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Light therapy can be an effective treatment for mood disorders,
suggesting that light is able to affect mood state in the long term.
As a first step to understand this effect, we hypothesized that
light might also acutely influence emotion and tested whether short
exposures to light modulate emotional brain responses. During
functional magnetic resonance imaging, 17 healthy volunteers
listened to emotional and neutral vocal stimuli while being exposed
to alternating 40-s periods of blue or green ambient light. Blue
(relative to green) light increased responses to emotional stimuli
in the voice area of the temporal cortex and in the hippocampus.
During emotional processing, the functional connectivity between
the voice area, the amygdala, and the hypothalamus was selectively
enhanced in the context of blue illumination, which shows that
responses to emotional stimulation in the hypothalamus and
amygdala are influenced by both the decoding of vocal information
in the voice area and the spectral quality of ambient light. These
results demonstrate the acute influence of light and its spectral
quality on emotional brain processing and identify a unique net-
work merging affective and ambient light information.

melanopsin | emotion processing | hypothalamus | functional MRI

ight therapy is the treatment of choice for seasonal affective

disorder (SAD) and is a promising treatment for other major
affective disorders (1, 2), suggesting that light can modulate mood
in the long term. To better understand this effect and because
neural networks involved in emotional behavior have been impli-
cated in mood disorders (3), we first assessed whether light can
acutely influence normal brain emotional processing. Indeed,
ambient light is known to regulate processes other than vision,
such as hormone secretion, body temperature, and sleep, but also
alertness and cognition (4-8). These nonclassical [also called
“non-image-forming” or “nonvisual” response, but see recent
findings (9)] responses to light are mediated through a nonclassical
photoreception system, which is maximally sensitive to blue light
(~480 nm), as opposed to the classical photopic luminance visual
pathways, maximally sensitive to green light (=550 nm), and
recruits the recently discovered intrinsically photosensitive retinal
ganglion cells (ipRGC) expressing the photopigment melanopsin,
in addition to rods and cones (7, 10-13).

The impact of ambient light is detected in the longer term
through the regulation of circadian rhythms (4, 7), and the benefit
of light therapy on mood has been proposed to be mediated
through a long-term circadian effect (14). However, nonclassical
responses to ambient light also result in acute physiological
changes. For example, ambient light significantly modulates on-
going cognitive brain function, including attention, working
memory, updating, and sensory processing, within a few tens of
seconds (6, 15-18). The amygdala, a core component of the
emotional brain (3, 19) that receives sparse direct projections from
ipRGC (20), is one of the brain areas acutely affected by changes
in ambient light (18). This result raises the intriguing possibility
that ambient light directly influences emotional brain processing.
Although this hypothesis may have major implications in basic and
clinical neuroscience, it has not yet been tested experimentally,

WWww.pnas.org/cgi/doi/10.1073/pnas.1010180107

and the brain mechanisms underpinning the influence of light on
emotional processing are unknown.

Here we used functional MRI (fMRI) and a validated (non-
visual) auditory emotional task to characterize such a direct effect
of ambient light exposure on brain responses to emotional stimuli.

Results

Seventeen young and healthy participants (Table S1) performed in
the morning hours a gender discrimination task on verbal but
meaningless emotional and neutral auditory stimuli (21). Common
(but not completely identical) pathways are activated regardless of
the direction of the emotional valence (22). However, our expe-
rience in the study of emotional responses is that negative valence
elicits greater responses, which are less influenced by inter-
individual variability in valence perception (23). Therefore, half of
the stimuli were pronounced with an angry negative prosody and
the other half with a neutral prosody. It is known that these neg-
ative sounds elicit larger responses than neutral ones in the voice-
sensitive area (24) of the temporal cortex and to a lesser extent in
the amygdala (25, 26). Importantly, this effect is detected even
when attention is directed toward the gender classification task
and not the emotional content. The task thus allowed us to sepa-
rate the known effect of ambient light on attention from its po-
tential influence on emotion processing.

While performing the auditory task, participants were exposed
to 12 40-s periods of monochromatic blue (473 nm) alternating
with 12 40-s periods of green (527 nm) light of equal photon
density (Fig. 1). To identify modulation of brain activity by am-
bient light, brain responses recorded during blue light exposure,
to which the nonclassical photoreception system is maximally
sensitive, were compared with the activity recorded during green
light exposure, to which the classical photopic luminance visual
pathway is maximally sensitive.

Behavior. Accuracy for the gender discrimination task was high
and was not affected by emotional or light conditions [perfor-
mance >87%; F(1,16) < 2.11; P > 0.17; Fig. 24; SI Results]. In
accordance with the literature (25), reaction times were slower for
negative relative to neutral stimuli, indicating a significant effect
of emotional valence [F(1,16) = 24.69; P = 0.001; Fig. 2B; SI
Results]. Individual ratings obtained after the fMRI sessions
confirmed that perceived valence differed between emotional and
neutral stimuli [F(1,16) = 93.69; P value < 107% Fig. 2C; SI
Results]. Importantly, reaction times were not influenced by light
conditions [F(1,16) < 1.1; P > 0.31], as expected given the short
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A fMRI (<0.01 lux)
T2 T3
1 Prosody Voige Emotion
Dim Iigh't'<5lux I I I | I | I | | | I | Localizer Judgment -
1.Is " 3 35 i !

Time (hrs) relative to scheduled wake time

B BLUE DARK GREEN DARK

to 40 60 100 120
Time (s) relative to tO (e.g. blue light onset)

Fig. 1. Experimental design. (A) General protocol. Arrow indicates pupil di-
lator administration. Time relative to scheduled wake time (h). T1 (task 1): first
fMRI task, consisting of a gender discrimination of auditory vocalizations
while exposed to alternating blue and green monochromatic ambient light
(see B for details). T2 (task 2): second fMRI task (voice localizer); its main aim
was to identify the voice-sensitive area of the temporal cortex. Participants
performed a 1-back task with the voice stimuli from task 1 (anger and neutral
pseudoword) and nonvoice white-noise auditory stimuli replicating the en-
velope (EN) or the mean of the fundamental (F0) of the original voice stimuli
from task 1. T3 (task 3): emotional judgment task performed outside the MRI
scanner, in which the emotions of all of the auditory stimuli presented in T1
were evaluated by the participants on a five-item Likert scale. (B) Detailed
experimental procedures of the gender discrimination task (T1). Time (s) rel-
ative to 10, a time point arbitrarily chosen as a blue light onset of the session.
Monochromatic [blue (473 nm) or green (427 nm)] ambient light exposures
lasted 40 s and were separated by 15- to 25-s periods of darkness (mean du-
ration, 20 s). Anger (red bars) and neutral (white bars) prosody vocalizations
(meaningless word-like sounds; half neutral, half anger) were pseudorandomly
and evenly administered in each light condition throughout the entire session
(interstimuli interval, 3-11's; mean, 4.8 s).

duration of light exposures and the low intensity used in the
present experiment (6). Critically, the effects of ambient light on
ongoing brain activity can be detected with minimal exposures, so
that behavioral differences do not confound neural responses (6).

Functional MRI. We first considered brain responses associated
with the specific time point (“event™) corresponding to light onsets.

A

20

% correct responses
D
o

o

1600

1400

1200

reaction times (ms)

1000

neutral angry

Fig. 2. Behavioral results. (A) Accuracy for the gender discrimination task
(task 1) (mean + SD). (B) Reaction times during the gender discrimination
task (task 1) (mean + SD). (C) Emotional judgment of the neutral and anger
voice stimuli made by the subjects during task 3 (i.e., after the fMRI pro-
cedure and outside the MRI scanner) (mean + SD). *P < 0.001.
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Confirming our previous findings (18), responses in the right
amygdala significantly differed between blue and green light onsets
(Fig. 34 and Table 1). This differential response was primarily
related to response adaptation across the session (i.e., across the
12 light exposures) (Fig. 3C). The average response to light onset
averaged across the 12 exposures did not differ between light
conditions (Fig. 3B). A composite representation of the average
response and its evolution shows that the amygdala responses to
blue light onsets were high at the beginning of the scanning session
and monotonically declined throughout the session, indicative of
a habituation process, whereas responses remained mostly un-
changed for green light onsets (Fig. 3D).

We then considered the impact of the emotional valence of the
stimuli on brain activity. This also confirmed our findings (25) that
negative voices triggered stronger responses (compared with
neutral ones) in the right inferior frontal cortex and in bilateral
superior temporal gyri (STG) within the voice-sensitive area in-
dependently identified during a separate voice-localizer fMRI
session (Fig. 14, Table 1, and Fig. S1) (25, 26). No significant
impact of the emotional condition was detected in the amygdala,
but this is in line with the observation that response to emotional
response in the amygdala is weaker in the auditory than in the
visual modality (26).

Critically, when considering the impact of ambient light con-
dition on emotional stimuli processing, brain responses elicited by
angry voices were enhanced under blue compared with green light
exposure bilaterally in the voice-sensitive area of the temporal
cortex and in the hippocampus (Fig. 4 A and B and Table 1). In
contrast, no brain responses to emotional voices were significantly
increased under green (vs. blue) ambient light. Likewise, no sig-
nificant difference between blue and green ambient light expo-
sures was observed for neutral stimuli, and the sex of the
participants did not significantly influence the results (SI Results).

We then conducted psychophysiological interaction (PPI)
analyses to assess changes in functional connectivity dependent
on ambient light condition. In short, PPIs test for condition-
dependent modulations of functional connectivity by assessing
the impact of experimental conditions (i.e., blue vs. green light
exposure) on the regression between the activity time course in
a seed region and that of any other brain area (27). We detected an
increased functional connectivity between the voice-sensitive area

Light ON Light ON x time
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Fig. 3. Differences in responses to blue and green light onsets in the right
amygdala. (A) Statistical results for the blue > green onset contrast modu-
lated by time, overlaid on the population mean structural image (Puncorrected
< 0.001). (B) Mean activity estimates [arbitrary units (a.u.) + SEM] of the
constant component of the brain responses associated with blue and green
light onsets across the entire session; difference between conditions is
nonsignificant (ns). (C) Estimates of the linear change component (a.u. +
SEM) of the brain responses associated with blue and green light onsets
across the entire session, showing a significant (*) negative component for
blue light onsets, suggesting an adaptation of amygdala responses with
time. (D) Composite of both components showing the evolution of the
responses to the 12 blue and green light onsets of the session.
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Table 1. Significant fMRI results

z P

Brain areas Side X, Y,z score value

Blue light onset > green light onset, modulated by time
Amygdala*® R 16,-8,-26  3.25
Anger > neutral

0.048

Superior temporal gyrus/sulcus* R 58, -2, -8 454 0.001
R 68, —20, 2 4.32 0.001
R 56,4, -14 3.82 0.007
L -64,-22,4 3.43 0.022
L -54,-28,6 3.39 0.025
L -52,-20,0 3.21 0.039
Inferior frontal gyrus/sulcus® R 44,322 3.67 0.011

Anger x (blue > green)?

Superior temporal sulcus* L -56,-12,-18 4.40 0.001
R 70, -30, 0 3.81 0.017
L -56,-24,-4 3.57 0.015
R 68, —34, 0 3.48 0.018
R 68, —28, 4 3.47 0.019
R 68, —14, -6 3.36 0.025
Hippocampus® R 28, —24, -14 3.50 0.017
L -26,-24, -14 333 0.027
PPl with left STG/S: anger x (blue > green)II
Amygdala L -20,-16, -28 3.99 0.028
Hypothalamus R 2, -6, =20 3.31 0.033
PPI with right STG/S: anger x blue**'"
Hypothalamus L -2,-6,-16 3.21 0.045

R, right; L, left; STG/S, superior temporal gyrus/sulcus.
*Cluster not affected by an inclusive mask (P = 0.001) of the (light onset x
blue x time) contrast, indicating that the light condition effect was driven by
blue light onset x time.
TClusters not affected by an exclusive mask (P = 0.05) of the (light onset x
green x time) contrast, indicating that the light condition effect was not
driven by green light onset x time.
*peak voxel surviving an inclusive mask (P = 0.001) of the (voice stimuli > EN)
or (voice stimuli > F0) contrasts of the voice localizer session (task 2), thus
showing voice-sensitive response.
SClusters not surviving an inclusive mask (P = 0.001) of the (voice stimuli >
EN) or (voice stimuli > FO) contrasts of the voice localizer session (task 2), thus
outside voice-sensitive regions.
TClusters not affected by an exclusive mask (P = 0.05) of the [neutral x
(blue > green)] contrast, indicating that the light condition effect was spe-
cific to the emotional (angry prosody) stimuli.
Iciusters not affected by an exclusive mask (P = 0.05) of the [PPI with the left
STS x neutral x (blue > green)] contrast, indicating that the light condition
effect on functional connectivity was specific to the emotional (angry pros-
ody) stimuli.
**Cluster not affected by an exclusive mask (P = 0.05) of the (PPl with the
right STG X anger x green) contrast, suggesting that the effect is specific to
the blue light condition.
Cluster not affected by an exclusive mask (P = 0.05) of the (PPl with the
right STS x neutral x blue) contrast, indicating that this effect was specific to
the emotional (angry prosody) stimuli.

of the left STG and both the left amygdala and a hypothalamic
area, selectively for the processing of angry voices in the context of
ambient blue light exposure, relative to ambient green light ex-
posure (Fig. 4C and Table 1). Similarly, the functional connectivity
between the right STG and the same hypothalamic area was sig-
nificant during the presentation of angry voices under ambient
blue but not under ambient green illumination.

Finally, the protocol included two irradiance levels that were
applied to both blue and green light exposures (Methods). Irra-
diance was not the primary focus of the present research, and only
two low irradiance levels were investigated. Statistical analyses did
not reveal any compelling effect of irradiance (Table S2), and it
seems unwise to derive from the present data a reliable charac-
terization of the impact of irradiance on regional brain responses.

Vandewalle et al.
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Fig. 4. Impact of the the wavelength of the ambient illumination context
on the brain processing of emotional auditory stimuli. (A) Significant dif-
ferences between blue and green monochromatic ambient light exposures
in the modulation of the brain responses associated with anger prosody
stimuli. Yellow lines indicate voice-sensitive regions activated during the
voice localizer (task 2). Dotted lines refer to the functional connectivity
analysis (see C). Statistical results are overlaid to the population mean
structural image (Puncorrected < 0.001). 1, left hippocampus; 2, right hippo-
campus; 3, left superior temporal gyrus; 4, right superior temporal gyrus. (B)
Mean activity estimates [arbitrary units (a.u.) = SEM] of the brain responses
associated with anger prosody during blue and green ambient illumination
contexts. (C) Increased functional connectivity with voice-sensitive regions
for anger prosody under blue vs. green monochromatic ambient light ex-
posure. Dashed lines/circles indicate higher functional connectivity between
left superior temporal gyrus and (5) the left amygdala and (6) the hypo-
thalamus (anterior to the mammilary bodies, posterior to the infundibulum)
under blue relative to green ambient light exposure, and increased func-
tional connectivity between the right superior temporal gyrus and (6) the
hypothalamus (anterior to the mammillary bodies, posterior to the in-
fundibulum) under blue but not under green ambient light.

Discussion

These original results demonstrate that ambient light and its
spectral quality influences the brain processing of emotional
stimuli. Blue (relative to green) light increased responses to emo-
tional stimuli in the voice area of the temporal cortex and in the
hippocampus. Furthermore, in the context of blue illumination,
emotional processing was associated with an enhanced functional
coupling between the voice area, amygdala, and hypothalamus.
These effects were detected in the absence of behavioral bias and
were not significantly influenced by the sex of the participants.
As in our previous research (18), we reported an impact of the
ambient light condition for the onsets of the light exposure, which
occurred only once per minute and, critically, were independent
of the ongoing task. We interpret this result as an initial high
responsiveness to blue light onsets, which decrease with time
owing to the habituation process in the emotional system (22).
Although the auditory task did not explicitly engage declarative
memory, the hippocampus, which is also involved in fear condi-
tioning (19), was recruited by the auditory emotional task and
significantly more so in the context of ambient blue light exposure
relative to green light exposure. Significant activity modulations
induced by ambient light were already reported in the hippo-
campus at the onset of blue light or after bright white light while
participants were engaged in attentional processes (16, 18).
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We surmise that ambient light indirectly influences the hippo-
campus through projections from the amygdala (28) and brain-
stem nuclei (29).

As compared with green light, ambient blue light also amplified
responses triggered by vocal emotional stimuli in the voice-sensitive
area of the temporal cortex. To assess the potential mechanisms by
which light can modulate responses in the voice-sensitive area, we
tested whether its functional connectivity with the rest of the brain
during emotional processing changed as a function of the light
condition. Results revealed strengthened functional interactions
under ambient blue light exposure between the voice-sensitive area,
amygdala, and hypothalamus, which constitute critical areas in
emotional and light irradiance information processing. In other
words, the responses of the amygdala and hypothalamus to an anger
prosody stimulus were linearly dependent on the response in the
voice-sensitive area in the context of blue relative to green ambient
light exposure. These measures of functional connectivity suggest
therefore that through their extensive recurrent connections (28),
the temporal cortex and the amygdala interact more strongly to
process emotional stimuli in the context of blue rather than green
ambient light exposure, thereby instantiating the interaction of light
irradiance signal and affective signals.

Functional connectivity changes were mainly apparent in the left
hemisphere, in line with the known difference in response dy-
namics in the left and right amygdala (22). Adaptation is known to
occur much faster in the right than in the left amygdala (22), po-
tentially explaining why we did not detect sustained responses to
vocal stimuli in the right amygdala in any ambient light condition.

Anatomical connectivity could easily support rapid responses
to light in the amygdala, with preferential reaction to blue light.
First, the amygdala receives sparse direct inputs from ipRGCs
(20). Second, the amygdala also receives indirect retinal inputs
through the superior colliculus and pulvinar (30), as well as via
other brainstem nuclei (28), and we previously reported a greater
sensitivity to blue light of the responses of the thalamus (including
in the pulvinar) and brainstem related to auditory cognitive tasks
(17, 18). Only brain areas significantly involved in the processing
of the vocal stimulation and affected by the light and emotional
conditions could be detected in our event-related analyses.
Therefore the brainstem or the pulvinar could convey light signal
without being detected in the present analyses.

A number of hypothalamic nuclei are located in the surround-
ings of the detected hypothalamic area, including the ventromedial
(VMH) and part of the dorsomedial (DMH) hypothalamus. The
amygdala is in a position to control the expression of fear
responses through its direct inputs to the paraventricular nucleus
and the lateral hypothalamus (19), both receiving direct and in-
direct inputs, respectively, from the DMH and VMH (31). The
hypothalamus is known to receive few inputs from auditory tem-
poral cortex, although auditory inputs can reach it by polysynaptic
routes involving the amygdala (19, 32). The present study there-
fore strongly suggests that, through its structural and functional
connectivity, the hypothalamus is a potential site of convergence
for emotional (19, 33) and ambient light information (4, 6).

The wavelengths used in the present protocol were chosen
according to the spectral sensitivity of the classical photopic lu-
minance visual pathways and of the nonclassical (melanopsin-
based) photoreception system, in an attempt to separate their
respective influence. However, several mechanisms can be con-
templated to explain the spectral influence of ambient light on
emotional brain processing. First, the fact that light of shorter
wavelength triggered significant modulations of brain activity is an
argument in favor of the involvement of the nonclassical photo-
reception system (4, 6, 10, 11). In addition, we are reporting light
modulation of brain responses elicited by auditory stimuli mo-
dality, which are in essence nonvisual. To our knowledge there is
no evidence that visual responses to light| modulate brain
responses associated with a gender classification of auditory vocal

19552 | www.phas.org/cgi/doi/10.1073/pnas. 1010180107

events in the context of constant diffuse light exposures. Finally, we
report sustained responses that span several tens of seconds,
whereas visual response are typically transient and time-locked to
changes in visual signal at the levels of photoreceptors (10, 34) or
neural ensembles of the occipital cortex (35). For these reasons, we
favor the implication of the nonclassical photoreception system in
our effect. However, this interpretation would entail a significant
influence of irradiance. The present data do not allowed us to re-
liably characterize the impact of irradiance on regional brain
responses, and our hypothesis shall await new experimental data to
be firmly confirmed.

Second, visual mechanisms could be responsible for the
reported effects. For instance, the prevailing preference to blue
hues in the general population could have contributed to the
differential responses between blue and green light exposures
(36). However, performance on detail-oriented visual tasks (i.e.,
tasks that, as in our experiment, require focused and careful at-
tention) is enhanced by red, relative to blue hues (37). In contrast,
blue, compared with red hues, seems to increase creativity and
innovation (37). On the basis of these results (which did not in-
clude green), one would therefore expect a larger impact for
colors associated with longer wavelengths (i.e., green) in our ex-
periment, whereas the contrary was observed in our experiment.

Third, color opponency recruits retinal and cerebral mecha-
nisms (38) that seem to participate in the nighttime suppression of
melatonin secretion by light (39) or in pupillary constriction (40)
when exposed to polychromatic light. Similar effects might have
taken place in the present experiment, although the alternation of
both monochromatic light exposures and the 20 s of darkness
between the exposures potentially reduce the influence of color
opponency in our results.

It is even more challenging to assign the reported effects to the
recruitment of specific photoreceptors. All retinal photoreceptors
are probably involved in the effect we describe (11, 13, 41, 42), and
we have no means to isolate the contribution of any of them.
Melanopsin-expressing ipRGCs play a key role in nonclassical
responses to ambient light exposure. Their maximal sensitivity
(460-480 nm) is close to the peak wavelength of blue light (473
nm) used in the present experiment, and the light levels we used
are compatible with the threshold identified in rodents for their
recruitment (43). Our results are therefore compatible with the
contribution of melanopsin-expressing ipRGC. In rodents, rods
also mediate nonclassical effects of light, at irradiance levels
higher than previously expected (43, 44). Their contribution
cannot be ruled out, although their maximal sensitivity (505 nm) is
intermediate between the blue and green (527 nm) lights used in
the present experiment, reducing their potential influence. We
cannot exclude a potential contribution of short-wavelength cones
(S-cones), maximally sensitive to ~420-nm wavelength, which
have been integrated in previous models of the nonclassical im-
pact of ambient light (45) and shown to send input to some ipRGC
(34). Finally M- and L~ cones (maximally sensitive to #530 nm and
~560 nm, respectively), as well as S-cones, could have contributed
through the putative color opponency mechanism already men-
tioned. Novel experimental designs are required to evaluate the
respective impact of the visual or nonclassical photoreception
systems and of the different retinal photoreceptors in the modu-
lation of emotional brain responses.

As a whole, our results support the view that ambient blue light
promotes affective arousal and associated mnemonic processing,
which may favor a rapid turnover of limbic reactivity to emotional
challenges, and thus could participate in a rapid behavioral ad-
aptation to the environment (6). Emotional responses are acute
transient phenomena triggered by external stimulations, whereas
mood is a sustained emotional state. Changes or alterations in
mood, such as in mood disorders, modify emotional brain responses,
whereas responses to emotional stimuli can have a great impact on
(subsequent) mood (3). Importantly, mood disorders, such as major
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depressive disorders and bipolar disorders, are characterized by
altered structural or functional changes in areas involved in emo-
tional processing, such as the amygdala, hypothalamus, and hip-
pocampus (3), and we observed an impact of ambient light exposure
on responses related to auditory emotional stimulation of these
areas. By strengthening emotional brain reactivity in these areas,
ambient blue light in the responses of the thalamus (including in
the pulvinar) and in the brainstem related to auditory cognitive tasks
might promote accurate and contrasting responses to emotional
signals, which could ultimately enhance efficient mood regulation
processes. In fact, recent reports showed that prolonged darkness
or lack of light in rodents induces a depression-like state associated
with structural brain changes (46), whereas complete blindness in-
creases depression risk (47). Likewise, long-term changes in ambi-
ent light daily profile, such as light therapy, seem to restore normal
mood regulation (1, 2), and the spectral composition of light
changes across the seasons (48). Interestingly, blue-enriched light
seems to be equally effective as (visually) brighter white light in the
treatment of SAD (49), and a polymorphism in the melanopsin
gene has recently been associated with SAD (50).

Collectively, the data show that the spectral composition of
ambient light influences the processing of emotional stimuli, with
a superiority of blue light in recruiting a network merging affective
and ambient light information. For auditory (voice) stimuli, this
circuit involves the amygdala, the voice-sensitive area, and the
hypothalamus. Although acute effects of ambient light on emo-
tional processing might differ from its longer-lasting effects on
mood, the present findings in healthy subjects may have important
implications for our understanding of the mechanisms by which
changes in lighting environment improve mood not only in mood
disorders using light therapy (1, 2) but also in the general pop-
ulation using blue-enriched light in the work environment (51).
Although traditionally these effects of light were thought to be
related to changes in circadian rhythm parameters, such as the
timing of the melatonin rhythm, our data suggest that they could
also depend on brain mechanisms that can swiftly modify brain
emotional processing, potentially through (melanopsin-based)
nonclassical photoreception.

Methods

More details are presented in S/ Methods.

Subjects. Participants were right-handed, young, and healthy (n=17; 9 female;
age 20-26 y; Table S1). They gave their written informed consent, and the
study was approved by the local ethics committee. A semistructured inter-
view (including questionnaires) established the absence of addiction and
medical, psychiatric, and sleep disorders, as well as auditory impairments
and color blindness. Volunteers followed a regular sleep schedule during the
7-d period preceding the laboratory experiment (verified using actigraphy
and sleep diaries).

Experimental Protocol. Participants arrived in the laboratory 1.5 h after
waking up and were maintained in dim light (<5 Ix) for 1.5 h (Fig. 1A). They
were scanned during two consecutive sessions. During the first session (24
min), subjects were exposed to 40-s periods of monochromatic illumination,
alternating between blue (473 nm) and green (527 nm) light, separated by
15- to 25-s periods of darkness (<0.01 Ix; T1; Fig. 1 A and B). Each wavelength
was presented 12 times. The second session (12 min) was conducted in near
complete darkness (<0.01 Ix; T2; Fig. 1A).

Auditory Stimuli. The 262 auditory stimuli used were produced by eight
professional actors (four female) and taken from a validated database (21).
To avoid semantic processing, we used three different tokens of nonsense
syllable sequences (pseudowords: “goster,” “niuvenci,” and “figotleich”)
extracted from meaningless sentence-like utterances. These voice stimuli
expressed anger or neutral prosody, as validated by extensive behavioral
assessments (21) and in previous experiments (25, 26). Male and female
speakers were equally counterbalanced across emotional conditions (anger,
neutral) and across token types. Each token was equally represented in each
emotional condition (anger, neutral). Stimuli were matched in terms of
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duration (750 ms) and mean acoustic energy to avoid loudness effects. For
the second task we created two additional sets of white-noise stimuli
matched for the amplitude envelope (EN) and the fundamental frequency
(FO) of each of the vocal stimuli in task 1.

Task 1: Main Task. Participants were required to use a keypad to indicate the
gender of the person pronouncing each token. They were not told that the
stimuli were pronounced with negative or neutral prosodies.

Task 2: Voice Localizer. This task was conducted to confirm that differential
emotional effects on brain activity in task 1 were driven by vocal prosody
rather than being related to low-level acoustic features. Voice stimuli of task
1, FO, and EN were presented in separate blocks, during which participants
indicated on an MR-compatible keypad whether the current auditory stim-
ulus was identical to the preceding one (1-back task).

Task 3: Emotional Judgment. After the fMRI sessions and while they were
outside the scanner, participants were asked to evaluate the emotional va-
lence of each stimulus heard in session 1 on a five-item Likert scale, including
three negative rates (-3, —2, —1), a neutral rate (0), and a positive rate (+1).

Light Exposure. In accordance with our previous studies (17, 18) and work of
others (4, 5, 7), the photon densities of the two monochromatic light
exposures were identical to allow the assessment of the relative contribution
of the photoreception system maximally sensitive to each wavelength.
However, in an attempt to extend the validity of our previous investigations,
we used two photon densities in all subjects so that half of the blue and
green exposures were set at 7 x 10'% and the other half at 3 x 10" photons
per cm? per s [instead of using 10'3 (18) or 3 x 103 (17) photons per cm? per s
for all exposures]. At these levels, nonclassical responses at night and during
the day depend on the wavelength of the light exposure (4, 5, 7, 17, 18).

In each 40-s period of monochromatic light exposure, three to four angry
prosody stimuli and three to four neutral prosody stimuli were presented in
a pseudorandom order. A total of 90 stimuli (50% anger; 50% neutral) were
distributed across the two wavelengths (i.e., a total of 180 distinct voice
stimuli). For each wavelength, stimuli were equally distributed across the two
photon densities (50% angry; 50% neutral). Each of the 24 darkness periods
separating each light exposure contained three to four stimuli for a total of
82 stimuli (50% of angry prosody).

fMRI Data Acquisition. Functional MRI time series were acquired using a 3T MR
scanner (Allegra; Siemens). Multislice T2*-weighted fMRI images were
obtained with a gradient echo-planar sequence using axial slice orientation
(32 slices; voxel size, 3.4 x 3.4 x 3 mm? with 30% of gap; matrix size, 64 x 64
X 32; repetition time, 2,130 ms; echo time, 40 ms; flip angle, 90°). Structural
T1-weighted brain images were also acquired.

fMRI Data Analysis. Functional volumes were analyzed using Statistical
Parametric Mapping (SPMS5; http:/www.fil.ion.ucl.ac.uk/spm). They were
corrected for head motion, spatially normalized, and smoothed. The analysis
of fMRI data was conducted in two steps, accounting respectively for fixed
and random effects.

For task 1, linear contrasts tested (/) wavelength effects (blue vs. green) on
brain responses to light onset; (ii) wavelength effects (blue vs. green) on the
brain responses to light onset modulated by time; (i) main effect of emotion
(anger vs. neutral stimuli, irrespective of light condition); (iv) wavelength
effect (blue vs. green) on brain responses to anger prosody; and (v) wave-
length effect (blue vs. green) on brain responses to neutral stimuli. The same
contrasts (except iii) were computed with irradiance as factor (S/ Results). For
task 2, two contrasts of interest identified difference in activations between
the voice stimuli and (/) EN and (ii) FO. The resulting set of voxel values for
each contrast constituted maps of the t statistics thresholded at Py,correctea =
0.001. Statistical inferences were performed after correction for multiple
comparisons at a threshold of P=0.05. A description of the PPl analyses can be
found in the S/ Methods.
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