or by varying their irradiance levé would be of primary interest
first to know whether responses of all brain arehew the same dose-response to
wavelength, or if they vary according to the bnagion. An interesting way of carrying
out action spectra and dose-response studies ameolisly would be to constantly
modulate the wavelength composition and intensityaocontinuous long duration
illumination. This could be achieved by two or #rdight sources of varying
wavelengths pooled at the diffuser level. This pthae would diminish subject
movements in reaction to light onsets, allow higtemsity lights, and permit the use of

many wavelengths in a single session.
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2) Nonvisual effects of light on other cognitiveopesses

We demonstrated nonvisual effects of light on &ibenand an executive
function. One could attempt now to generalize theS8ects of light to other brain
functions, such as long-term memory or emotion legn. We showed that light
affects brain areas sustaining these functionsweautlid not specifically assessed the
effect of light on these functions. Effect of light memory could be tested at encoding
or retrieval and effects at retrieval could be sddt different post-encoding delays.

Preliminary results of a recent study we carrietl aiuthe Cyclotron Research
Center indicate that light indeed affects emotiegutation. Analyses completed so far
suggest that activity in areas involved in voiceognition (bilateral superior temporal
sulcus), and maybe in the hippocampus, is increbgédght exposure in a wavelength
dependent manner. Forty seconds of monochromatie t473nm) light exposure
appear to increase activity more that 40s of g(&@@nm) monochromatic exposure in
these areas (Figure 8.1). These exciting prelimimasults could constitute the first
direct evidence for a biological effect of light emotion regulation.

3) Circadian variations of light-induced brain respes

Long term effect of light on circadian phase amdta light induced changes
vary during the day (Czeislet al, 1989; Jewetet al, 1991; Jewetét al, 1997; Khalsa
et al, 2003; Minorset al, 1991; Rugeet al, 2005a; Van Cauteat al, 1994). It would
be of interest to determine how time of day affdmigin responses to light. It could
affect the amplitude of the effects but it coulsaathange their locations.

4) Life-span variations of light induced brainpesases

Middle aged or older people could be tested in otdedetermine how the
reduction in lens transmittance and pupil size ifnal et al, 1997; Charman, 2003)
observed with age affects nonvisual brain respori®esults could maybe be related to
changes in circadian and sleep physiology repowed age (Buysseet al, 2005;
Gaudreatet al, 2001).
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Figure 8.1: Preliminary results of an investigation of the effects of blue and green
monochromatic light exposures on emotion processing.

Protocol overview: Subjects (N = 17) were maintained in dim-light (< 5 lux) for 90

min before performing an auditory task inspired from Grandjean et al. (2005) in
fMRI. The task consisted in a stream of work-like sounds pronounced either by
men or women. Subjects were required to state the gender of the person
pronouncing each word-like sound. Untold to the subjects was that half of the
stimuli was said in a neutral manner, while the other half was negative. Subjects
were exposed to 12 alternations of blue (473nm) and green (527nm)
monochromatic light exposures of 40s separated by 15 to 25s of darkness. Two
photon densities were used per monochromatic light: irradiance was equal to 7 x
10" ph/cm?s in half of the exposures, while it was equal to 3 x 10** ph/cm?/s in the
other half.

Preliminary results:  Left panels: significant differences in the processing of

negative word-like sounds between blue and green monochromatic light exposures
(both irradiance levels are pooled together). a. left superior temporal sulcus (-56 -
24 -4; Z = 3.55; psyvc = 0.015); b. right superior temporal sulcus (68 -28 4; Z = 3.47;
Psve = 0.019); c. left hippocampus (-26 -24 -14; Z = 3.33; psc = 0.027). Statistical

results are overlaid to the population mean structural image (Puncorrected < 0-001).
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5) Selected populations

Issues about photoreceptor contributions to nombisesponses in humans are
difficult to address because we can only rely diurah mutants, or on injuries to access
photoreceptors directly. Color blind as well as ptetely blind individuals could be
studied to quantify the contribution of classichbpreceptors to nonvisual effects. It is
however very often M- and L-cones that are affeatecblor-blindness, rarely S-cones.
Investigations in blind individuals would certairpyovide a strong demonstration of the
effect of light on brain activity through nonvisuakans. The role of melanopsin could
be assessed directly in individuals who havingdntaye-brain connections and no
visual confound could possibly bias the results. lBing monochromatic lights of
different wavelengths, melanopsin sensitivity tee tHifferent parts of the visible
spectrum could also be assessed in blind individudielanopsin polymorphisms, if
identified in human, would also be of great interasth if the mutation decreases its
efficiency as a photopigment or as a photoisometagealso if it renders the nonvisual
system blind to blue light.

Effects of polymorphism of different clock genesultb also be investigated.
Preliminary results of a large study which we hav& completed suggests that the
variable-number tandem-repeat polymorphism in tbding region of the circadian
clock genePER3reported to affect sleep and performance (Vietlaal, 2007) also
influences the brain responsiveness to blue (473famdl to green (527nm)] light
exposures (Figure 8.2). This effect depends onstbep pressure participants were
subjected to. Again this result is the first demaat®on of the impact of a clock gene on

human cognition and its impact on light elicitedibrresponses during the execution of

Right panels: activity estimates (a.u. + SEM) in these regions, all showing a greater response to
blue light exposure as compared to green light exposure. B1l: bleu light condition — low
irradiance; B2: bleu light condition — high irradiance; G1: green light condition — low irradiance;
G2: green light condition — high irradiance.

NB: Both temporal region activations survived controls ensuring that these effects were
specifically related to emotion, while the hippocampus activation did not survive all controls. No
significant differences (Puncorrected < 0.001) were detected when the processing of neutral word-

like sounds were compared between light conditions.
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Figure 8.2: Preliminary results of an investigation of the influence of the 4 or 5
tandem-repeat polymorphism in PER3 (PER3 # and PER3 5’5) on the brain
responses elicited by blue monochromatic light exposures under two sleep
pressure conditions.

Protocol overview: Thirteen PER “* and eleven PER3 ** subjects came to the

laboratory on two separate visits. For both visits, they arrived in the evening and
performed an fMRI session the following morning. On one occasion they were
sleep deprived until the fMRI recording, while on the other they were allowed to
sleep. On both occasions, they were first maintained in dim-light (< 5 lux) and
required to minimize their movements for 90 min before performing an auditory 3-
back task (Cohen et al., 1997) in fMRI (they were maintained in dim-light all night
during the sleep deprivation protocol). Subjects were exposed to 6 alternations of
blue (473 nm) and green (527nm) monochromatic light exposures of 60s separated
by 5 to 14s of darkness. Two photon densities were used per monochromatic light:
irradiance was equal to 9 x 10" ph/cm?/s in half of the exposures, while it was
equal to 3 x 10" ph/cm?®/s in the other half. During 30s of the 60s illumination
periods, they were “at rest”, while they performed the task during the remaining
30s.
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a cognitive task. It will hopefully set the stagar fother genetics investigations. In
addition, this experiment compared light-inducete@t at night (~2100h) and in the
morning (~0800h) and could provide interestingghss on the time of day variations in
brain responses to light, independent of the gerestyf the participants.

6) Patient populations

Characterizing the brain sensitivity to light oftieats suffering from depressive
illnesses or degenerative diseases could helprdigiieg the role of light therapy in the
symptom improvement observed in some patients hdfler therapy treatments (Wirz-
Justice, 2006).

7) Pharmacological studies

Pharmacological agent could be administered toiggaahts in order to
demonstrate that specific brain areas or a spexytem mediates nonvisual effects of
light. Clonidine activates a2-adrenoreceptors ia brain and suppresses release of
norepinephrine (Aston-Jones and Cohen, 2005). SimeeLC is almost the unique
source of this neurotransmitter, its involvementnonvisual response to light could
determined using clonidine in placebo-controlledige.

8) Animal studies

Animal models could also be used in combinatiomwguroimaging techniques.
For example, primates could be recorded in fMRErafthe administration of the

compounds blocking cone and rod signalsciv have been used to determine

Preliminary results:  Left panels: significant differences between both genotypes in the

differences in brain response elicited by blue light exposure (both irradiance levels are pooled
together), detected after a night of sleep or of the sleep deprivation. a. left thalamus (-10 -12 16;
Z = 3.57; psvc = 0.01); b. right thalamus (18 -10 10; Z = 3.33; ps.c = 0.019); c. right pulvinar (18 -
26 16; Z = 3.57; pswc = 0.01). Statistical results are overlaid to the population mean structural
image (Puncorrected < 0.001). Middle and right panels: activity estimates (a.u. + SEM) in these
regions in the PER3 ** (a1, b1, c1) and in the PER3 ** (a2, b2, c2) populations. Although results

require to be analyzed in details, they suggest that the significant differences in the effects of
blue light exposure between both genotypes arise mainly from differences after the sleep
deprivation. R1: rest periods — low irradiance; R2: rest periods — high irradiance; T1: 3-back task
—low irradiance; T2: 3-back task — high irradiance.

NB: Differences (Puncorrected < 0.001) were detected in response to green light exposure but have

not been analyzed yet.
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melanopsin contribution to pupillary constrictiom Macaques (Gamliret al, 2007).
Quantifying brain function in small animals suchrats or cats could also be considered.
Neuroimaging results could be used as localizerpdiot to particular brain
areas of interest for further investigations atoavdr level. Single or multiunit
recordings could be carried out in animals to delt€r or pulvinar light responses for
instance. Specific lesions of these structuresserai pharmaceutical agent directed to a

specific brain system (such as clonidine) could &ls considered.

Conclusion

It is fascinating to see that, even if the eye phdtoreception have been extensively
studied for more than a century, novel cells amdudry can still be identified. Given
the intense attention it has been subjected t® ailso surprising that a entire new aspect
of photoreception has been discovered as recesthbaut ten years ago. Study of the
nonvisual effects of light constitute a field osearch that has only started to reveal the
broad influence of light. For this reason alonenwnisual effects of light is an exciting
area of research. But when the possible (and soreetery speculative) benefits from
light therapy are also considereeld. improving conditions related to shift-work, jet-
lag, daytime sleepiness, psychiatric and sleeprdiss, improvement of memory and
mood), or when the research on nonvisual respotsdight is connected to other
research fieldg.g.genetics, psychiatry), it becomes a truly thrglmesearch area.
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Appendix 1: Chapter 5 supplemental tables

Supplemental table S5.1

Day (light > no-light) by session (post 1 > baseJimnteraction funcorrected< 0.001).
These responses were not considered significarduecthey did not survive the
correction for multiple comparisons either on theole brain volume (no prior) or on a

volume of interest centered on published coordsgtdors available).

Brain areas X y z 4
Left superior temporal sulcus -34 | -66 | 18 | 3.89
Left frontopolar cortex -24 | 56 | -4 | 3.75
Right superior frontal gyrus 14 | -4 | 78 | 3.41
Right insula 42 | -22 | 20 | 3.31
Right striate cortex 6 (-72| 4 |3.30
Right precentral gyrus 30 | -34 | 70 | 3.25
Right parahippocampus 12 | -38 | -10 | 3.25
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Supplemental table S5.2

Day (light > no-light) by session (post 1 > posirizgraction Puncorrected< 0.001). These
responses were not considered significant becdesedid not survive the correction
for multiple comparisons either on the whole brestume (no prior) or on a volume of

interest centered on published coordinates (pawvaslable).

Brain areas X y z Z
Right caudate 26 | -38 | 14 | 3.85
Left caudate -18 | -24 | 22 | 3.82
Right insula 44 | -14 | 26 | 3.25
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Supplemental table S5.3

Other day (light > no-light) by session interacionomputed funcorrected < 0.001)
indicating that there was no significant increasadsponse in the"® post-exposure
session and no decrease in brain response weitectly light exposure.

These responses were not considered significardusecthey did not survive the
correction for multiple comparisons either on theole brain volume (no prior) or on a

volume of interest centered on published coordmgteors available).

Brain areas X y z Z

Day (light > no-light) by session (baseline > post 1) interaction

No significant results at p<0.001 uncorrected

Day (light > no-light) by session (post 2 > baselin ) interaction

Right orbito-frontal cortex 6 46 -24 | 3.74

Day (light > no-light) by session (baseline > post 2) interaction

Left inferior frontal sulcus -48 | 28 22 3.78

Day (light > no-light) by session (post 2 > post 1) interaction

No significant results at p<0.001 uncorrected
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Supplemental table S5.4

Day (light > no-light) by session (post 1 > baseJimteraction computed on the brain
responses modulated by tinmcorrectes< 0.001).

These responses were not considered significdmdrdiiecause they did not survive the
correction for multiple comparisons either on theole brain volume (no prior) or on a

volume of interest centered on published coordsgtdors available).

Brain areas X y z Z
Right insula 36 0 -18 | 3.92
Left subgenual anterior cingulated -4 22 -8 3.78
Left middle temporal gyrus -54 | -42 | -18 | 3.65
Left middle temporal gyrus -58 | -62 | -12 | 3.65
Right middle frontal gyrus 48 6 46 | 3.65
Right striate cortex -12 | -84 -4 3.54
Right fusiform gyrus 46 | -56 | -22 | 3.45
Right putamen 32 | -14 | -10 | 3.39
Left precuneus -2 -62 | 58 | 3.35
Middle occipital gyrus 50 | -80 4 3.34
Striate cortex 0 -84 | 18 | 3.32
Right middle temporal gyrus 50 | -54 -2 3.20
Left superior parietal gyrus 18 | -66 | 64 | 3.26
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Supplemental table S5.5

Day (light > no-light) by session (post 2 > baseJimteraction computed on the brain
responses modulated by tim®orrectedc<0.001).

These responses were not considered significdmdrdiiecause they did not survive the
correction for multiple comparisons either on theole brain volume (no prior) or on a

volume of interest centered on published coordsgtdors available).

Brain areas X y z Z
Right medial frontal cortex 8 18 50 | 4.10
Right insula 38 2 -18 | 3.57
Left superior temporal gyrus -50 | 10 | -14 | 3.50
Left putamen 24 | 14 16 | 3.46
Right temporal pole 36 10 | -30 | 3.20
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Supplemental table S5.6

Multiple regression analysis performed on the dgyskssion (post 1 > baseline)
interaction using the®leigenvector over subjects of the singular valueod®osition
of the 18 KSS scores collected in 16 subjects (neders and non-responders).

These responses were not considered significarausecthey did not survive the
correction for multiple comparisons either on theole brain volume (no prior) or on a

volume of interest centered on published coordsgtdors available).

Brain areas X y z Z
Left cerebellum -10 | -86 | -38 | 4.46
Right cerebellum 16 | -90 | 36 | 4.34
Left cerebellum -48 | -64 | -42 | 3.89
Right frontopolar cortex 14 56 -6 3.64
Tail of right caudate nucleus 20 | -22 | 20 | 3.61
Right superior frontal gyrus 0 22 56 | 3.60
Right cerebellum 34 | -718 | 36 | 3.57
Left superior frontal gyrus -50 4 50 | 3.51
Tail of left caudate nucleus -16 | -28 | 18 | 3.43
Left ventral globus pallidus -22 | -10 | -12 | 3.35
Head of the right caudate nucleus 10 22 14 | 3.35
Right orbitofrontal cortex 18 34 | -10 | 3.33
Left supramarginal gyrus -48 | -54 | 38 | 3.28
Left cerebellum -48 | -62 | -28 | 3.27
Right superior frontal gyrus 12 42 58 | 3.18
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Appendix 2: Chapter 6 supplemental tables

Supplemental table S6.1

Day (blue > green) by session (2 > 1) interactfpr 0.001uncorrectedl.

All voxels remained after use of an exclusive miaslbaseline differences (session 1
green > session 1 blue; p = Oucorrectedl ruling out possible confounds arising from
these differences.

These responses were not considered significamaulkedhey did not survive the
correction for multiple comparisons either on theole brain volume (no prior) or on a
volume of interest centered on published coordmgieors available) or because they
were not observed in other interactions.

Z-scores are reported for the interaction masketkibgency for activation during the 2-

back task. Only clusters of at least 5 voxels eparted.

Brain areas X y z Z
Right superior frontal sulcus 16 | 14 | 60 | 3.28
Right superior temporal sulcus 54 | -24 | -14 | 3.25
Right precentral sulcus 28 | -6 | 60 | 3.17
Left superior temporal sulcus -62 | -38 | 0 |3.17
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Supplemental table S6.2

Day (blue > green) by session (2 > 3) interactfpr 0.001uncorrectedl.

All voxels remained after use of a mask excludirftecences between days at the end
of the protocol (session 3 green > session 3 kpgue;0.05 uncorrected, ruling out
possible confounds arising from these differences.

These responses were not considered significarausecthey did not survive the
correction for multiple comparisons either on theole brain volume (no prior) or on a

volume of interest centered on published coordmgteors available), or because they

were not observed in other interactions.

Z-scores are reported for the interaction maskeiibgency for activation during the 2-

back task. Only clusters of at least 5 voxels eparted.

Brain areas X y z Z
Right temporo-parietal junction 46 | -38 | 34 | 4.48
Right middle frontal gyrus 44 | 10 | 56 | 4.13
Left superior precentral sulcus -26 | -20 | 54 | 4.04
Right thalamus 16 2 12 | 3.96
Left cerebellum -8 | -48 | -28 | 3.89
Right cingulated sulcus 6 24 | 38 | 3.69
Right middle frontal sulcus 42 | 38 | 20 | 3.68
Right middle frontal sulcus 30 | 22 | 26 | 3.67
Right intraparietal sulcus 30 | -54 | 38 | 3.47
Right superior temporal gyrus 58 | 10 | -14 | 3.33
Left inferior frontal sulcus -28 | 10 | 34 | 3.35
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Supplemental table S6.3

Remaining day by session interaction were comp{ted0.001luncorrecteql.

These responses were not considered significarduecthey did not survive the
correction for multiple comparisons either on theole brain volume (no prior) or on a
volume of interest centered on published coordsgtdors available).

Z-scores are reported for the interaction maskeiibgency for activation during the 2-
back task.

Only clusters of at least 5 voxels are reported.

Brain areas X y z Z

Day (blue > green) by session (3 > 1) interaction

No significant results at p<0.001 uncorrected

Day (blue > green) by session (1 > 3) interaction

Left cerebellum -24 | -60 |-46 |3.69

Right cerebellum 12 -76 | -40 |3.44

Day (blue > green) by session (1 > 2) interaction

No significant results at p<0.001 uncorrected

Day (blue > green) by session (3 > 2) interaction

No significant results at p<0.001 uncorrected
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Appendix 3: Chapter 7 supplemental tables

Supplemental tables S7.1

Light condition effects during th2-back taskpuncorrected< 0.001). These responses were
not considered significant because they did novigerthe correction for multiple
comparisons either on the whole brain volume (riorpior on a volume of interest

centered on published coordinates (priors avaijable

BLUE LIGHT > GREEN LIGHT

No significant voxel at p=0.001 uncorrected.

GREEN LIGHT > BLUE LIGHT

No significant voxel at p=0.001 uncorrected.

VIOLET LIGHT > BLUE LIGHT

Brain areas Xyz Z

Right hippocampus 28-24-12 | 3.33
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BLUE LIGHT > VIOLET LIGHT

Brain areas Xyz Z
Left precentral sulcus -38-2252 | 4.36
Right insula 36 -28 16 4.18
Left superior frontal gyrus -8072 4.00
Right superior frontal sulcus 24 20 66 3.72
S 56 22 4 3.68
Right inferior frontal gyrus
38 48 40 3.52
Left insula -30-2814 | 3.53
Right middle occipital gyrus 32 -96 -8 3.49
Right superior precentral sulcus 44 12 34 3.32
Right superior temporal sulcus 48 -20-16 | 3.32
Left lateral fissure -56 -2214 | 3.18
Right lateral fissure 54 -24 10 3.16
GREEN LIGHT > VIOLET LIGHT
No significant voxel at p=0.001 uncorrected.
VIOLET LIGHT > GREEN LIGHT
Brain areas Xyz Z
Right middle occipital gyrus 56 -68 0 3.34
Left middle occipital gyrus -50-82 9 3.69
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Supplemental tables S7.2

Light condition effects modeled tsaw-tooth-like regresso®uncorrected< 0.001). These

regressors model brain activity that show progues$iuild up during the whole 50s
illumination. These responses were not considerguificant because they did not
survive the correction for multiple comparisonsheiton the whole brain volume (no

prior) or on a volume of interest centered on mi@Ed coordinates (priors available).

BLUE LIGHT VS. GREEN LIGHT

Brain areas XyZzZ 4

Right cuneus 16-926 3.48

GREEN LIGHT VS. BLUE LIGHT

No significant voxel at p=0.001 uncorrected.

VIOLET LIGHT VS. BLUE LIGHT

Brain areas XyZz Z
Left superior frontal gyrus -6 16 54 3.62
Right inferior frontal gyrus 42 24 20 3.40
Right lateral fissure 54 -22 8 3.41
Left insula -32 16 -8 3.37
Right parieto-occipital fissure 12 -66 36 3.30
Right superior temporal sulcus 42 -16 -14 | 3.29
Left lateral fissure -56-2414 | 3.25
Right cingulate sulcus 2 -46 46 3.18
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BLUE LIGHT VS. VIOLET LIGHT

No significant voxel at p=0.001 uncorrected.

GREEN LIGHT VS. VIOLET LIGHT

Brain areas Xyz Z
Right central sulcus 64 -34 44 3.92
Right inferior frontal gyrus 52404 3.34
Left middle occipital gyrus -52-74 2 3.28
VIOLET LIGHT VS. GREEN LIGHT
Brain areas Xyz Z
Left cuneus -8-10410 | 3.36
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Supplemental tables S7.3

Light condition effects alight onsets These responses were not considered significant
because they did not survive the correction fortiplel comparisons either on the whole
brain volume (no prior) or on a volume of intereshtered on published coordinates

(priors available).

BLUE LIGHT > GREEN LIGHT

Brain areas Xyz Z

24 -4 60 4.34

Right superior frontal sulcus 18 2 64 411

Left insula -38-10 16 4.19

Left middle occipital gyrus -20 -88 6 3.54
Left hippocampus -28 -24 -14 3.35

Left superior frontal gyrus -6 -10 60 3.22

GREEN LIGHT > BLUE LIGHT

No significant voxel at p=0.001 uncorrected.

VIOLET LIGHT > BLUE LIGHT

Brain areas XyZz Z
Left cerebellum -18-82-26 | 3.81
Right superior temporal sulcus 66 -34-10 | 3.66
Left inferior frontal sulcus -28 42 14 3.64
Left superior frontal sulcus -28 -8 52 3.59

-34-10-32 | 3.58

Left hippocampus 24 -28-10 | 3.17

Right posterior cingulate cortex 2-42 44 3.50
Right angular gyrus 42 -64 30 3.39
Right parieto-occipital fissure 26 -60 6 3.37
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BLUE LIGHT > VIOLET LIGHT

No significant voxel at p=0.001 uncorrected.

VIOLET LIGHT > GREEN LIGHT

Brain areas XyZz Z

Right hippocampus 28 -384 3.30
GREEN LIGHT > VIOLET LIGHT

Brain areas XyZz Z
Right parahippocampus 26-40-14 | 3.92
Left precuneus -2 -42 58 3.82
Left anterior cingulate cortex -6 524 3.81
Right inferior frontal gyrus 62222 3.38
Left posterior cingulate cortex -6 -24 42 3.18
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