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Abstract: The idea that light affects mood and behavioral state is not new. However, not much is
known about the particular mechanisms and circuits involved. To fully understand these, we need
to know what properties of light are important for mediating changes in mood as well as what
photoreceptors and pathways are responsible. Increasing evidence from both human and animal
studies imply that a specialized class of retinal ganglion cells, intrinsically photosensitive retinal
ganglion cells (ipRGCs), plays an important role in the light-regulated effects on mood and behavioral
state, which is in line with their well-established roles in other non-visual responses (pupillary
light reflex and circadian photoentrainment). This paper reviews our current understanding on the
mechanisms and paths by which the light information modulates behavioral state and mood.
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1. Introduction

Light is a powerful multifaceted stimulus; aside from supporting vision, light also affects a
range of physiological and behavioral aspects. Well established among the so-called non-visual (NV)
responses are circadian photoentrainment, pupillary light reflex and light regulation of sleep propensity.
However, in the last decade, there has been growing evidence that light responsiveness extends to
fundamental aspects of mood, behavior and performance. Functional imaging and psychometric
assessments indicate that light can affect mood, alertness/attention and cognitive performance in
humans [1]. These effects are typically described as being most effectively elicited by ‘brighter’
and ‘bluer’ lights and have thus been described first as primarily responses to changes in ambient
illumination, and second, as likely to originate with a particular class of retinal neurons so-called
intrinsically photosensitive retinal ganglion cells (ipRGCs). ipRGCs have the extraordinary capacity
of responding to light directly thanks to their expression of the photopigment melanopsin (as well
as performing the conventional ganglion cell function of acting as a conduit for signals originating
in rods and cones). Recent studies in mice have started to elucidate the mechanisms and circuits for
mediating these light effects driven by ipRGCs.

Understanding how light affects mood has a direct practical implication on the health and
well-being of people, especially now more than ever given that people spend most of their time
indoors exposed to artificial lighting of various qualities that can be controlled. Moreover, useful new
perspectives on the control of mood by understanding the mechanisms of light input may gain deeper
insights into the general control of mood and reveal new therapeutic approaches for mood disorders.

2. Non-Conventional Retinal Ganglion Cells—ipRGCs

For decades, rods and cones were thought to be the only light detectors in the mammalian
retina. The discovery of a third class of photoreceptors started when mice lacking conventional
photoreceptors due to the naturally occurring rd/rd mutation were found to be still capable of circadian
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photoentrainment [2–4]. In addition, it was shown that rodless and coneless mice retained a pupillary
light reflex [5] and regulation of pineal melatonin synthesis [6]. Finally, a small group of retinal
ganglion cells (RGCs) that innervate the suprachiasmatic nucleus (SCN) was identified to be directly
light responsive [7,8] thanks to the photopigment melanopsin [9,10]. Accordingly, triple knock out
mice (mice lacking rods, cones, and melanopsin) were shown to be blind and incapable to photoentrain
or constrict their pupils [11]. This new class of melanopsin-expressing RGCs was named as intrinsically
photosensitive retinal ganglion cells (ipRGCs).

ipRGCs represent a small fraction of the total RGC population, comprising <5% of all RGCs.
ipRGCs are not a uniform population of cells as first thought. Currently, there are six known subtypes
of ipRGCs, M1–M6, primarily identified according to differences in their morphology and the brain
regions they project to [12,13]. M1 was the first subtype to be characterized, with the highest level
of melanopsin expression and therefore highest sensitivity to light. They are the smallest, and their
dendrites stratify in the outer inner plexiform layer (IPL) (also known as the OFF sublamina of the
IPL). M2, M4, and M5 cells are larger and stratify in the inner (ON) sublayer of the IPL. M3 cells
are bistratified with dendrites in both the ON and OFF sublamina of the IPL [12]. The M1 subtype
of ipRGC can be further divided based on the expression of the basic helix–loop–helix transcription
factor (Brn3b). Brn3b, a POU domain transcription factor (also known as POU4F2), has important
roles in RGC differentiation and axonal outgrowth as well as survival [14,15], and is used for cell type
specification within the RGC population [16]. In contrast, M2–M5 cells all express Brn3b. Recently
discovered M6 cells are small-field bistratified photosensitive Cdh3-GFP+ cells found in a mouse
model where the expression of GFP (green fluorescent protein) is under the control of the promoter for
cadherin-3 [13].

ipRGC subtypes also differ in the brain areas they project to, and therefore the functions they
support. M1 cells project to the suprachiasmatic nucleus (SCN), the shell of the olivary pretectal nucleus
(OPN), the intergeniculate leaflet (IGL), and the lateral geniculate nucleus (vLGN) as well as to limbic
and other nonvisual thalamic nuclei such as the medial amygdala and peri-habenular region (pHb) [17].
Non-M1 ipRGCs project to the SCN, but also to the core of the OPN, to mood- and pain-modulating
regions such as the periaqueductal gray (PAG) and amygdala, and to traditionally visual brain areas
such as the dorsal LGN (dLGN) and the superior colliculus (SC) [12,18–21]. Brn3b-positive M1 cells
project to the OPN and are essential for driving the pupillary light reflex [22]. Brn3b-negative M1
ipRGCs project to the SCN and are enough to drive circadian photoentrainment [22]. In addition,
the ventrolateral preoptic nucleus (VLPO) is a hypothalamic area implicated in sleep induction,
which receives input only from Brn3b-positive ipRGCs [23]. M6 projections are found in dLGN,
while their projections in OPN, IGL, and vLGN are shared with the M5 subtype [13].

3. Circadian Rhythm and Mood

The most potent impact of light on physiology and behavioral state comes from its regulation
of circadian rhythms. Mammalian physiology and behavior are coordinated by circadian clocks into
rhythms that are synchronized with the light–dark cycles of a 24-hour solar day. These molecular clocks,
based on interlocked transcription/translation feedback loops, are present in most cells throughout the
body and are synchronized by a ‘master’ clock located in the suprachiasmatic nucleus (SCN) of the
hypothalamus [24]. This endogenous clock is self-sustained even in the absence of external stimuli,
but can be entrained to light–dark cycles in a process called photoentrainment.

A change in the timing of the light–dark cycle (e.g., light exposure at night time) will result in a
phase shift of circadian rhythms. Many behavioral and physiological functions such as sleep–wake
regulation, hormone secretion, and thermoregulation vary across the light–dark cycle coordinated with
the circadian rhythm, therefore, it is not surprising that a disruption of circadian rhythm can impact
gross physiology and behavior.



Clocks&Sleep 2019, 1 321

For years, there has been a clear connection between circadian rhythms and mood. In fact,
most people who suffer from mood disorders are shown to have significant disruptions in their
circadian rhythms and the sleep/wake cycle [25–27]. Environmental disruptions to circadian rhythms
such as shift work, travel across time zones, and altered sleep–wake cycles tend to have strong
effects on mood and mental illness [28–30]. There could be more than one way in which circadian
disruption affects mood. SCN and the circadian genes are involved in the regulation of immune
function, monoamine transmission, neurogenesis, and metabolism [31]. It is also possible that
circadian rhythms can affect mood and the behavioral state via SCN connections to the mood
regulatory centers. The SCN receives direct input from the retina and then sends signals via direct and
indirect projections throughout the brain to various regions involved in the regulation of mood and
behavioral state including the paraventricular nucleus of the hypothalamus (PVN) [32], dorsomedial
hypothalamus [33], paraventricular nucleus of the thalamus [34,35], arcuate nucleus [36], bed nucleus
of the stria terminalis [37], lateral habenula [38], locus coeruleus [39,40], and the dorsal raphe [27,41].
The SCN also regulates the hypothalamo-pituitaryadrenal (HPA) axis via PVN [42]. Circadian
disruptions are often accompanied by HPA axis dysregulation, and glucocorticoid hormones have
complex effects on many systems including the brain and the immune system [43,44].

4. Direct Effects of Light on Mood and Behavioral State

Although circadian clocks are self-sustained, a change in the timing of the light exposure
will result in a phase-shift of circadian rhythms. Therefore light can indirectly affect overall
physiology and behavioral state. However, light can also have more direct effects on physiology
and behavior. Recent studies in humans showed that light could trigger physiological changes (the
heart, and thermoregulation) within a minute of exposure [45], while functional imaging revealed the
effects of light on the limbic structures (amygdala and hippocampus) within seconds of exposure [1,46].
Moreover, growing evidence suggests that artificial light exposure at night time and/or particular
spectral compositions of the light have direct effects on mood and behavioral state. Functional imaging
and psychometric assessments in both the laboratory and field indicate that light can affect mood,
alertness/attention, waking EEG, and cognitive performance in people [1,46–59].

4.1. Melanopsin and ‘Blue’ Light

With the discovery of ipRGCs and their function in non-visual (NV) responses (pupillary light
reflex, circadian photoentrainment, and sleep propensity), the idea that these photoreceptors could
drive other NV responses arose. To test this hypothesis, the effects of monochromatic lights were
examined, particularly that of the ‘blue’ light. The rationale behind using the blue monochromatic light
was that melanopsin, a photopigment of ipRGCs, has a peak sensitivity in the blue spectrum of the
visible light (479 nm for human and 484 nm for mouse melanopsin) [60]. In addition, a monochromatic
light in the green spectrum is often used as the excitatory for conventional photoreceptors (medium
wavelength cones, M-cones have a peak sensitivity at 508 nm in mice and 535 nm in humans; and long
wavelength cones; L-cones have a peak sensitivity at 565 nm in humans [61], Figure 1). Studies
in humans when comparing the effects of blue (460 nm) and green (550/555 nm) light exposures
have revealed greater responses to ‘blue’ light for acute suppression of melatonin secretion, increase
of body temperature and heart rate, and the reduction of subjective sleepiness with an increase in
alertness [55,57]. These studies thus suggest that blue light (460 nm), which better activates ipRGCs,
has more alerting effects than green light (550/555 nm) [62].
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Figure 1. Relative sensitivity curves for all of the opsins present in the mouse (A) and human (B)
retina. Note the limitation of using blue light (~470 nm) to excite melanopsin only (λmax~480 nm);
although there is significant overlap with the melanopsin peak sensitivity, this light also excites other
photoreceptors to different extents.

Although mice are nocturnal animals, unlike humans who are diurnal, multiple lines of evidence
suggest that light can also have alerting effects on mice [63,64]. Mouse models are invaluable assets for
studying light-mediated effects on behavioral state to allow the assessing of particular circuits and
identifying mechanisms of action with the development of new tools and technology for manipulating
distinct cell types. Using light to selectively activate a particular photoreceptor class has intrinsic
limitations as light will inevitably also activate other photoreceptor classes (Figures 1 and 2A). One way
to exclusively activate ipRGCs is with chemogenetics. Chemogenetics have been successfully used
to address specific questions about the roles of ipRGCs in visual and NV responses [63,65–67]. In a
light-independent study, the Gq-coupled chemogenetic tool hM3Dq, which reliably induces the
depolarization of neurons upon the administration of clozapine N-oxide [CNO] [68], was expressed
only in ipRGCs. This allowed for the mimicking of the excitatory effect of light for ipRGCs without
producing any other visual experience and thus stimulating any other photoreceptors in the retina.
This selective activation of ipRGCs induced alerting and anxiety-like behavior in mice, similar to the
effects of bright light on wild type mice [63]. Further demonstration that this response is retained
in rodless and coneless mice and is lost in melanopsin knockouts confirmed that an increase in
alertness is a natural light response for which ipRGCs are both necessary and sufficient [63]. Behavioral
results are in agreement with c-Fos mapping performed after the chemogenetic activation of ipRGCs,
which revealed the activation of brain regions involved in the regulation of mood and behavioral state,
typically active during wakefulness and arousal (Figure 2B) [63].

Therefore, the simplest current model would be that changes in behavioral state are elicited
by increases in ambient illumination encoded by ipRGCs. However, there is also evidence that the
situation is more complex. Pilorz and colleagues reported that while blue light (~470 nm) increased
arousal, green light (530 nm) induced sleep in mice [64]. This remarkable wavelength dependence was
interpreted in terms of the differences in the efficiency with which the various mouse photoreceptors
responded to light at these two wavelengths (Figure 1). Thus, as cones are more sensitive than
melanopsin to 530 nm, one interpretation of these data is that cones drive sleep and melanopsin
drives arousal. However, alternative possibilities are that responses to both stimuli originate with
melanopsin, with ‘dimmer’ light (in this case represented by the less favored wavelength) producing
sleep and brighter light, arousal; or with cone-based assessments of stimulus color [69]. In any event,
the observation that visual stimuli can have quite opposite behavioral effects matches previous evidence
that light can enhance sleep in mice [70].
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Figure 2. ipRGC pathways for mood regulation in mice. (A) Schematic presentation of mammalian
retina, with six subtypes of ipRGCs (M1–M6). (B) Brain areas involved in the regulation of mood
and behavioral state were shown to have increased activity (measured upregulation of c-Fos, an early
marker of neural activation) following the acute activation of ipRGCs using chemogenetics (ipRGCs
expressing Gq-coupled chemogenetic hM3Dq receptor, depicted by a red star), in pink. Nuclei labelled
in blue showed no c-Fos increase. Figure adapted from [63]. (C) Two identified pathways by which
ipRGCs are involved in light-induced regulation of depressive-like behavior. The M1 Brn3b+ ipRGCs
project directly to PHb (perihabenular nucleus) and are involved in depressive-like behaviors in mice
triggered by chronic aberrant light exposure (T7 cycle). M4 ipRGCs innervate the vLGN/IGL-LHb
(ventral lateral geniculate nucleus/intergeniculate leaflet-lateral habenula) pathway and are responsible
for short-term light effects in decreasing depressive-like behavior. (D) Nuclei involved in the regulation
of mood and behavioral state that receive direct projections from ipRGCs. Paraventrical hypothalamic
nucleus (PVN), the dorsomedial hypothalamus (DMH), lateral hypothalamus (LH), ventrolateral preoptic nucleus
(VLPO); amygdala (Amg), intralaminar thalamic nuclei (ITL), paraventricular thalamus (PVT), lateral habenula
(LHb), nucleus accumbens (NAc), Bed nucleus of the stria terminalis (BNST) and periaqueductal gray (PAG).

4.2. Divergent Neural Pathways Link ipRGCs to Mood

Our current knowledge implies that light can drive different influences on mood and behavioral
state dependent on the qualities of light, but also on the context of immediate or long-term effects.
A range of studies in mice have used various approaches from different light stimulation (wavelength,
irradiance) to chemogenetics, exploring the short or long-term effects. These different types of
paradigm have resulted in different outcomes, suggesting that light could actually have multiple routes
to mood regulation.
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Studies focusing on the long-term effects of light on mood have used the interrupted light–dark
cycle, T7 cycle (3.5 h light and 3.5 h dark phase), which mimics aberrant light exposure as a result
of shift-work or transmeridian travel. Long-term exposure to the T7 cycle has revealed a depressive
state in mice associated with the activation of the lateral habenula (LHb) driven by ipRGCs [71].
The authors continued to further investigate these effects and recently identified a new pathway that
drove the light-mediated depressive like behaviors from ipRGC directly to the perihabenular nucleus
(ipRGCs-PHb) (Figure 2C) [72].

Interestingly, these depressive-like behaviors were not detected in studies investigating the
short-term effects of ipRGCs through using chemogenetics [63] or light [73]. In fact, the short-term
activation of ipRGCs tended to decrease depressive-like behavior, but increased arousal in mice [63].
Moreover, a recent study identified another pathway in which the M4 subtype of ipRGCs innervated
neurons in the thalamic ventral lateral geniculate nucleus and intergeniculate leaflet (vLGN/IGL),
which in turn inhibit neurons in the LHb (Figure 2C). The authors further showed that the activation of
this retina-vLGN/IGL-LHb pathway was responsible for decreasing depressive-like behavior and for
the light effects of light therapy on depressive symptoms [73].

Studies in mice on the long-term effects of light involving the interrupted LD cycle (T7) could
have a more pronounce effect on overall physiology and sleep, and sleep disturbance can directly have
effects on mood. Therefore, it may not be surprising that the outcome of studies with a T7 cycle are
different from studies investigating the acute effects of light in animals exposed to a normal LD cycle.
Regarding the mechanisms involved, it is possible that during the T7 cycle, both subpopulations of
ipRGCs (the pHb-projecting ipRGCs that are mostly M1-type and M4-type ipRGCs) were activated,
but that the chronic activation of the retina-pHb was a dominant pathway causing depressive effects.
Moreover, these pathways may not be exclusive for mediating light-induced influences on mood.
ipRGCs also directly project to other areas involved in mood and behavioral state regulation such as
the amygdala, bed nucleus of the stria terminalis, PVN, and periaqueductal gray [18,19] (Figure 2D).

4.3. Beyond ‘Blue’ Light

Most studies in humans have used monochromatic blue light with the idea to reveal melanopsin
and thus ipRGC involvement in various NV responses. Although, it is true that the ‘blue’ light used is
close to the peak sensitivity of melanopsin, it will still activate other photoreceptors in a mammalian
retina to various extents including M-cones, L-cones, and rods (Figure 1). Therefore, outcomes from
studies with ‘blue’ light do not exclude the involvement of other photoreceptors in mood regulation.
In fact, rods and cones have already been shown to be involved in some NV responses including the
pupillary light reflex and circadian photoentrainment. From studies in mice, we learnt that while
these NV responses persist in the absence of rods and cones [3–6], thus demonstrating a critical role
of melanopsin, the loss of melanopsin does not abolish these responses [74,75]. In contrast, the loss
of ipRGCs produces a dramatic loss of these NV responses, [70,76] emphasizing that ipRGCs are not
solely photoreceptors, but as ganglion cells, also provide an important conduit for signals the from
rods and cones.

Increasing evidence suggests that information from conventional photoreceptors is also important
in the regulation of NV responses such as circadian entrainment and pupillary light reflex [69,77,78].
The color of light is also a signal for photoentrainment of the circadian clock in mice as well as for
pupillary light reflex, directly implying the involvement of cones in these NV responses [69,78]. It is
most likely that ipRGCs provide this color information as they are the major retinal input to the
suprachiasmatic nucleus (SCN) and the olivary pretectal nucleus (OPN). Accordingly, it has been
shown that these ganglion cells do receive input from the rods and cones in mice [79]. Moreover,
a morphologically and functionally distinct ipRGC subtype (M5 cells) was shown to respond to both
melanopsin and chromatically opponent cone-based signals (UV-ON, green-OFF) [80]. Although it
seems M5 cells project to the visual thalamus (dLGN) and are therefore involved in visual responses,
the possibility that they are involved in some NV responses is yet to be excluded. These recent studies
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in mice therefore imply that ipRGC involvement in the light effects on mood and behavioral state
could, in addition to melanopsin, also be driven by rods and cones.

5. Conclusions

The effects of light on mood and behavioral state are not only mediated by melanopsin as first
thought. Based on our recent knowledge from mouse models on NV responses including the pupillary
light reflex and circadian photoentrainment, it is possible that inputs from the rods and cones play
roles in driving the light effect on mood and behavioral state. The spectral composition of light as
well as the duration of exposure could have various and even opposing effects on one’s mood and
behavioral state. While there is growing evidence from both mice and human studies that light stimuli
can influence mood and behavioral state, we still do not know what light features are salient for these
systems. Is this only a change in ambient light (irradiance), or does it also involve changes in color?
Additionally, what about the time of day when light stimulation is presented as well as its duration?
Finally, whether and how these parameters differ for mice and humans? More systematic studies are
needed to further deepen our knowledge in which light features regulate mood and behavioral state.

Studies in humans, although crucial for studying mood, have intrinsic limitations in the
experimental design for the selective activation of a particular photoreceptor type, they rely on
a careful design of light conditions. Monochromatic light, even with a wavelength matched to the
peak spectral sensitivity of a given photoreceptor, will stimulate all photoreceptor classes, making it
difficult to dissect the pathways of mechanism driven by a particular photoreceptor type involved.
However, there is a way to selectively stimulate a particular class of photoreceptors while keeping
the activation of all others consistent, the so-called method of silent substitution. This approach uses
pairs of light stimuli (metamers) that have the same color and luminance, but different spectral power
distribution. Metamers are designed to have balanced changes in the intensity of various wavelengths
of light in order to stimulate a particular photoreceptor, but without altering the effective photon flux
for other classes of photoreceptors. This method has been used successfully to investigate melanopsin
involvement in visual processing in mice [81–85] and the photoreceptor contributions to the pupillary
light reflex in humans [86–89]. Allen and colleagues built a visual display capable of presenting
metameric images differing in melanopsin effective irradiance to humans. This bespoke visual device
allowed them to test the ability of melanopsin to control NV responses such as melatonin onset and
self-reported alertness in the context of a typical screen use [90].

While studies in humans have obvious benefits in studying aspects of mood, studies in animal
models are equally important as they allow for the determination of the particular circuits and
mechanisms involved. Knowledge acquired from animal models on mood and behavioral state,
however, needs to be carefully interpreted and not automatically extrapolated to humans because: (i)
studies in rodents are done in nocturnal species that are photophobic and therefore light as a stimulus
may not always have the same effect as in humans who are diurnal; and (ii) an obvious limitation
when studying mood in animals is how to mimic the mood and mood disorders humans experience
in rodent models. The former could perhaps be addressed by using diurnal rodents such as the Nile
grass rat (Arvicanthis niloticus) [91], while the latter is a challenge that all mood-related studies face and
thus great efforts are being invested in developing better animal models and behavioral assessments.
Nevertheless, recent studies in mice have shed light on some of the circuits involved in the light-driven
regulation of mood, but have also indicated their complexity, as the same photoreceptor class (ipRGCs)
is suggested to drive even opposing effects on mood depending on the context. Up to date literature
implies the importance of ipRGCs in driving NV responses (from the pupillary light reflex, circadian
photoentrainment to mood and behavioral state), but exciting new evidence suggests that ipRGCs
not only mediate signals from melanopsin as a response to ‘blue’ light, but also carry signals from
other photoreceptors. Future studies will aim to provide further evidence for which photoreceptor
classes and light parameters (irradiance, color, duration of exposure, and time of the day) play roles in
mood and behavioral state. This information will be of immense value for artificial lighting design to
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maximize people’s health and wellbeing in indoor spaces as well as for light therapy for patients in
need. Seasonal affective disorder (SAD) is a type of depression that occurs during the same season every
year, usually in late autumn or winter when the daylength becomes shorter. The spectral composition
of natural light varies with the seasons [92], and, together with the total light irradiance, is thought
to contribute to SAD. Light therapy is the treatment of choice for SAD, but it is also emerging as a
promising treatment for many other psychiatric disorders including depressive discords and bipolar
depression [93]. Cognitive improvement under light therapy has been noted in adult attention deficit
hyperactivity disorder [94]. In order to exploit the full potential of light therapies, we need to have a
better understanding on how they work and how they affect our brain and behavioral state.

Funding: This research was funded by Fight For Sight UK grant number 5047/5048.

Conflicts of Interest: The author declares no conflict of interest.

References

1. Vandewalle, G.; Maquet, P.; Dijk, D.J. Light as a modulator of cognitive brain function. Trends Cogn. Sci.
2009, 13, 429–438. [CrossRef] [PubMed]

2. Yoshimura, T.; Ebihara, S. Spectral sensitivity of photoreceptors mediating phase-shifts of circadian rhythms
in retinally degenerate CBA/J (rd/rd) and normal CBA/N (+/+)mice. J. Comp. Physio.l A 1996, 178, 797–802.
[CrossRef]

3. Foster, R.G.; Provencio, I.; Hudson, D.; Fiske, S.; De Grip, W.; Menaker, M. Circadian photoreception in the
retinally degenerate mouse (rd/rd). J. Comp. Physiol. A 1991, 169, 39–50. [CrossRef] [PubMed]

4. Freedman, M.S.; Lucas, R.J.; Soni, B.; von Schantz, M.; Munoz, M.; David-Gray, Z.; Foster, R. Regulation of
mammalian circadian behavior by non-rod, non-cone, ocular photoreceptors. Science 1999, 284, 502–504.
[CrossRef]

5. Lucas, R.J.; Freedman, M.S.; Munoz, M.; Garcia-Fernandez, J.M.; Foster, R.G. Regulation of the mammalian
pineal by non-rod, non-cone, ocular photoreceptors. Science 1999, 284, 505–507. [CrossRef] [PubMed]

6. Lucas, R.J.; Douglas, R.H.; Foster, R.G. Characterization of an ocular photopigment capable of driving
pupillary constriction in mice. Nat. Neurosci. 2001, 4, 621–626. [CrossRef]

7. Hattar, S.; Liao, H.W.; Takao, M.; Berson, D.M.; Yau, K.W. Melanopsin-containing retinal ganglion cells:
Architecture, projections, and intrinsic photosensitivity. Science 2002, 295, 1065–1070. [CrossRef]

8. Berson, D.M.; Dunn, F.A.; Takao, M. Phototransduction by retinal ganglion cells that set the circadian clock.
Science 2002, 295, 1070–1073. [CrossRef]

9. Provencio, I.; Rodriguez, I.R.; Jiang, G.; Hayes, W.P.; Moreira, E.F.; Rollag, M.D. A novel human opsin in the
inner retina. J. Neurosci. 2000, 20, 600–605. [CrossRef]

10. Fu, Y.; Zhong, H.; Wang, M.H.; Luo, D.G.; Liao, H.W.; Maeda, H.; Hattar, S.; Frishman, L.J.; Yau, K.W.
Intrinsically photosensitive retinal ganglion cells detect light with a vitamin A-based photopigment,
melanopsin. Proc. Natl. Acad. Sci. USA 2005, 102, 10339–10344. [CrossRef]

11. Hattar, S.; Lucas, R.J.; Mrosovsky, N.; Thompson, S.; Douglas, R.H.; Hankins, M.W.; Lem, J.; Biel, M.;
Hofmann, F.; Foster, R.G.; et al. Melanopsin and rod-cone photoreceptive systems account for all major
accessory visual functions in mice. Nature 2003, 424, 76–81. [CrossRef] [PubMed]

12. Schmidt, T.M.; Chen, S.K.; Hattar, S. Intrinsically photosensitive retinal ganglion cells: Many subtypes,
diverse functions. Trends Neurosci. 2011, 34, 572–580. [CrossRef] [PubMed]

13. Quattrochi, L.E.; Stabio, M.E.; Kim, I.; Ilardi, M.C.; Michelle Fogerson, P.; Leyrer, M.L.; Berson, D.M. The M6
cell: A small-field bistratified photosensitive retinal ganglion cell. J. Comp. Neurol. 2019, 527, 297–311.
[CrossRef] [PubMed]

14. Gan, L.; Xiang, M.; Zhou, L.; Wagner, D.S.; Klein, W.H.; Nathans, J. POU domain factor Brn-3b is required
for the development of a large set of retinal ganglion cells. Proc. Natl. Acad. Sci. USA 1996, 93, 3920–3925.
[CrossRef] [PubMed]

http://dx.doi.org/10.1016/j.tics.2009.07.004
http://www.ncbi.nlm.nih.gov/pubmed/19748817
http://dx.doi.org/10.1007/BF00225828
http://dx.doi.org/10.1007/BF00198171
http://www.ncbi.nlm.nih.gov/pubmed/1941717
http://dx.doi.org/10.1126/science.284.5413.502
http://dx.doi.org/10.1126/science.284.5413.505
http://www.ncbi.nlm.nih.gov/pubmed/10205062
http://dx.doi.org/10.1038/88443
http://dx.doi.org/10.1126/science.1069609
http://dx.doi.org/10.1126/science.1067262
http://dx.doi.org/10.1523/JNEUROSCI.20-02-00600.2000
http://dx.doi.org/10.1073/pnas.0501866102
http://dx.doi.org/10.1038/nature01761
http://www.ncbi.nlm.nih.gov/pubmed/12808468
http://dx.doi.org/10.1016/j.tins.2011.07.001
http://www.ncbi.nlm.nih.gov/pubmed/21816493
http://dx.doi.org/10.1002/cne.24556
http://www.ncbi.nlm.nih.gov/pubmed/30311650
http://dx.doi.org/10.1073/pnas.93.9.3920
http://www.ncbi.nlm.nih.gov/pubmed/8632990


Clocks&Sleep 2019, 1 327

15. Mu, X.; Beremand, P.D.; Zhao, S.; Pershad, R.; Sun, H.; Scarpa, A.; Liang, S.; Thomas, T.L.; Klein, W.H.
Discrete gene sets depend on POU domain transcription factor Brn3b/Brn-3.2/POU4f2 for their expression in
the mouse embryonic retina. Development 2004, 131, 1197–1210. [CrossRef] [PubMed]

16. Sajgo, S.; Ghinia, M.G.; Brooks, M.; Kretschmer, F.; Chuang, K.; Hiriyanna, S.; Wu, Z.; Popescu, O.; Badea, T.C.
Molecular codes for cell type specification in Brn3 retinal ganglion cells. Proc. Natl. Acad. Sci. USA 2017, 114,
E3974–E3983. [CrossRef] [PubMed]

17. Fernandez, D.C.; Chang, Y.T.; Hattar, S.; Chen, S.K. Architecture of retinal projections to the central circadian
pacemaker. Proc. Natl. Acad. Sci. USA 2016, 113, 6047–6052. [CrossRef]

18. Hattar, S.; Kumar, M.; Park, A.; Tong, P.; Tung, J.; Yau, K.W.; Berson, D.M. Central projections of
melanopsin-expressing retinal ganglion cells in the mouse. J. Comp. Neurol. 2006, 497, 326–349. [CrossRef]

19. Delwig, A.; Larsen, D.D.; Yasumura, D.; Yang, C.F.; Shah, N.M.; Copenhagen, D.R. Retinofugal Projections
from Melanopsin-Expressing Retinal Ganglion Cells Revealed by Intraocular Injections of Cre-Dependent
Virus. PLoS ONE 2016, 11, e0149501. [CrossRef]

20. Brown, T.M.; Gias, C.; Hatori, M.; Keding, S.R.; Semo, M.; Coffey, P.J.; Gigg, J.; Piggins, H.D.; Panda, S.;
Lucas, R.J. Melanopsin contributions to irradiance coding in the thalamo-cortical visual system. PLoS Biol.
2010, 8, e1000558. [CrossRef]

21. Ecker, J.L.; Dumitrescu, O.N.; Wong, K.Y.; Alam, N.M.; Chen, S.K.; LeGates, T.; Renna, J.M.; Prusky, G.T.;
Berson, D.M.; Hattar, S. Melanopsin-expressing retinal ganglion-cell photoreceptors: Cellular diversity and
role in pattern vision. Neuron 2010, 67, 49–60. [CrossRef] [PubMed]

22. Chen, S.K.; Badea, T.C.; Hattar, S. Photoentrainment and pupillary light reflex are mediated by distinct
populations of ipRGCs. Nature 2011, 476, 92–95. [CrossRef] [PubMed]

23. Li, J.Y.; Schmidt, T.M. Divergent projection patterns of M1 ipRGC subtypes. J. Comp. Neurol. 2018, 526,
2010–2018. [CrossRef] [PubMed]

24. Takahashi, J.S. Transcriptional architecture of the mammalian circadian clock. Nat. Rev. Genet. 2017, 18,
164–179. [CrossRef] [PubMed]

25. Germain, A.; Kupfer, D.J. Circadian rhythm disturbances in depression. Hum. Psychopharmacol. 2008, 23,
571–585. [CrossRef] [PubMed]

26. Hickie, I.B.; Naismith, S.L.; Robillard, R.; Scott, E.M.; Hermens, D.F. Manipulating the sleep-wake cycle and
circadian rhythms to improve clinical management of major depression. BMC Med. 2013, 11, 79. [CrossRef]
[PubMed]

27. Vadnie, C.A.; McClung, C.A. Circadian Rhythm Disturbances in Mood Disorders: Insights into the Role of
the Suprachiasmatic Nucleus. Neural. Plast. 2017, 2017, 1504507. [CrossRef]

28. Foster, R.G.; Kreitzman, L. The rhythms of life: What your body clock means to you! Exp. Physiol. 2014, 99,
599–606. [CrossRef]

29. Scott, A.J.; Monk, T.H.; Brink, L.L. Shiftwork as a Risk Factor for Depression: A Pilot Study. Int. J. Occup.
Environ. Health 1997, 3, S2–S9.

30. Asaoka, S.; Aritake, S.; Komada, Y.; Ozaki, A.; Odagiri, Y.; Inoue, S.; Shimomitsu, T.; Inoue, Y. Factors
associated with shift work disorder in nurses working with rapid-rotation schedules in Japan: The nurses’
sleep health project. Chronobiol. Int. 2013, 30, 628–636. [CrossRef]

31. McClung, C.A. How might circadian rhythms control mood? Let me count the ways. Biol. Psychiatry 2013,
74, 242–249. [CrossRef] [PubMed]

32. Herman, J.P.; McKlveen, J.M.; Ghosal, S.; Kopp, B.; Wulsin, A.; Makinson, R.; Scheimann, J.; Myers, B.
Regulation of the Hypothalamic-Pituitary-Adrenocortical Stress Response. Compr. Physiol. 2016, 6, 603–621.
[CrossRef] [PubMed]

33. Chou, T.C.; Scammell, T.E.; Gooley, J.J.; Gaus, S.E.; Saper, C.B.; Lu, J. Critical role of dorsomedial hypothalamic
nucleus in a wide range of behavioral circadian rhythms. J. Neurosci. 2003, 23, 10691–10702. [CrossRef]
[PubMed]

http://dx.doi.org/10.1242/dev.01010
http://www.ncbi.nlm.nih.gov/pubmed/14973295
http://dx.doi.org/10.1073/pnas.1618551114
http://www.ncbi.nlm.nih.gov/pubmed/28465430
http://dx.doi.org/10.1073/pnas.1523629113
http://dx.doi.org/10.1002/cne.20970
http://dx.doi.org/10.1371/journal.pone.0149501
http://dx.doi.org/10.1371/journal.pbio.1000558
http://dx.doi.org/10.1016/j.neuron.2010.05.023
http://www.ncbi.nlm.nih.gov/pubmed/20624591
http://dx.doi.org/10.1038/nature10206
http://www.ncbi.nlm.nih.gov/pubmed/21765429
http://dx.doi.org/10.1002/cne.24469
http://www.ncbi.nlm.nih.gov/pubmed/29888785
http://dx.doi.org/10.1038/nrg.2016.150
http://www.ncbi.nlm.nih.gov/pubmed/27990019
http://dx.doi.org/10.1002/hup.964
http://www.ncbi.nlm.nih.gov/pubmed/18680211
http://dx.doi.org/10.1186/1741-7015-11-79
http://www.ncbi.nlm.nih.gov/pubmed/23521808
http://dx.doi.org/10.1155/2017/1504507
http://dx.doi.org/10.1113/expphysiol.2012.071118
http://dx.doi.org/10.3109/07420528.2012.762010
http://dx.doi.org/10.1016/j.biopsych.2013.02.019
http://www.ncbi.nlm.nih.gov/pubmed/23558300
http://dx.doi.org/10.1002/cphy.c150015
http://www.ncbi.nlm.nih.gov/pubmed/27065163
http://dx.doi.org/10.1523/JNEUROSCI.23-33-10691.2003
http://www.ncbi.nlm.nih.gov/pubmed/14627654


Clocks&Sleep 2019, 1 328

34. Van der Werf, Y.D.; Witter, M.P.; Groenewegen, H.J. The intralaminar and midline nuclei of the thalamus.
Anatomical and functional evidence for participation in processes of arousal and awareness. Brain Res. Brain
Res. Rev. 2002, 39, 107–140. [CrossRef]

35. Colavito, V.; Tesoriero, C.; Wirtu, A.T.; Grassi-Zucconi, G.; Bentivoglio, M. Limbic thalamus and
state-dependent behavior: The paraventricular nucleus of the thalamic midline as a node in circadian
timing and sleep/wake-regulatory networks. Neurosci. Biobehav. Rev. 2015, 54, 3–17. [CrossRef] [PubMed]

36. Goldstein, N.; Levine, B.J.; Loy, K.A.; Duke, W.L.; Meyerson, O.S.; Jamnik, A.A.; Carter, M.E. Hypothalamic
Neurons that Regulate Feeding Can Influence Sleep/Wake States Based on Homeostatic Need. Curr. Biol.
2018, 28, 3736–3747.e3. [CrossRef] [PubMed]

37. Lebow, M.A.; Chen, A. Overshadowed by the amygdala: The bed nucleus of the stria terminalis emerges as
key to psychiatric disorders. Mol. Psychiatry 2016, 21, 450–463. [CrossRef] [PubMed]

38. Nuno-Perez, A.; Tchenio, A.; Mameli, M.; Lecca, S. Lateral Habenula Gone Awry in Depression: Bridging
Cellular Adaptations With Therapeutics. Front. Neurosci. 2018, 12, 485. [CrossRef] [PubMed]

39. Foote, S.L.; Aston-Jones, G.; Bloom, F.E. Impulse activity of locus coeruleus neurons in awake rats and
monkeys is a function of sensory stimulation and arousal. Proc. Natl. Acad. Sci. USA 1980, 77, 3033–3037.
[CrossRef] [PubMed]

40. Soya, S.; Sakurai, T. Orexin as a modulator of fear-related behavior: Hypothalamic control of noradrenaline
circuit. Brain Res. 2018. [CrossRef] [PubMed]

41. Quentin, E.; Belmer, A.; Maroteaux, L. Somato-Dendritic Regulation of Raphe Serotonin Neurons; A Key to
Antidepressant Action. Front. Neurosci. 2018, 12, 982. [CrossRef] [PubMed]

42. Kalsbeek, A.; van der Spek, R.; Lei, J.; Endert, E.; Buijs, R.M.; Fliers, E. Circadian rhythms in the
hypothalamo-pituitary-adrenal (HPA) axis. Mol. Cell Endocrinol 2012, 349, 20–29. [CrossRef] [PubMed]

43. Bellavance, M.A.; Rivest, S. The HPA—Immune Axis and the Immunomodulatory Actions of Glucocorticoids
in the Brain. Front. Immunol. 2014, 5, 136. [CrossRef] [PubMed]

44. Spencer, R.L.; Chun, L.E.; Hartsock, M.J.; Woodruff, E.R. Glucocorticoid hormones are both a major circadian
signal and major stress signal: How this shared signal contributes to a dynamic relationship between the
circadian and stress systems. Front. Neuroendocrinol. 2018, 49, 52–71. [CrossRef] [PubMed]

45. Prayag, A.S.; Jost, S.; Avouac, P.; Dumortier, D.; Gronfier, C. Dynamics of Non-visual Responses in Humans:
As Fast as Lightning? Front. Neurosci. 2019, 13, 126. [CrossRef] [PubMed]

46. Vandewalle, G.; Schmidt, C.; Albouy, G.; Sterpenich, V.; Darsaud, A.; Rauchs, G.; Berken, P.Y.; Balteau, E.;
Degueldre, C.; Luxen, A.; et al. Brain responses to violet, blue, and green monochromatic light exposures in
humans: Prominent role of blue light and the brainstem. PLoS ONE 2007, 2, e1247. [CrossRef] [PubMed]

47. Vandewalle, G.; Balteau, E.; Phillips, C.; Degueldre, C.; Moreau, V.; Sterpenich, V.; Albouy, G.; Darsaud, A.;
Desseilles, M.; Dang-Vu, T.T.; et al. Daytime light exposure dynamically enhances brain responses. Curr. Biol.
2006, 16, 1616–1621. [CrossRef]

48. Vandewalle, G.; Gais, S.; Schabus, M.; Balteau, E.; Carrier, J.; Darsaud, A.; Sterpenich, V.; Albouy, G.; Dijk, D.J.;
Maquet, P. Wavelength-dependent modulation of brain responses to a working memory task by daytime
light exposure. Cereb. Cortex. 2007, 17, 2788–2795. [CrossRef]

49. Vandewalle, G.; Schwartz, S.; Grandjean, D.; Wuillaume, C.; Balteau, E.; Degueldre, C.; Schabus, M.;
Phillips, C.; Luxen, A.; Dijk, D.J.; et al. Spectral quality of light modulates emotional brain responses in
humans. Proc. Natl. Acad. Sci. USA 2010, 107, 19549–19554. [CrossRef]

50. Vandewalle, G.; Hebert, M.; Beaulieu, C.; Richard, L.; Daneault, V.; Garon, M.L.; Leblanc, J.; Grandjean, D.;
Maquet, P.; Schwartz, S.; et al. Abnormal hypothalamic response to light in seasonal affective disorder.
Biol. Psychiatry 2011, 70, 954–961. [CrossRef]

51. Vandewalle, G.; Archer, S.N.; Wuillaume, C.; Balteau, E.; Degueldre, C.; Luxen, A.; Dijk, D.J.; Maquet, P.
Effects of light on cognitive brain responses depend on circadian phase and sleep homeostasis. J. Biol. Rhythms.
2011, 26, 249–259. [CrossRef] [PubMed]

52. Vandewalle, G.; Collignon, O.; Hull, J.T.; Daneault, V.; Albouy, G.; Lepore, F.; Phillips, C.; Doyon, J.;
Czeisler, C.A.; Dumont, M.; et al. Blue light stimulates cognitive brain activity in visually blind individuals.
J. Cogn. Neurosci. 2013, 25, 2072–2085. [CrossRef] [PubMed]

http://dx.doi.org/10.1016/S0165-0173(02)00181-9
http://dx.doi.org/10.1016/j.neubiorev.2014.11.021
http://www.ncbi.nlm.nih.gov/pubmed/25479103
http://dx.doi.org/10.1016/j.cub.2018.09.055
http://www.ncbi.nlm.nih.gov/pubmed/30471995
http://dx.doi.org/10.1038/mp.2016.1
http://www.ncbi.nlm.nih.gov/pubmed/26878891
http://dx.doi.org/10.3389/fnins.2018.00485
http://www.ncbi.nlm.nih.gov/pubmed/30083090
http://dx.doi.org/10.1073/pnas.77.5.3033
http://www.ncbi.nlm.nih.gov/pubmed/6771765
http://dx.doi.org/10.1016/j.brainres.2018.11.032
http://www.ncbi.nlm.nih.gov/pubmed/30481504
http://dx.doi.org/10.3389/fnins.2018.00982
http://www.ncbi.nlm.nih.gov/pubmed/30618598
http://dx.doi.org/10.1016/j.mce.2011.06.042
http://www.ncbi.nlm.nih.gov/pubmed/21782883
http://dx.doi.org/10.3389/fimmu.2014.00136
http://www.ncbi.nlm.nih.gov/pubmed/24744759
http://dx.doi.org/10.1016/j.yfrne.2017.12.005
http://www.ncbi.nlm.nih.gov/pubmed/29288075
http://dx.doi.org/10.3389/fnins.2019.00126
http://www.ncbi.nlm.nih.gov/pubmed/30890907
http://dx.doi.org/10.1371/journal.pone.0001247
http://www.ncbi.nlm.nih.gov/pubmed/18043754
http://dx.doi.org/10.1016/j.cub.2006.06.031
http://dx.doi.org/10.1093/cercor/bhm007
http://dx.doi.org/10.1073/pnas.1010180107
http://dx.doi.org/10.1016/j.biopsych.2011.06.022
http://dx.doi.org/10.1177/0748730411401736
http://www.ncbi.nlm.nih.gov/pubmed/21628552
http://dx.doi.org/10.1162/jocn_a_00450
http://www.ncbi.nlm.nih.gov/pubmed/23859643


Clocks&Sleep 2019, 1 329

53. Perrin, F.; Peigneux, P.; Fuchs, S.; Verhaeghe, S.; Laureys, S.; Middleton, B.; Degueldre, C.; Del Fiore, G.;
Vandewalle, G.; Balteau, E.; et al. Nonvisual responses to light exposure in the human brain during the
circadian night. Curr. Biol. 2004, 14, 1842–1846. [CrossRef] [PubMed]

54. Cajochen, C.; Zeitzer, J.M.; Czeisler, C.A.; Dijk, D.J. Dose-response relationship for light intensity and ocular
and electroencephalographic correlates of human alertness. Behav. Brain Res. 2000, 115, 75–83. [CrossRef]

55. Cajochen, C.; Munch, M.; Kobialka, S.; Krauchi, K.; Steiner, R.; Oelhafen, P.; Orgul, S.; Wirz-Justice, A. High
sensitivity of human melatonin, alertness, thermoregulation, and heart rate to short wavelength light. J. Clin.
Endocrinol. Metab. 2005, 90, 1311–1316. [CrossRef] [PubMed]

56. Rahman, S.A.; Flynn-Evans, E.E.; Aeschbach, D.; Brainard, G.C.; Czeisler, C.A.; Lockley, S.W. Diurnal spectral
sensitivity of the acute alerting effects of light. Sleep 2014, 37, 271–281. [CrossRef] [PubMed]

57. Lockley, S.W.; Evans, E.E.; Scheer, F.A.; Brainard, G.C.; Czeisler, C.A.; Aeschbach, D. Short-wavelength
sensitivity for the direct effects of light on alertness, vigilance, and the waking electroencephalogram in
humans. Sleep 2006, 29, 161–168. [PubMed]

58. Viola, A.U.; James, L.M.; Schlangen, L.J.; Dijk, D.J. Blue-enriched white light in the workplace improves
self-reported alertness, performance and sleep quality. Scand. J. Work Environ. Health 2008, 34, 297–306.
[CrossRef]

59. Barkmann, C.; Wessolowski, N.; Schulte-Markwort, M. Applicability and efficacy of variable light in schools.
Physiol. Behav. 2012, 105, 621–627. [CrossRef]

60. Bailes, H.J.; Lucas, R.J. Human melanopsin forms a pigment maximally sensitive to blue light (lambdamax
approximately 479 nm) supporting activation of G(q/11) and G(i/o) signalling cascades. Proc. Biol. Sci. 2013,
280, 20122987. [CrossRef]

61. Lucas, R.J.; Peirson, S.N.; Berson, D.M.; Brown, T.M.; Cooper, H.M.; Czeisler, C.A.; Figueiro, M.G.; Gamlin, P.D.;
Lockley, S.W.; O’Hagan, J.B.; et al. Measuring and using light in the melanopsin age. Trends Neurosci. 2014,
37, 1–9. [CrossRef] [PubMed]

62. Brainard, G.C.; Hanifin, J.P.; Greeson, J.M.; Byrne, B.; Glickman, G.; Gerner, E.; Rollag, M.D. Action spectrum
for melatonin regulation in humans: Evidence for a novel circadian photoreceptor. J. Neurosci. 2001, 21,
6405–6412. [CrossRef] [PubMed]

63. Milosavljevic, N.; Cehajic-Kapetanovic, J.; Procyk, C.A.; Lucas, R.J. Chemogenetic Activation of Melanopsin
Retinal Ganglion Cells Induces Signatures of Arousal and/or Anxiety in Mice. Curr. Biol. 2016, 26, 2358–2363.
[CrossRef] [PubMed]

64. Pilorz, V.; Tam, S.K.; Hughes, S.; Pothecary, C.A.; Jagannath, A.; Hankins, M.W.; Bannerman, D.M.;
Lightman, S.L.; Vyazovskiy, V.V.; Nolan, P.M.; et al. Melanopsin Regulates Both Sleep-Promoting and
Arousal-Promoting Responses to Light. PLoS Biol. 2016, 14, e1002482. [CrossRef] [PubMed]

65. Storchi, R.; Milosavljevic, N.; Eleftheriou, C.G.; Martial, F.P.; Orlowska-Feuer, P.; Bedford, R.A.; Brown, T.M.;
Montemurro, M.A.; Petersen, R.S.; Lucas, R.J. Melanopsin-driven increases in maintained activity enhance
thalamic visual response reliability across a simulated dawn. Proc. Natl. Acad. Sci. USA 2015, 112,
E5734–E5743. [CrossRef]

66. Milosavljevic, N.; Allen, A.E.; Cehajic-Kapetanovic, J.; Lucas, R.J. Chemogenetic Activation of ipRGCs Drives
Changes in Dark-Adapted (Scotopic) Electroretinogram. Invest. Ophthalmol. Vis. Sci. 2016, 57, 6305–6312.
[CrossRef] [PubMed]

67. Milosavljevic, N.; Storchi, R.; Eleftheriou, C.G.; Colins, A.; Petersen, R.S.; Lucas, R.J. Photoreceptive retinal
ganglion cells control the information rate of the optic nerve. Proc. Natl. Acad. Sci. USA 2018, 115,
E11817–E11826. [CrossRef]

68. Armbruster, B.N.; Li, X.; Pausch, M.H.; Herlitze, S.; Roth, B.L. Evolving the lock to fit the key to create a
family of G protein-coupled receptors potently activated by an inert ligand. Proc. Natl. Acad. Sci. USA 2007,
104, 5163–5168. [CrossRef]

69. Walmsley, L.; Hanna, L.; Mouland, J.; Martial, F.; West, A.; Smedley, A.R.; Bechtold, D.A.; Webb, A.R.;
Lucas, R.J.; Brown, T.M. Colour as a signal for entraining the mammalian circadian clock. PLoS Biol. 2015, 13,
e1002127. [CrossRef]

http://dx.doi.org/10.1016/j.cub.2004.09.082
http://www.ncbi.nlm.nih.gov/pubmed/15498492
http://dx.doi.org/10.1016/S0166-4328(00)00236-9
http://dx.doi.org/10.1210/jc.2004-0957
http://www.ncbi.nlm.nih.gov/pubmed/15585546
http://dx.doi.org/10.5665/sleep.3396
http://www.ncbi.nlm.nih.gov/pubmed/24501435
http://www.ncbi.nlm.nih.gov/pubmed/16494083
http://dx.doi.org/10.5271/sjweh.1268
http://dx.doi.org/10.1016/j.physbeh.2011.09.020
http://dx.doi.org/10.1098/rspb.2012.2987
http://dx.doi.org/10.1016/j.tins.2013.10.004
http://www.ncbi.nlm.nih.gov/pubmed/24287308
http://dx.doi.org/10.1523/JNEUROSCI.21-16-06405.2001
http://www.ncbi.nlm.nih.gov/pubmed/11487664
http://dx.doi.org/10.1016/j.cub.2016.06.057
http://www.ncbi.nlm.nih.gov/pubmed/27426512
http://dx.doi.org/10.1371/journal.pbio.1002482
http://www.ncbi.nlm.nih.gov/pubmed/27276063
http://dx.doi.org/10.1073/pnas.1505274112
http://dx.doi.org/10.1167/iovs.16-20448
http://www.ncbi.nlm.nih.gov/pubmed/27893096
http://dx.doi.org/10.1073/pnas.1810701115
http://dx.doi.org/10.1073/pnas.0700293104
http://dx.doi.org/10.1371/journal.pbio.1002127


Clocks&Sleep 2019, 1 330

70. Altimus, C.M.; Guler, A.D.; Villa, K.L.; McNeill, D.S.; Legates, T.A.; Hattar, S. Rods-cones and melanopsin
detect light and dark to modulate sleep independent of image formation. Proc. Natl. Acad. Sci. USA 2008,
105, 19998–20003. [CrossRef]

71. LeGates, T.A.; Fernandez, D.C.; Hattar, S. Light as a central modulator of circadian rhythms, sleep and affect.
Nat. Rev. Neurosci. 2014, 15, 443–454. [CrossRef] [PubMed]

72. Fernandez, D.C.; Fogerson, P.M.; Lazzerini Ospri, L.; Thomsen, M.B.; Layne, R.M.; Severin, D.; Zhan, J.;
Singer, J.H.; Kirkwood, A.; Zhao, H.; et al. Light Affects Mood and Learning through Distinct Retina-Brain
Pathways. Cell 2018, 175, 71–84.e18. [CrossRef] [PubMed]

73. Huang, L.; Xi, Y.; Peng, Y.; Yang, Y.; Huang, X.; Fu, Y.; Tao, Q.; Xiao, J.; Yuan, T.; An, K.; et al. A Visual Circuit
Related to Habenula Underlies the Antidepressive Effects of Light Therapy. Neuron 2019, 102, 128–142.e128.
[CrossRef]

74. Panda, S.; Sato, T.K.; Castrucci, A.M.; Rollag, M.D.; DeGrip, W.J.; Hogenesch, J.B.; Provencio, I.; Kay, S.A.
Melanopsin (Opn4) requirement for normal light-induced circadian phase shifting. Science 2002, 298,
2213–2216. [CrossRef] [PubMed]

75. Ruby, N.F.; Brennan, T.J.; Xie, X.; Cao, V.; Franken, P.; Heller, H.C.; O’Hara, B.F. Role of melanopsin in
circadian responses to light. Science 2002, 298, 2211–2213. [CrossRef] [PubMed]

76. Guler, A.D.; Ecker, J.L.; Lall, G.S.; Haq, S.; Altimus, C.M.; Liao, H.W.; Barnard, A.R.; Cahill, H.; Badea, T.C.;
Zhao, H.; et al. Melanopsin cells are the principal conduits for rod-cone input to non-image-forming vision.
Nature 2008, 453, 102–105. [CrossRef]

77. Drouyer, E.; Rieux, C.; Hut, R.A.; Cooper, H.M. Responses of suprachiasmatic nucleus neurons to light and
dark adaptation: Relative contributions of melanopsin and rod-cone inputs. J. Neurosci. 2007, 27, 9623–9631.
[CrossRef]

78. Hayter, E.A.; Brown, T.M. Additive contributions of melanopsin and both cone types provide broadband
sensitivity to mouse pupil control. BMC Biol. 2018, 16, 83. [CrossRef]

79. Weng, S.; Estevez, M.E.; Berson, D.M. Mouse ganglion-cell photoreceptors are driven by the most sensitive
rod pathway and by both types of cones. PLoS One 2013, 8, e66480. [CrossRef]

80. Stabio, M.E.; Sabbah, S.; Quattrochi, L.E.; Ilardi, M.C.; Fogerson, P.M.; Leyrer, M.L.; Kim, M.T.; Kim, I.;
Schiel, M.; Renna, J.M.; et al. The M5 Cell: A Color-Opponent Intrinsically Photosensitive Retinal Ganglion
Cell. Neuron 2018, 97, 251. [CrossRef]

81. Brown, T.M.; Tsujimura, S.; Allen, A.E.; Wynne, J.; Bedford, R.; Vickery, G.; Vugler, A.; Lucas, R.J.
Melanopsin-based brightness discrimination in mice and humans. Curr. Biol. 2012, 22, 1134–1141.
[CrossRef] [PubMed]

82. Allen, A.E.; Storchi, R.; Martial, F.P.; Petersen, R.S.; Montemurro, M.A.; Brown, T.M.; Lucas, R.J.
Melanopsin-driven light adaptation in mouse vision. Curr. Biol. 2014, 24, 2481–2490. [CrossRef] [PubMed]

83. Allen, A.E.; Lucas, R.J. Using Silent Substitution to Track the Mesopic Transition From Rod- to Cone-Based
Vision in Mice. Invest. Ophthalmol. Vis. Sci. 2016, 57, 276–287. [CrossRef] [PubMed]

84. Allen, A.E.; Storchi, R.; Martial, F.P.; Bedford, R.A.; Lucas, R.J. Melanopsin Contributions to the Representation
of Images in the Early Visual System. Curr. Biol. 2017, 27, 1623–1632.e4. [CrossRef] [PubMed]

85. Storchi, R.; Bedford, R.A.; Martial, F.P.; Allen, A.E.; Wynne, J.; Montemurro, M.A.; Petersen, R.S.; Lucas, R.J.
Modulation of Fast Narrowband Oscillations in the Mouse Retina and dLGN According to Background
Light Intensity. Neuron 2017, 93, 299–307. [CrossRef] [PubMed]

86. Tsujimura, S.; Ukai, K.; Ohama, D.; Nuruki, A.; Yunokuchi, K. Contribution of human melanopsin retinal
ganglion cells to steady-state pupil responses. Proc. Biol. Sci. 2010, 277, 2485–2492. [CrossRef] [PubMed]

87. Tsujimura, S.; Tokuda, Y. Delayed response of human melanopsin retinal ganglion cells on the pupillary light
reflex. Ophthalmic. Physiol. Opt. 2011, 31, 469–479. [CrossRef]

88. Zele, A.J.; Feigl, B.; Adhikari, P.; Maynard, M.L.; Cao, D. Melanopsin photoreception contributes to human
visual detection, temporal and colour processing. Sci. Rep. 2018, 8, 3842. [CrossRef]

89. Spitschan, M.; Woelders, T. The Method of Silent Substitution for Examining Melanopsin Contributions to
Pupil Control. Front. Neurol. 2018, 9, 941. [CrossRef]

90. Allen, A.E.; Hazelhoff, E.M.; Martial, F.P.; Cajochen, C.; Lucas, R.J. Exploiting metamerism to regulate the
impact of a visual display on alertness and melatonin suppression independent of visual appearance. Sleep
2018, 41. [CrossRef]

http://dx.doi.org/10.1073/pnas.0808312105
http://dx.doi.org/10.1038/nrn3743
http://www.ncbi.nlm.nih.gov/pubmed/24917305
http://dx.doi.org/10.1016/j.cell.2018.08.004
http://www.ncbi.nlm.nih.gov/pubmed/30173913
http://dx.doi.org/10.1016/j.neuron.2019.01.037
http://dx.doi.org/10.1126/science.1076848
http://www.ncbi.nlm.nih.gov/pubmed/12481141
http://dx.doi.org/10.1126/science.1076701
http://www.ncbi.nlm.nih.gov/pubmed/12481140
http://dx.doi.org/10.1038/nature06829
http://dx.doi.org/10.1523/JNEUROSCI.1391-07.2007
http://dx.doi.org/10.1186/s12915-018-0552-1
http://dx.doi.org/10.1371/journal.pone.0066480
http://dx.doi.org/10.1016/j.neuron.2017.12.030
http://dx.doi.org/10.1016/j.cub.2012.04.039
http://www.ncbi.nlm.nih.gov/pubmed/22633808
http://dx.doi.org/10.1016/j.cub.2014.09.015
http://www.ncbi.nlm.nih.gov/pubmed/25308073
http://dx.doi.org/10.1167/iovs.15-18197
http://www.ncbi.nlm.nih.gov/pubmed/26818794
http://dx.doi.org/10.1016/j.cub.2017.04.046
http://www.ncbi.nlm.nih.gov/pubmed/28528909
http://dx.doi.org/10.1016/j.neuron.2016.12.027
http://www.ncbi.nlm.nih.gov/pubmed/28103478
http://dx.doi.org/10.1098/rspb.2010.0330
http://www.ncbi.nlm.nih.gov/pubmed/20375057
http://dx.doi.org/10.1111/j.1475-1313.2011.00846.x
http://dx.doi.org/10.1038/s41598-018-22197-w
http://dx.doi.org/10.3389/fneur.2018.00941
http://dx.doi.org/10.1093/sleep/zsy100


Clocks&Sleep 2019, 1 331

91. Langel, J.L.; Smale, L.; Esquiva, G.; Hannibal, J. Central melanopsin projections in the diurnal rodent,
Arvicanthis niloticus. Front. Neuroanat. 2015, 9, 93. [CrossRef] [PubMed]

92. Thorne, H.C.; Jones, K.H.; Peters, S.P.; Archer, S.N.; Dijk, D.J. Daily and seasonal variation in the spectral
composition of light exposure in humans. Chronobiol. Int. 2009, 26, 854–866. [CrossRef] [PubMed]

93. Terman, M. Evolving applications of light therapy. Sleep Med. Rev. 2007, 11, 497–507. [CrossRef] [PubMed]
94. Rybak, Y.E.; McNeely, H.E.; Mackenzie, B.E.; Jain, U.R.; Levitan, R.D. An open trial of light therapy in adult

attention-deficit/hyperactivity disorder. J. Clin. Psychiatry 2006, 67, 1527–1535. [CrossRef] [PubMed]

© 2019 by the author. Licensee MDPI, Basel, Switzerland. This article is an open access
article distributed under the terms and conditions of the Creative Commons Attribution
(CC BY) license (http://creativecommons.org/licenses/by/4.0/).

http://dx.doi.org/10.3389/fnana.2015.00093
http://www.ncbi.nlm.nih.gov/pubmed/26236201
http://dx.doi.org/10.1080/07420520903044315
http://www.ncbi.nlm.nih.gov/pubmed/19637047
http://dx.doi.org/10.1016/j.smrv.2007.06.003
http://www.ncbi.nlm.nih.gov/pubmed/17964200
http://dx.doi.org/10.4088/JCP.v67n1006
http://www.ncbi.nlm.nih.gov/pubmed/17107243
http://creativecommons.org/
http://creativecommons.org/licenses/by/4.0/.

	Introduction 
	Non-Conventional Retinal Ganglion Cells—ipRGCs 
	Circadian Rhythm and Mood 
	Direct Effects of Light on Mood and Behavioral State 
	Melanopsin and ‘Blue’ Light 
	Divergent Neural Pathways Link ipRGCs to Mood 
	Beyond ‘Blue’ Light 

	Conclusions 
	References

