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Background. Relatively long duration retinal light exposure elicits nonvisual responses in humans, including modulation of
alertness and cognition. These responses are thought to be mediated in part by melanopsin-expressing retinal ganglion cells
which are more sensitive to blue light than violet or green light. The contribution of the melanopsin system and the brain
mechanisms involved in the establishment of such responses to light remain to be established. Methodology/Principal

Findings. We exposed 15 participants to short duration (50 s) monochromatic violet (430 nm), blue (473 nm), and green
(527 nm) light exposures of equal photon flux (1013ph/cm2/s) while they were performing a working memory task in fMRI. At
light onset, blue light, as compared to green light, increased activity in the left hippocampus, left thalamus, and right
amygdala. During the task, blue light, as compared to violet light, increased activity in the left middle frontal gyrus, left
thalamus and a bilateral area of the brainstem consistent with activation of the locus coeruleus. Conclusion/Significance.

These results support a prominent contribution of melanopsin-expressing retinal ganglion cells to brain responses to light
within the very first seconds of an exposure. The results also demonstrate the implication of the brainstem in mediating these
responses in humans and speak for a broad involvement of light in the regulation of brain function.
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INTRODUCTION
Light processing has been studied extensively in the context of

circadian biology which emphasizes nonvisual (or non-image-

forming) effects of environmental light (irradiance). These non-

visual effects include the synchronization of the circadian system,

suppression of melatonin, regulation of sleep, as well as

improvements of alertness and cognition [1–6]. We have shown

that nonvisual responses related to alertness and cognition are

associated with changes in regional brain activity detected by

positron emission tomography (PET) and functional magnetic

resonance imaging (fMRI) [7–9]. A number of recent studies,

using a wide variety of methodologies, revealed that acute or

longer term human nonvisual responses are most sensitive to

monochromatic light of wavelengths between ,460 and 480 nm

[2–6,9–14]. This sensitivity is much shorter than the overall

maximum sensitivity of the photopic system (,555 nm), and does

not coincide with the maximum sensitivity of any of the individual

classical photoreceptors (rods: ,505 nm; S-cones: ,430 nm; M-

cones: ,530 nm; L-cones: 560 nm) [15,16].

A fifth retinal photopigment, melanopsin, was recently discov-

ered [17] and shown to be expressed in retinal ganglion cells

(RGC) that are intrinsically light sensitive [18], with a maximum

sensitivity between 420 to 480 nm [19–21]. Melanopsin-expres-

sing RGC are implicated in nonvisual responses to light [18,22].

They project to numerous brain structures in rodents [23,24],

including hypothalamic nuclei such as the suprachiasmatic nucleus

(SCN) and the ventrolateral preoptic area (VLPO), as well as many

non-hypothalamic structures including the olivary pretectal

nucleus (OPN), and amygdala. Melanopsin-expressing RGC also

project to areas typically involved in vision such as the lateral

geniculate nucleus (LGN) and the superior colliculus. In addition,

melanopsin-expressing RGC project to the LGN and OPN

in Macaques [25]. These neuroanatomical pathways provide

a mechanism by which irradiance changes could affect many brain

functions, i.e. circadian entrainment, pupillary constriction,

arousal, attention, and emotion regulation, as well as vision [2–

4,8,10,13,25,26]. However, classical visual photoreceptors are

necessary to induce complete nonvisual responses to light [27]. In

addition, RGC which do not express melanopsin, and presumably

are not intrinsically photosensitive, project to the SCN, inter-

geniculate nuclei (IGL) of the thalamus, and VLPO, suggesting

that signal arising from the classical retinal photoreceptors reaches

these structures [24,28]. The relative contribution of the different

retinal photoreceptors has not been fully assessed.

Rod and cone responses to light are typically time-locked to the

exposure, i.e. responses start and cease within a few ms after light is

turned on and off, respectively. In addition, quick attenuation of

rod and cone signals occurs in the presence of a constant light

stimulus [25]. Intrinsic light responses of the melanopsin-

expressing RGC are much more sluggish and do not show
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attenuation: they are only detected seconds after light onset, and

firing is maintained for minutes after the end of the light exposure.

This feature suggests that these cells are able to account for the

long integration time of the nonvisual system [18,25]. However,

melanopsin-expressing RGC receive extrinsic inputs from rods

and the three classes of cones, which enable melanopsin-expressing

RGC to instantaneously respond to light exposure, and suggest an

important role for rods and cones in the nonvisual response to light

early in the exposure [25]. Accordingly, assessment of the relative

efficacy of different wavelengths indicates that M-cones contribute

importantly to the initiation of the response in rodents, but later

the melanopsin-expressing RGC are the dominant contributor

[13]. Similarly, at lower irradiance classical photoreceptors are

sufficient to drive pupillary constriction in rodents while, at higher

irradiance, melanopsin-expressing RGC are required to induce

a full response [29]. In addition, the wavelength sensitivity of rat

SCN neuronal responses to light flashes suggests a contribution of

rods and all cones to brief light exposures [30].

A role for S-cones in nonvisual responses in humans was

inferred from data showing a greater increase in subjective

alertness under violet light exposure (420–440 nm) [31]. However,

most human studies investigating the mechanisms of nonvisual

responses to light employed monochromatic exposures stimulating

most melanopsin-expressing RGC or M- and L-cones, but not S-

cones [2,4,5,9]. S-cone contribution to nonvisual responses to light

using violet light preferentially triggering these photoreceptors

remains to be firmly established. In addition, nonvisual responses

to different wavelengths in humans have only been characterized

after relatively long duration exposures (at least tens of minutes),

i.e. presumably after substantial attenuation of rod and cone

signals. Thus, the relative contributions of blue, violet and green

lights, and by inference of melanopsin-expressing RGC, S- and M-

cones, in the establishment of nonvisual responses to light have not

been assessed in humans.

Besides the known projections of melanopsin-expressing and

non-melanopsin-expressing RGC to brain structures involved in

nonvisual functions, most of the brain mechanisms and pathways

mediating nonvisual responses to light exposure are unknown. In

rodents, the SCN and thalamic IGL receive light irradiance

information almost directly and appear therefore to be strongly

implicated in eliciting nonvisual responses to light [32,33]. The

SCN and IGL project to many brain structures involved in arousal

regulation [33,34] and a functional indirect connection between

the SCN to the brainstem locus coeruleus (LC) has been

established [35]. This SCN -brainstem projection may be the

pathway by which light modulates alertness. However, beyond

these candidate subcortical and brainstem structures, the brain

mechanisms involved in generating physiological or behavior

nonvisual responses to light have not been characterized in

animals.

In humans, using PET and fMRI, we have identified neural

correlates of the alerting effects of a bright white light exposure

(.7000lux), delivered at night or during the day in brain areas

such as the intraparietal sulcus (IPS), hippocampus, thalamic

pulvinar, insula, and hypothalamus [7,8]. More recently we

demonstrated that brain activity related to a working memory task

is maintained (or even increased) by blue (470 nm) mono-

chromatic light exposure, whereas it decreases under green

(550 nm) monochromatic light exposure [9]. These effects were

detected in areas implicated in working memory such as the

thalamus, insula, IPS, supramarginal gyrus, and middle frontal

gyrus (MFG). However, these studies were carried out using

relatively prolonged light exposures (17 to 21 min). The brain

areas first affected by light exposure, and by inference involved in

establishing nonvisual responses to light, are therefore largely

unknown in humans.

In the present study we used fMRI to specifically assess early

effects of light over the entire brain while participants were

performing an auditory working memory task. We used alternat-

ing violet (430 nm), blue (473 nm), or green (527 nm) mono-

chromatic light exposures of equal photon density to investigate

the processing of stimuli preferentially triggering S-cones,

melanopsin-expressing RGC, or M-cones, respectively. Light

exposures lasted 50 s, a very short duration from a human

circadian biology perspective. We hypothesized that such short

duration exposures would induce sustained modulation of the

brain responses related to the blocks of the task performed, and

that these modulations were wavelength-dependent. This would

allow insight in the relative contributions of the different retinal

photoreceptors early on in the establishment of nonvisual

responses to light. On such a short time scale it is difficult to

establish whether the detected brain activity modulations consti-

tute nonvisual or visual responses. This, however, is not essential

for our aim, which was to identify brain mechanisms involved in

establishing responses to light exposures which eventually will lead

to nonvisual responses such as changes in cognition and alertness.

We also hypothesized that such short exposures would not induce

wavelength-specific responses in a large number of brain areas but

would mainly affect a few areas involved in the establishment of

the responses, presumably subcortical and brainstem areas. The

results support our hypotheses and suggest a prominent role of

melanopsin-expressing RGC in the establishment of brain

responses to light.

METHODS

Subjects
Participants were healthy, young subjects (N = 15; 8 females; age:

19–27 [median: 22]; BMI: 18.7–27.3 [median: 22.2]). A semi-

structured interview established the absence of medical, traumatic,

psychiatric, or sleep disorders. Absence of color blindness was

assessed by the 38 plate edition of Ishihara’s Test for Color-

Blindness (Kanehara Shupman Co., Tokyo, Japan). All partici-

pants were non-smokers, moderate caffeine and alcohol con-

sumers, and were not on medication. None had worked on night

shifts during the last year or traveled through more than one time

zone during the last 2 months. Extreme morning and evening

types, as assessed by the Horne-Ostberg Questionnaire [36], were

not included. None complained of excessive daytime sleepiness as

assessed by the Epworth Sleepiness Scale [37], or of sleep

disturbances as determined by the Pittsburgh Sleep Quality Index

Questionnaire [38]. All participants had normal scores on the 21

item Beck Anxiety Inventory [39] and the 21 item Beck

Depression Inventory II [40]. They were right-handed as

indicated by the Edinburgh Inventory [41]. Participants gave

their written informed consent and received a financial compen-

sation for their participation. The study was approved by the

Ethics Committee of the Faculty of Medicine of the University of

Liège.

Volunteers followed a regular sleep schedule during the 7-day

period preceding the laboratory segment of the experiment.

Compliance to the schedule was assessed using wrist actigraphy

(Actiwatch, Cambridge Neuroscience, UK) and sleep diaries. In

order to record 2 volunteers on the same day at approximately the

same circadian time, volunteers were requested to follow one of 2

sleep schedules differing by 1.5h (2300 h–0700 h +/2 30 min, or

0030 h – 0830 h +/2 30 min). Volunteers were requested to

refrain from all caffeine and alcohol-containing beverages and
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intense physical activity for 3 days before participating in the

study.

Protocol
Subjects were first maintained in dim light (,5 lux) for 2h and

then scanned during three consecutive 20 min sessions (Figure 1a).

Three drops of tropicamidum 0.5% (TropicolH) were administered

in the eyes 20 min before entering the scanner to inhibit pupillary

constriction. In each session, subjects were alternatively exposed to

monochromatic 50s light exposures separated by 5-to-14s periods

of darkness (,0.01 lux) (Figure 1b). Monochromatic light was

violet (430 nm), blue (473 nm), or green (527 nm) and aimed

primarily at S-cones, melanopsin-expressing RGC, and M-cones

respectively. In each session two wavelengths were presented and

alternated. Each color was presented ten times per session.

Subjects were exposed to the three possible combinations of

wavelengths over the three sessions. The order of the combinations

and the wavelength of the first light exposure in each combination,

were counter-balanced over subjects (Supplemental Table S1). In

accordance with other protocols in this research area, the photon

densities of all light exposures were identical to allow the

assessment of the relative contribution of the photoreceptors most

sensitive to each wavelength. Photon density was set at 1013

photons/cm2/s because, at this level, nonvisual responses at night

and during the day, depend on the wavelength of the light

exposure [2–6,9,11,12,42]. This photon density was equivalent to

an illumination level of 4, 7.5, and 24.5 photopic lux for violet,

blue and green light exposure, respectively. The first light exposure

occurred approximately 4h after habitual wake up time, i.e. during

the biological day when melatonin secretion is low [1]. During

each session, participants performed an auditory 2-back working

memory task [43], which is reliably executed by a majority of

subjects and does not explicitly depend on visual input. Subjective

alertness scores, as assessed by the Karolinska Sleepiness Scale

(KSS) [44], were collected every 30 min during the 2h preparatory

period and between each session while in the scanner.

During the data acquisition period, all subjects interacted with

the same investigator who used a standardized set of sentences

between each session. This protocol was implemented in order to

minimize variation in motivational state due to social interactions

[e.g. encouragement by an investigator which may modify brain

responses [45]]. No feedback was given on performance.

Volunteers were trained on a shortened version of the protocol

and habituated to the experimental conditions at least a week

before the experiment. Subjects had to reach 75% of correct

responses on the 2-back task at the end of training to participate to

the experiment.

2-back-task
Stimuli consisted of nine French monosyllabic consonants that

were phonologically different so that they could easily be

identified. Stimuli were 500 ms long and the inter-stimulus-

interval was 2500 ms. For each consonant, volunteers were

requested to state whether or not it was identical to the consonant

presented 2 stimuli earlier, by pressing a button on a MR

compatible keypad for ‘‘yes’’, and another one for ‘‘no’’. Series of

stimuli were constructed with ,30% positive answers. Fourteen

consonants were presented in each illumination period for a total

of 35s, and 2 to 5 consonants were presented in half of the

darkness periods, for a total of 5 to 12.5s. Series could therefore be

33 consonant long if a darkness period with the task was placed

between 2 consecutive illumination periods where the task was

performed. Series were presented only once and were randomly

assigned to one of the scanning sessions. Rest periods could last up

to 44 s if a rest period in darkness was placed between two

consecutive illumination rest periods. Stimuli were produced using

COGENT 2000 (http://www.vislab.ucl.ac.uk/Cogent/) imple-

mented in MATLAB (Mathworks Inc., MA) on a 2.8 GHz XEON

DELL personal computer (Round Rock, TX) and were trans-

mitted to the subjects using MR CONTROL amplifier and

headphones (MR Confon, Germany). The first session was

preceded by a short session during which volunteers had to set

the volume level to ensure an optimal auditory perception during

scanning.

Light exposure
Narrow interference band-pass filters (Full Width at Half

Maximum [FWHM]: 10nm; Edmund Optic, UK) were used to

produce the three monochromatic illuminations. A filter wheel

(AB301-T, Spectral Products, NM) was computer controlled to

switch band-pass filters and thereby change light wavelength. The

light was transmitted by a metal-free optic fiber from a source

(PL900, Dolan-Jenner Industries, MA) to two small diffusers

placed in front of the subjects’ eyes. The diffusers were designed

Figure 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 occurrence of the different conditions. Note that the combination of
light 1 and 2 changes from one 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).
doi:10.1371/journal.pone.0001247.g001
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for the purpose of this study and ensured a uniform illumination

over the entire visual field. Light was administered through

a 465.5 cm frame placed 3 cm away from the eye. Spectra of each

monochromatic light were checked at the level of the diffusers

(AvaSpec-2048, Avantes, The Netherlands), and the 430 nm,

480 nm and 532 nm band-pass filters used produced light with

a maximum radiance at respectively 430.3 nm, 472.8 nm and

527.3 nm. Irradiance could not be measured directly in the

magnet, but the light source was calibrated and irradiance

estimated to be 1013 photons/cm2/s (840-C power meter,

Newport, Irvine, CA) after prereceptoral lens absorption for the

different wavelengths was taken into account [46]. The total

amount of blue light received during the experiment was well

below the blue-light hazard threshold [47].

In order to un-correlate task and light onsets, the auditory task

was performed during 35 s of the 50 s illumination periods. Half of

the illuminations started with 15 s of rest, the other half terminated

with 15 s rest periods. In addition, a 0-to-1 s jitter was

implemented between light onset/offset and task onset/offset

when they occurred simultaneously in order to further un-

correlate them. Darkness periods (,0.01 lux) separated all 50 s

illuminations. The auditory task was performed during half of the

darkness periods, the duration of which were then 5 to 12.5 s. Rest

was requested during the other half; in which case darkness was

lasting 9 to 14 s. Illuminations with one color were always followed

by darkness periods and then by illuminations in the other color of

the session.

Behavioral data analysis
Accuracy scores were always very high, so we computed d-prime

and criterion values following the signal detection theory [48] in

order to identify possible changes in behavior not reflected in

overall accuracy. Repeated measure ANOVA with light condition

and session as within subject factors were carried out separately on

d-prime, criterion and reaction times. Repeated measures

ANOVA with repetition as within subject factor were computed

on subjective sleepiness scores. All behavioral analyses were

computed with Statistica 6.1 (StatSoft France, France).

Functional MRI data acquisition
Functional MRI time series were acquired using a 3T MR scanner

(Allegra, Siemens, Germany). Multislice T2*-weighted fMRI

images were obtained with a gradient echo-planar sequence using

axial slice orientation (32 slices; voxel size: 3.463.463 mm3;

matrix size 64664632; repetition time = 2130 ms; echo

time = 40 ms; flip angle = 90u). The four initial scans were

discarded to allow for magnetic saturation effects. There was little

variation in the number of scans per session (blue-green sessions:

563.365.9 (mean6SD); violet-blue sessions: 563.466.2; green-

violet sessions: 563.367.5). Head movements were minimized

using a vacuum cushion. A structural T1-weigthed 3D MP-RAGE

sequence (TR 1960 ms, TE 4.43 ms, TI 1100 ms, FOV

2306173 cm2, matrix size 25662566176, voxel size:

0.960.960.9 mm) was also acquired in all subjects.

Functional MRI data analysis
Functional volumes were analyzed using Statistical Parametric

Mapping 5 (SPM5-http://www.fil.ion.ucl.ac.uk/spm) implemen-

ted in MATLAB. They were corrected for head motion, spatially

normalized (standard SPM5 parameters) to an echo planar

imaging template conforming to the Montréal Neurological

Institute (MNI) space, and spatially smoothed with a Gaussian

Kernel of 8 mm FWHM. The analysis of fMRI data, based on

a mixed effects model, was conducted in two serial steps,

accounting respectively for fixed and random effects. For each

subject, changes in brain regional responses were estimated using

a general linear model in which the different parts of the

experimental design were modeled using either boxcar or stick

functions, convolved with a canonical haemodynamic response

function. Boxcar functions modeled the 15 s rest illumination

periods, the 35 s illumination periods including the 2-back task,

and the darkness periods during which the task was performed.

Stick functions modeled light onsets and light offsets. Melanopsin-

expressing RGC do not cease firing at light offset [25], so brain

responses to light offsets are unlikely to represent a nonvisual

response to light. Further, rest periods during the illuminations

were short as compared to the task periods and were contaminated

by the performance of the task. The regressors modeling offsets

and rest periods were therefore considered as covariates of no

interest together with movement parameters derived from re-

alignment of the functional volumes. High-pass filtering was

implemented in the matrix design using a cut-off period of

256 seconds to remove low frequency drifts from the time series.

Serial correlations in the fMRI signal were estimated using an

autoregressive (order 1) plus white noise model and a restricted

maximum likelihood algorithm. The effects of interest were then

tested by linear contrasts, generating statistical parametric maps.

The summary statistic images resulting from these different

contrasts were then further smoothed (6mm FWHM Gaussian

Kernel) and entered in a second-level analysis. This second step

accounts for inter-subject variance in the main effects of light

condition (random effects model) and corresponds to a one-sample

t-test for brain responses to the 2-back series and light onsets. The

resulting set of voxel values for each contrast constituted maps of

the t statistics thresholded at puncorrected = 0.001. Statistical inferences

were performed after correction for multiple comparisons on small

spherical volumes (svc; 10 mm radius) at a threshold of psvc = 0.05,

around a priori locations of activation. Activations were expected in

structures involved the n-back tasks, arousal regulation, and

showing nonvisual responses to light in our own fMRI and PET

work. Brain areas to which the melanopsin-expressing RGC

project or functionally linked to the SCN, were also considered as

a priori locations of activation. Standard stereotactic coordinates of

previously published a priori locations, used for svc, are as follow:

amygdala: 22 26 215 [49]; hippocampus: 230 230 22 [8];

LGN: 223 221 23 [50]; LC: 2 232 220 [51]; thalamus: 214

214 216 [9].

RESULTS

Behavior
All sessions and light conditions were identical from a behavioral

point of view. Statistical analyses showed that performance

(reaction times and accuracy) was always high and was not

affected by the light condition or sessions (Supplemental Data S1;

Figure S1a–c). Computation of subjective sleepiness scores

revealed that entering the scanner and the associated change in

posture, significantly increased sleepiness. However, bias associat-

ed with variations in sleepiness was prevented by the pseudo-

randomization of session types (Supplemental Data S1; Figure

S1d–f).

FMRI data
Sustained effects The analysis of fMRI data first focused on

the brain responses recorded during the blocks of the 2-back task.

The effects described below are therefore sustained because they

describe differences between light conditions that were maintained
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for the duration of the blocks. Significant differences between

violet and blue light exposures were detected in the left MFG and

in the left thalamus, a few mm away from the location for which

we previously found a wavelength dependent effect of light [9], as

well as in two areas of the brainstem. Spatial resolution of the

fMRI technique does not allow a precise identification of the

brainstem nuclei included in the activated areas, but the location

of the activations is compatible with several pontine nuclei

involved in arousal regulation, and in particular with the LC

bilaterally (Figure 2; Table 1) [52]. Activity estimates show

(Figure 2; right panels) that, compared to the violet light condition,

responses were greater under the blue exposure in these four brain

areas. No significant differences between blue and green light

exposures, and between violet and green light exposures were

detected during task periods (Supplemental Tables S2). Additional

analyses suggested that the differences between light conditions

were stable during the 50s illuminations (Supplemental Method

S1; Supplemental Tables S3).

Transient effects Two monochromatic light exposures were

initiated 10 times in each session. This number of events was

sufficient to conduct an analysis on the transient brain responses

triggered by the onsets of the different light exposures. Significant

differences between responses to blue and green light onsets were

observed in two limbic areas, the left hippocampus and right

amygdala, and in a location in the left thalamus, which was

identical to that identified in the analysis of the sustained brain

responses (Figure 3; Table 2). Activity estimates (Figure 3, right

panels) show that these three brain areas strongly responded to

blue light onsets while their activity was barely affected by green

light onsets. No significant differences were found between violet

and blue light onsets, while violet light onsets were found to

increase left LGN activity significantly more than green light

onsets (Table 2; Supplemental figure S2; Supplemental Tables S4).

DISCUSSION
This study compared the brain responses elicited by violet, blue

and green monochromatic light exposures of short duration (50 s)

and equal irradiance (1013 ph/cm2/s) and presented in pairs of

colors in 3 separate sessions. We hypothesized that these short light

exposures would induce wavelength-dependent modulations of

brain responses mainly in subcortical and brainstem areas.

Accordingly, we report sustained wavelength-sensitive modula-

tions of the regional brain responses evoked by a working memory

task. In particular, blue light is superior to violet light in eliciting

this response modulation. These results cannot be accounted for

by any measurable difference in alertness or performance, nor by

any order or expectation effect (Supplemental Data S1). These

modulations are considered ‘‘sustained’’ because the brain activity

is continuously enhanced during the 50 s blue light blocks and

consistently so during the whole blue/violet fMRI session.

Although sustained, these light-induced responses may be

considered ‘‘early responses’’ when compared to the brain

responses we reported after 18min of blue monochromatic light

exposures [9]. As predicted, these early responses primarily involve

subcortical areas related to arousal (brainstem and thalami). At the

cortical level, the responses are enhanced in a single area, the

MFG. This result contrasts with the enhanced responses in

widespread cortical regions elicited by longer exposures [9] and

suggest that the functional recruitment of the cortex requires

longer exposures, and possibly the activating influence of

subcortical structures.

An unexpected finding concerned the transient responses

triggered at the onset of light exposures in two limbic areas, i.e.

the amygdala and the hippocampus, and the left thalamus,

irrespective of whether the subjects were engaged in the working

memory task. These results are remarkable because blue light was

superior to green light in eliciting these brain responses, even

though illuminance was about 5 times higher for the green light.

Collectively, these sustained and transient responses show the

efficacy of short wavelength (473nm) light in modulating brain

activity, and indirectly suggest the involvement of melanopsin-

expressing RGC, which are the photoreceptors most sensitive to

this wavelength.

Nonvisual versus visual responses
This study aimed at identifying brain and retinal mechanisms

involved in early responses to light exposure that would likely be

implicated in establishing the nonvisual responses that have been

reported using longer duration exposures [2–11,13,14]. The

experiment was not designed to ascertain whether or not these

mechanisms constituted nonvisual responses to light. In fact we

believe that the distinction between nonvisual and visual responses

cannot be made in this experiment. Furthermore, there is growing

evidence for a considerable overlap between visual and nonvisual

photoreception systems. In rodents, rods and cones are involved in

nonvisual responses to light [13,27,29], and non-expressing-

melanopsin-expressing RGC project to nonvisual brain structures

[24,28]. On the other hand, melanopsin-expressing RGC project

to structures typically involved in vision in rodents and primates

[23–25], and appear to regulate visual processing both in rodents

and in humans [53,54]. Therefore, identifying a photoreceptor

implicated in a response, does not directly inform on the

nonvisual/visual nature of that response. In addition, in our

protocol, participants’ visual system was stimulated during light

exposures, as participants obviously perceived the light. We

minimized differences in photoreceptor stimulation by equating

irradiance level across wavelengths. However, because stimulation

of retinal photoreceptors changed with the wavelength of the

exposure, signals transmitted to the visual system varied between

wavelengths. Finally, we report effects of light at onset and after

a few tens of seconds of exposure. From a human circadian biology

perspective, this constitutes a very short time scale. During this

period a mixed attenuation of cone signal and increase in intrinsic

response of melanopsin-expressing RGC has been observed [25].

The sustained modulations of brain responses related to the task

blocks arguably represent nonvisual responses. Indeed we report

light-induced modulations of brain responses that are related to an

auditory task and are most sensitive to blue light, which suggest the

involvement of melanopsin-expressing RGC. In addition, whereas

visual responses show quick attenuation [25], we detected

modulations of brain responses that were maintained for 50 s.

One could also argue that transient responses are nonvisual since

they are likely to be predominantly mediated by melanopsin-

expressing RGC. However, nonvisual responses are characterized

by sustained activity modulation, and the transient effects we

detected could therefore be considered to be mediated by the

visual system. We believe that a more accurate description of our

data is that we detected transient and sustained brain responses to

light that appear to be predominantly mediated by melanopsin-

expressing RGC, without qualification with respect to the visual or

nonvisual nature of these responses.

Sustained responses during task performance
A sustained enhancement of responses to the working memory

task was observed during the exposures to blue, rather than violet

light, in the brainstem, the thalamus, and the left MFG. No

difference in response was observed when contrasting blue with
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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 violet light
conditions during the 2-back task (arbitrary units6SEM). a. left thalamus–b. left MFG–c. right brainstem–d. left brainstem.
doi:10.1371/journal.pone.0001247.g002
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green light, or violet with green light. These results suggest that the

sustained response modulation by monochromatic light is most

sensitive to blue light and least sensitive to violet light. The status

of green light can not be precisely estimated but is consistent with

an intermediate sensitivity. By inference, these results suggest that

melanopsin-expressing RGC contribute most to these sustained

responses to light. The observed, albeit smaller responses to violet

and green light could be explained in two ways. According to the

first interpretation they represent a combination of a weak

contribution of S-cones and an intermediate involvement of M-

cones. In line with this interpretation, melanopsin-expressing

RGC and M-cones [13] seem to contribute greatly to nonvisual

responses to light during the first minutes of the exposure in

rodents. According to the second interpretation, melanopsin-

expressing RGC are the only photoreceptors involved in the light

induced modulations of brain activity and the observed smaller

responses to violet and green light simply reflect the reduced

sensitivity of melanopsin to these wavelengths. Melanopsin would

Table 2. Light condition effects at light onset.
. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .

Brain areas xyz Z p

Blue light.green light

Left hippocampus 228 238 2 3.57 0.019

Left thalamus 216 224 18 3.37 0.034

Right amygdala 16 24 218 3.31 0.039

Violet light.green light

Left lateral geniculate nucleus 222 222 210 3.43 0.029

Coordinates (xyz) in the standard MNI space. No other significant light
condition effects were found at light onset.
doi:10.1371/journal.pone.0001247.t002..
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Table 1. Light condition effects during the performance of the
task.

. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .

Brain areas xyz Z p

Blue light.violet light

Left middle frontal gyrus 244 42 30 3.45 0.020

Left thalamus 218 224 10 3.32 0.028

Left brainstem 26 238 220 3.22 0.035

Right brainstem 6 230 216 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.
doi:10.1371/journal.pone.0001247.t001..
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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 (arbitrary
units6SEM). a. left hippocampus–b. right amygdala–c. left thalamus.
doi:10.1371/journal.pone.0001247.g003
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then appear to have a greater sensitivity to wavelengths longer than

473 nm as compared to wavelengths shorter than 473 nm.

The brainstem area which was recruited by blue light

corresponds tentatively to the LC. This result is important because

it is the first time a brainstem structure is shown to respond to light

in human. The LC may be a key structure in establishing effects of

light. It could receive light information from the SCN, with which

it is functionally connected in rodents [35]. As the major source of

brain norepinephrine, it is in a position to modify the level of

arousal [55,56]. Finally, it is well established that the LC is

involved in cognition and in executive functioning in particular

[55].

Thalamic nuclei appear as the structures most consistently

recruited in humans by ‘‘nonvisual’’ responses to light (poly-

chromatic white light exposure [8]; monochromatic 470nm blue

light exposure [9]). Like the brainstem, the thalamus is a key

structure involved in the interaction between alertness and

cognition in humans [57] and it is recruited by working memory

tasks [58]. In addition, the thalamus might receive irradiance

information through a two step pathway linking melanopsin-

expressing RGC to the superior colliculus which in turn projects to

the pulvinar [59].

Cortical responses were enhanced after recurring 50s periods of

blue (relative to violet) monochromatic light exposure only in the

left MFG, an area implicated in working memory [58]. This

limited recruitment of cortical areas contrasts with our previous

experiments, which used longer light exposures. Exposures to

white light for about 21 minutes enhanced cortical responses to an

auditory attention task in widespread cortical areas (dorso-lateral

prefrontal cortex, IPS, superior parietal lobe, insula, precuneus,

anterior and posterior cingulate cortices, and superior temporal

gyrus [8]). Likewise, 18 min exposure to monochromatic blue

(470 nm) light (as compared to green (550 nm) light) increased the

responses induced by a working memory task in the left IPS,

supramarginal gyrus, MFG, and right insula [9]. Collectively,

these findings suggest that nonvisual responses require some time

to build-up in the cortex. The assessment of this time course will

require further studies characterizing the relations between photon

density, duration of light exposure, and regional brain responses.

Such studies will benefit from the methodological advances

presented in this paper, namely within-session assessment of

light-induced brain responses, which provide a fast, reliable

technique to characterize light-induced brain responses.

Because there are no direct connections between nonvisual

system and the cortex, we surmise that the light-induced

enhancement of cortical responses follows indirect pathways

involving activating subcortical structures.

Transient responses to light onsets
An unanticipated result was the responses in left hippocampus, left

thalamus, and right amygdala at light onsets of blue, relative to

green light. Such differential response was not observed in the

comparison between blue and violet lights or between violet and

green lights. These results are surprising for several reasons.

Because the visual system is most sensitive to green (555 nm) light

[15], and since light onset is a typical visual stimulus, we expected

green light to induce the greatest responses at onsets. In addition,

M- and L-cones signals were reported to elicit ON responses in

melanopsin-expressing RGC whereas S-cones were reported to

mediate OFF responses [25]. Green light should therefore increase

activity in these melanopsin-expressing RGC at light onset, and

brain responses mediated by melanopsin-expressing RGC at light

onset should be least sensitive to violet light.

Taken together, these elements suggest that melanopsin-

expressing RGC contribute most to these transient limbic and

thalamic responses to light onset. The reduced response sensitivity

to violet and green lights could be explained in two ways. The

contribution of M-cones could be considered as the weakest and

the involvement of S-cones as intermediate, or melanopsin-

expressing RGC could be deemed as the only photoreceptors

involved, with a greater sensitivity to wavelengths shorter than

473nm as compared to longer than 473 nm wavelengths. Both

assumptions could therefore suggest a shift in sensitivity between

the transient brain responses related to light onsets and the

sustained responses associated to task blocks. Accordingly, shift in

wavelength sensitivity with exposure duration and intensity has

been reported for circadian phase shift and pupillary constriction

in rodents [13,29]. However, in the brain areas showing responses

most sensitive to blue light, changes in wavelength sensitivity are

inferred based on comparisons with blue light, not on significant

differences between violet and green lights. Characterizing

duration/irradiance relationship will provide important data on

changes in the involvement of the different retinal photoreceptors

in eliciting brain responses to light.

Due to its anatomical connectivity, the amygdala is in good

position to quickly receive irradiance information. The medial

amygdala receives direct connections from melanopsin-expressing

RGC in rodents [23]. In addition, a functional pathway linking the

retina to the amygdala and bypassing the visual cortex through the

superior colliculus and thalamus has been proposed in humans

[59]. The hippocampus is connected to the amygdala [60], and

both structures receive numerous afferents from the LC [61],

a (potential) key component of nonvisual response system receiving

indirect retinal projections [35].

At present, the functional significance of the limbic responses is

unclear. However, it is tempting to suggest that blue light can

modulate emotional processing by the amygdala. These effects may

be related to the observed positive effects of long term light exposure

regimes in seasonal affective disorder as well as in other psychiatric

disorders [26]. Direct assessment of the influence of light on

emotional processing should be used o further address this question.

Our protocol is very different from those used in vision

neuroscience, because color vision investigations use isoluminant

stimuli to account for luminance and brightness brain processing

(e.g. Landisman and Ts’o, 2002; Tootell et al., 2004). The

significant difference in left LGN activity between violet and

green light onset is therefore difficult to interpret. It is unlikely that

it is related to the melanopsin-expressing RGC projections to the

LGN found in Macaques [25], since it was not found in the session

involving blue light.

Conclusion
This study is part of a series of investigations of light processing in

the entire human brain [7–9]. We demonstrate that a few tens of

seconds of light induce immediate and significant wavelength-

dependent changes in brain activity and that melanopsin-

expressing RGC seem to provide the most important contribution

to these changes. Our results also suggest specific pathways which

relay light information from the retina to different brain areas and

suggest that light can indirectly enhance cortical responses by

recruiting structures in the brainstem and thalamus.
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Figure S1 Behavioral results Mean values6SEM are plotted.
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Criteria values in the different light conditions (2 sessions per
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Figure S2 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 (arbitrary

units6SEM) in the left LGN (222 222 210).
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ACKNOWLEDGMENTS
The authors thank S. Archer, M. Boly, T.T. Dang-Vu, M. Desseilles, S.

Gais, G. Garraux, E. Lambert, S. Laureys, F. Peters, V. Moreau, C.

Schnakers, and E. Salmon for their helpful assistances and comments.

Author Contributions

Conceived and designed the experiments: PM DD GV. Performed the

experiments: GV VS GA AD CS GR. Analyzed the data: PM GV.

Contributed reagents/materials/analysis tools: EB CD AL VS GA AD CS

GR PB. Wrote the paper: PM DD GV.

REFERENCES
1. Dijk DJ, Lockley SW (2002) Integration of human sleep-wake regulation and

circadian rhythmicity. J Appl Physiol 92: 852–862.

2. Cajochen C, Munch M, Kobialka S, Krauchi K, Steiner R, et al. (2005) High
sensitivity of human melatonin, alertness, thermoregulation, and heart rate to

short wavelength light. J Clin Endocrinol Metab 90: 1311–1316.

3. Lockley SW, Brainard GC, Czeisler CA (2003) High sensitivity of the human

circadian melatonin rhythm to resetting by short wavelength light. J Clin
Endocrinol Metab 88: 4502–4505.

4. Lockley SW, Evans EE, Scheer FAJL, Brainard GC, Czeisler CA, et al. (2006)
Short-wavelength sensitivity for the direct effects of light on alertness, vigilance,

and the waking electroencephalogram in humans. Sleep 29: 161–168.

5. Munch M, Kobialka S, Steiner R, Oelhafen P, Wirz-Justice A, et al. (2006)

Wavelength-dependent effects of evening light exposure on sleep architecture
and sleep EEG power density in men. Am J Physiol Regul Integr Comp Physiol

290: R1421–1428.

6. Brainard GC, Hanifin JP, Greeson JM, Byrne B, Glickman G, et al. (2001)

Action spectrum for melatonin regulation in humans : evidence for a novel
circadian photoreceptor. J Neurosci 21: 6405–6412.

7. Perrin F, Peigneux P, Fuchs S, Verhaeghe S, Laureys S, et al. (2004) Nonvisual
responses to light exposure in the human brain during the circadian night. Curr

Biol 14: 1842–1846.

8. Vandewalle G, Balteau E, Phillips C, Degueldre C, Moreau V, et al. (2006)

Daytime light exposure dynamically enhances brain responses. Curr Biol 16:
1616–1621.

9. Vandewalle G, Gais S, Schabus M, Balteau E, Carrier J, et al. (2007)
Wavelength-Dependent Modulation of Brain Responses to a Working Memory

Task by Daytime Light Exposure. Cerebral Cortex [epub ahead of print].

10. Lucas RJ, Douglas RH, Foster RG (2001) Characterization of an ocular

photopigment capable of driving pupillary constriction in mice. Nat Neurosci 4:
621–626.

11. Thapan K, Arendt J, Skene DJ (2001) An action spectrum for melatonin
suppression: evidence for a novel non-rod, non-cone photoreceptor system in

humans. J Physiol 535: 261–267.

12. Gamlin PD, McDougal DH, Pokorny J, Smith VC, Yau KW, et al. (2007)

Human and macaque pupil responses driven by melanopsin-containing retinal
ganglion cells. Vision Res 47: 946–954.

13. Dkhissi-Benyahya O, Gronfier C, De Vanssay W, Flamant F, Cooper HM
(2007) Modeling the role of mid-wavelength cones in circadian responses to light.

Neuron 53: 677–687.

14. Cajochen C, Jud C, Munch M, Kobialka S, Wirz-Justice A, et al. (2006) Evening

exposure to blue light stimulates the expression of the clock gene PER2 in
humans. Eur J Neurosci 23: 1082–1086.

15. Buck SL (2003) Rod-cone interaction in human vision. In: Chalupa LM,
Werner JS, eds. The Visual Neurosciences. Cambridge, Massachussets, USA:

The MIT Press. pp 863–878.

16. Solomon SG, Lennie P (2007) The machinery of colour vision. Nat Rev

Neurosci 8: 276–286.

17. Provencio I, Rodriguez IR, Jiang G, Hayes WP, Moreira EF, et al. (2000) A
novel human opsin in the inner retina. J Neurosci 20: 600–605.

18. Berson DM, Dunn FA, Takao M (2002) Phototransduction by retinal ganglion

cells that set the circadian clock. Science 295: 1070–1073.

19. Melyan Z, Tarttelin EE, Bellingham J, Lucas RJ, Hankins MW (2005) Addition

of human melanopsin renders mammalian cells photoresponsive. Nature 433:

741–745.

20. Panda S, Nayak SK, Campo B, Walker JR, Hogenesch JB, et al. (2005)

Illumination of the melanopsin signaling pathway. Science 307: 600–604.

21. Qiu X, Kumbalasiri T, Carlson SM, Wong KY, Krishna V, et al. (2005)

Induction of photosensitivity by heterologous expression of melanopsin. Nature

433: 745–749.

22. Panda S, Sato TK, Castrucci AM, Rollag MD, DeGrip WJ, et al. (2002)

Melanopsin (Opn4) requirement for normal light-induced circadian phase

shifting. Science 298: 2213–2216.

23. Hattar S, Kumar M, Park A, Tong P, Tung J, et al. (2006) Central projections of

melanopsin-expressing retinal ganglion cells in the mouse. J Comp Neurol 497:

326–349.

24. Gooley JJ, Lu J, Fischer D, Saper CB (2003) A broad role for melanopsin in

nonvisual photoreception. J Neurosci 23: 7093–7106.

25. Dacey DM, Liao HW, Peterson BB, Robinson FR, Smith VC, et al. (2005)

Melanopsin-expressing ganglion cells in primate retina signal colour and

irradiance and project to the LGN. Nature 433: 749–754.

26. Wirz-Justice A, Terman M, Oren DA, Goodwin FK, Kripke DF, et al. (2004)

Brightening depression. Science 303: 467–469.

27. Hattar S, Lucas RJ, Mrosovsky N, Thompson S, Douglas RH, et al. (2003)

Melanopsin and rod-cone photoreceptive systems account for all major

accessory visual functions in mice. Nature 424: 76–81.

28. Sollars PJ, Smeraski CA, Kaufman JD, Ogilvie MD, Provencio I, et al.

(2003) Melanopsin and non-melanopsin-expressing retinal ganglion cells

innervate the hypothalamic suprachiasmatic nucleus. Vis Neurosci 20:

601–610.

29. Lucas RJ, Hattar S, Takao M, Berson DM, Foster RG, et al. (2003) Diminished

pupillary light reflex at high irradiances in melanopsin-knockout mice. Science

299: 245–247.

30. Aggelopoulos NC, Meissl H (2000) Responses of neurones of the rat

suprachiasmatic nucleus to retinal illumination under photopic and scotopic

conditions. J Physiol 523: 211–222.

31. Revell VL, Arendt J, Fogg LF, Skene DJ (2006) Alerting effects of light are

sensitive to very short wavelengths. Neurosci Lett 399: 96–100.

32. Meijer JH, Watanabe K, Schaap J, Albus H, Detari L (1998) Light

responsiveness of the suprachiasmatic nucleus: long-term multiunit and single-

unit recordings in freely moving rats. J Neurosci 18: 9078–9087.

33. Morin LP, Blanchard JH (2005) Descending projections of the hamster

intergeniculate leaflet: relationship to the sleep/arousal and visuomotor systems.

J Comp Neurol 487: 204–216.

34. Saper CB, Lu J, Chou TC, Gooley J (2005) The hypothalamic integrator for

circadian rhythms. Trends Neurosci 28: 152–157.

35. Aston-Jones G, Chen S, Zhu Y, Oshinsky ML (2001) A neural circuit for

circadian regulation of arousal. Nat Neurosci 4: 732–738.

Brain Responses to Light

PLoS ONE | www.plosone.org 9 November 2007 | Issue 11 | e1247



36. Horne JA, Ostberg O (1976) A self-assessment questionnaire to determine

morningness-eveningness in human circadian rhythms. Int J Chronobiol 4:
97–110.

37. Johns MW (1991) A new method for measuring daytime sleepiness: the Epworth

sleepiness scale. Sleep 14: 540–545.
38. Buysse DJ, Reynolds CF 3rd, Monk TH, Berman SR, Kupfer DJ (1989) The

Pittsburgh Sleep Quality Index: a new instrument for psychiatric practice and
research. Psychiatry Res 28: 193–213.

39. Beck AT, Epstein N, Brown G, Steer RA (1988) An inventory for measuring

clinical anxiety: psychometric properties. J Consult Clin Psychol 56: 893–897.
40. Steer RA, Ball R, Ranieri WF, Beck AT (1997) Further evidence for the

construct validity of the Beck depression Inventory-II with psychiatric
outpatients. Psychol Rep 80: 443–446.

41. Oldfield RC (1971) The assessment and analysis of handedness: the Edinburgh
inventory. Neuropsychologia 9: 97–113.

42. Cajochen C, Munch M, Knoblauch V, Blatter K, Wirz-Justice A (2006) Age-

related changes in the circadian and homeostatic regulation of human sleep.
Chronobiol Int 23: 461–474.

43. Braver TS, Barch DM, Kelley WM, Buckner RL, Cohen NJ, et al. (2001) Direct
comparison of prefrontal cortex regions engaged by working and long-term

memory tasks. Neuroimage 14: 48–59.

44. Akerstedt T, Gillberg M (1990) Subjective and objective sleepiness in the active
individual. Int J Neurosci 52: 29–37.

45. Grandjean D, Sander D, Pourtois G, Schwartz S, Seghier ML, et al. (2005) The
voices of wrath: brain responses to angry prosody in meaningless speech. Nat

Neurosci 8: 145–146.
46. Stockman A, Sharpe LT (2000) The spectral sensitivities of the middle- and

long-wavelength-sensitive cones derived from measurements in observers of

known genotype. Vision Res 40: 1711–1737.
47. ICNIRP (1997) Guidelines on limits of exposure to broad-band incoherent

optical radiation (0.38 to 3 microM). International Commission on Non-Ionizing
Radiation Protection. Health Phys 73: 539–554.

48. Greenwood KM (1994) Long-term stability and psychometric properties of the

Composite Scale of Morningness. Ergonomics 37: 377–383.
49. Sander D, Grandjean D, Pourtois G, Schwartz S, Seghier ML, et al. (2005)

Emotion and attention interactions in social cognition: brain regions involved in

processing anger prosody. Neuroimage 28: 848–858.
50. Kastner S, O’Connor DH, Fukui MM, Fehd HM, Herwig U, et al. (2004)

Functional imaging of the human lateral geniculate nucleus and pulvinar.
J Neurophysiol 91: 438–448.

51. Sterpenich V, D’Argembeau A, Desseilles M, Balteau E, Albouy G, et al. (2006)

The locus ceruleus is involved in the successful retrieval of emotional memories
in humans. J Neurosci 26: 7416–7423.

52. Jones BE (2003) Arousal systems. Front Biosci 8: s438–451.
53. Hankins MW, Lucas RJ (2002) The primary visual pathway in humans is

regulated according to long-term light exposure through the action of
a nonclassical photopigment. Curr Biol 12: 191–198.

54. Barnard AR, Hattar S, Hankins MW, Lucas RJ (2006) Melanopsin regulates

visual processing in the mouse retina. Curr Biol 16: 389–395.
55. Aston-Jones G, Cohen JD (2005) An integrative theory of locus coeruleus-

norepinephrine function: adaptive gain and optimal performance. Annu Rev
Neurosci 28: 403–450.

56. Saper CB, Scammell TE, Lu J (2005) Hypothalamic regulation of sleep and

circadian rhythms. Nature 437: 1257–1263.
57. Foucher JR, Otzenberger H, Gounot D (2004) Where arousal meets attention:

a simultaneous fMRI and EEG recording study. Neuroimage 22: 688–697.
58. Cabeza R, Nyberg L (2000) Imaging cognition II: An empirical review of 275

PET and fMRI studies. J Cogn Neurosci 12: 1–47.
59. Morris JS, Ohman A, Dolan RJ (1999) A subcortical pathway to the right

amygdala mediating ‘‘unseen’’ fear. Proc Natl Acad Sci U S A 96: 1680–1685.

60. Aggleton JP (1992) The amygdala: neurobiological aspects of emotion, memory,
and mental dysfunction New York: Wiley.

61. Castle M, Comoli E, Loewy AD (2005) Autonomic brainstem nuclei are linked
to the hippocampus. Neuroscience 134: 657–669.

Brain Responses to Light

PLoS ONE | www.plosone.org 10 November 2007 | Issue 11 | e1247


