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COMMENTARY

Tangled up in blue: Contribution of short-wavelength 
sensitive cones in human circadian photoentrainment
Ethan D. Buhra,1

The circadian rhythms which govern the timing of our sleep–
wake cycles synchronize most strongly with blue light. 
Because of this, blue light is enhanced in seasonal affective 
disorder therapeutic “happy” lights for morning use, and blue 
wavelengths are filtered from screens of many smart devices 
in the evening to reduce phase delays of sleep onset. It has 
been known for decades that visual photoreceptors are not 
required for the synchronization of circadian cycles to envi-
ronmental light or “photoentrainment.” Both humans and 
mice which lack visual signals from dysfunctional or missing 
rods and cones continue to photoentrain and show other 
nonvisual light-driven phenomena, such as the pupillary light 
reflex (1, 2). As early as the 1920’s, Clyde Keeler identified a 
strain of mice with a mutation which rendered them visually 
blind but noted that their irises retained the ability to con-
strict when exposed to light (3, 4). It was not until 2002 that 
the responsible photoreceptor, named “melanopsin,” was 
identified in the mammalian retina outside of the visual rods 
and cones (5). Melanopsin responds most strongly to blue 
light (about 480 nm) and is expressed in a subset of retinal 
ganglion cells (RGCs) that send axons directly into the brain’s 
central circadian clock, the suprachiasmatic nucleus (6). 
These ganglion cells are called intrinsically photoreceptive 
RGCs (ipRGCs) (Fig. 1). In PNAS, St Hilaire et al. shed new light 
on the contribution of blue light-sensing cones into ipRGC 
pathways to regulate the circadian photoentrainment path-
ways in humans (7).

The retina utilizes redundant photoreceptors that drive 
nonvisual light effects such as circadian entrainment, pupil-
lary light reflexes, and acute melatonin suppression. Mice 
lacking any one class of photoreceptor—either mice without 
melanopsin or mice without rod/cone signaling—still pho-
toentrain (8, 9). Only animals lacking a combination of out-
er-layer photoreceptors (rods/cones) and melanopsin lose 
the ability to synchronize their behavior to light. Mice which 
have only cones or only rods are also able to photoentrain, 
although the lighting conditions must be specifically tailored 
to the remaining photoreceptor (10, 11). However, all rod 
and cone signals sufficient for circadian photoentrainment 
pass exclusively through the ipRGCs (12). Thus, multiple pho-
toreceptors feed nonvisual photic information to the brain 
in a serial pathway.

The ipRGCs are peculiar compared to other RGCs in a 
number of ways. The dendrites of conventional RGCs make 
their terminal input connections with bipolar cells in dis-
creet ON or OFF anatomical bands in the retina’s inner plex-
iform layer (IPL). As a general rule, the ganglion cells with 
synaptic connections closest to the ganglion cell layer 
respond when a light turns on (ON cells), and ganglion cells 
with dendritic arborizations terminating in the farther sub-
lamina respond when a light turns off (OFF cells). While 

various classes of ipRGCs terminate in either or both of ON 
and OFF layers of the IPL, all intrinsic light responses are of 
the ON type—that is, action potentials are fired while a light 
is on (13). A further peculiarity of ipRGCs is their capacity 
for sustained firing of action potentials. While conventional 
ganglion cells quickly adapt and cease firing during pro-
longed light exposures, many ipRGCs will consistently pro-
duce action potentials under light exposures with durations 
as long as 10 h, and they continue to fire for minutes after 
the light has ceased (14, 15).

Much work on ipRGCs has been carried out in mice without 
rods and cones, or in experiments in which the outer photo-
receptors have been pharmacologically silenced. In both pri-
mate and mouse retinas, cones contribute to the electric 
responses of various types of ipRGC (16–18). The upstream 
circuitry by which cones communicate with ipRGCs is still 
being uncovered. Pathways have been identified in primate 
retinas which allow for short-wavelength sensitive cones 
(S-cones) to give excitatory input to one class of ipRGC and 
inhibitory to another (19, 20). So, while melanopsin is the most 
proximal photoreceptor to the brain and gives only an ON 
signal, its message is shaped by the outer photoreceptors.

What does this mean functionally? What function do pho-
toreceptors with overlapping spectral sensitivities uniquely 
contribute to a single circuit? One apparent difference between 
melanopsin and visual pigments is the rate of adaptation. In 
the pupillary light response, there are transient-fast responses 
mediated by visual photoreceptors and sustained-slow 
responses mediated by melanopsin activation (21, 22). It 
seems that a similar phenomenon is at play in the nonvisual 
light response of circadian photoentrainment. St Hilaire et al. 
now find similar transient vs. sustained functions of ipRGCs 
in human circadian phase shifting (7). Subjects were adminis-
tered a 6.5-h light stimulation during a heroic 9-d temporal 
isolation. By establishing a baseline pattern of each of the 100 
subjects’ melatonin rhythms, the authors were able to analyze 
changes throughout the light stimulation and during the fol-
lowing days. Circadian responses to various intensities of 
near-monochromatic light across the visible spectrum were 
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compared, and they confirm that both acute melatonin sup-
pression and circadian phase shifting are most sensitive to 
blue light. However, diving into the details, the authors were 
able to glean more information about the specific blue light 
that was functional at various stages of the light pulse. 
Melanopsin’s sensitivity peak is at approximately 480 nm, and 
S-cones’ at 439 nm: both are “blue” light photoreceptors. The 

authors fit curves which allowed for the representation of one 
or more photoreceptor class to the responses of the large 
cohort’s combined data. This revealed that different spectral 
sensitivities within the blue range were responsible for circa-
dian phase shifting during the early stages compared with the 
later stages of the 6.5-h light pulse. In particular, S-cones con-
tributed significantly in the first 1.5 h of light exposure, fol-
lowed by a dominant melanopsin response for the remaining 
5 h. The authors also observed a contribution of short- and 
middle- wavelength cones in the acute suppression of mela-
tonin. Melatonin suppression may have a different sensitivity 
threshold than systemic phase shifts or be controlled by a 
slightly distinct circuit. The acute melatonin suppression was 

also dominated by melanopsin in the later stages of the pro-
longed light exposure.

It should be noted that the light exposures in this study 
were of continuous illumination and devoid of contrast. This 
was used to facilitate precise calibration of administered 
light. However, in natural visual scenes, our eyes are con-
stantly scanning over areas of high contrast in changing lev-

els of background illumination. In studies in mice, 
it has been shown that discontinuous light given 
as an on-off flicker produced larger circadian 
phase shifts than continuous stimuli, as the cones 
were not allowed to adapt (23). In the future, it 
will be interesting to learn whether this strategy 

holds true for the human circadian system as well. In the 
meantime, commercial therapeutic lights for personal circa-
dian alignment have already begun to include discontinuous 
light paradigms designed to dynamically activate cones. 
While bright blue light activating melanopsin remains the 
standard method for early-morning activation of circadian 
light pathways, optimal stimulation of cones would allow for 
dimmer and smaller light sources. Future studies should 
delineate whether the ON and OFF pathways contribute 
equally to the fast-transient response of the circadian system 
to blue light, and this will allow further utilization of precise 
lighting to most efficiently activate (morning) or avoid 
(evening) the  circadian resetting mechanism.
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“In PNAS, St Hilaire et al. shed new light on the 
contribution of blue light-sensing cones into 
ipRGC-pathways to regulate the circadian 
photoentrainment pathways in humans.”

Fig. 1. A) The human retina is made up of an outer layer of rod and cone photoreceptors (outer nuclear layer, ONL), a layer of bipolar cells (as well as horizontal 
cells and amacrine cells) in the inner nuclear layer, and a layer of RGCs. Cones and rods signal through bipolar cells which then make synaptic connections with 
RGCs at various levels of an IPL. In humans with trichromatic vision, there are three types of cones: long wavelength-sensitive (L-cone), middle-wavelength sensitive 
(M-cone), and short-wavelength sensitive (S-cone). RGCs are the cells which carry light information to the brain. Melanopsin-containing ipRGCs (represented in 
light blue) can be directly activated by light and send information to the brain’s central circadian clock. B) St Hilaire et al. show that in the early stages of a long-
duration light exposure, cones (particularly S-cones) contribute significantly to the circadian response to light in human subjects. This is in addition to activation 
of ipRGCs by melanopsin. C) In prolonged exposure to blue light, cone activity subsides, and the response is dominated by melanopsin activation in the ipRGCs.
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