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The mammalian visual system encodes information over a remarkable breadth of spatiotemporal scales and
light intensities. This performance originates with its complement of photoreceptors: the classic rods and
cones, as well as the intrinsically photosensitive retinal ganglion cells (ipRGCs). IpPRGCs capture light with
a G-protein-coupled receptor called melanopsin, depolarize like photoreceptors of invertebrates such as
Drosophila, discharge electrical spikes, and innervate dozens of brain areas to influence physiology,
behavior, perception, and mood. Several visual responses rely on melanopsin to be sustained and maximal.
Some require ipRGCs to occur at all. IpPRGCs fulfill their roles using mechanisms that include an unusual
conformation of the melanopsin protein, an extraordinarily slow phototransduction cascade, divisions of la-
bor even among cells of a morphological type, and unorthodox configurations of circuitry. The study of
ipRGCs has yielded insight into general topics that include photoreceptor evolution, cellular diversity, and
the steps from biophysical mechanisms to behavior.

Mammals sense light for diverse purposes. Resolving spatial
and temporal detail supports object recognition and action
guidance, such as during a chase through the woods. On the
other hand, integrating over space and time blurs details
together to provide a representation of ambient light intensity.
This representation is used to synchronize the circadian clock
with the solar day and to drive seasonal rhythms in physiology.
Thus, the visual system encodes information over a variety of
spatiotemporal scales and does so across the billion-fold
change in light intensity that accompanies the earth’s rotation.
Mechanisms that serve these needs are found in the first steps
in vision, where photoreceptors convert light into a biological
response.

Until about twenty years ago, it was believed that the
mammalian retina was duplex, possessing two types of photo-
receptors: rods and cones (Figure 1A). An early fissure in this
belief stemmed from observations of individuals who had pro-
found degeneration of these neurons and lacked visual aware-
ness. Light suppressed their melatonin level, much as it did in
the normally sighted (Czeisler et al., 1995). Some “blind” indi-
viduals also woke and slept as if their circadian clocks main-
tained synchrony with the environmental cycle of illumination
and darkness. A potential explanation was that enough rods
and cones survived to support basic functions but not
conscious perception. However, light also suppressed mela-
tonin and set the circadian clocks of mice that were engineered
to entirely lack these photoreceptors—provided that the eyes
were intact (Freedman et al., 1999; Lucas et al., 1999). More-
over, even in normal animals, certain responses exhibited
dependencies on the wavelength, intensity, and duration of illu-
mination that were poorly explained by the properties of rods
and cones (e.g., Brainard et al., 2001; Lucas et al., 2001; Taka-
hashi et al., 1984). It appeared that an ocular source of photore-
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ception awaited discovery (see Do and Yau, 2010 for additional
historical perspective).

This source was found in an unlikely place within the eye. Rods
and cones are part of the outer retina, which lies farthest from the
incoming light. On the other side, in the inner retina, are retinal
ganglion cells (RGCs). These neurons convey information from
the eye to the brain. A small fraction of RGCs is distinguished
by expression of a visual pigment called melanopsin (Opn4;
see Box 1 as well as Figures 1B and 2; Hattar et al., 2002; Pro-
vencio et al., 1998; Provencio et al., 2002). These are the intrin-
sically photosensitive RGCs (ipRGCs; Berson et al., 2002). Light
activates melanopsin to trigger a G protein cascade that causes
membrane depolarization. This response is opposite to that of
rods and cones, which hyperpolarize, but resembles that of pho-
toreceptors found in invertebrates like fruit flies and horseshoe
crabs. IDRGCs fire spikes. They are understood to use glutamate
as their primary neurotransmitter; uniquely among RGCs, they
also express a peptide neurotransmitter called PACAP (pituitary
adenylate cyclase activating peptide; Hannibal et al., 2002a).
IPRGCs have a widespread influence, innervating dozens of re-
gions throughout the brain (Figures 1C and 3). Among them are
the suprachiasmatic nucleus (SCN, master circadian clock), oli-
vary pretectal nucleus (OPN, pupillary constriction), and dorsal
lateral geniculate nucleus (dLGN, visual perception; Brown
et al., 2010; Delwig et al., 2016; Ecker et al., 2010; Gooley
et al., 2003; Hattar et al., 2006; Morin and Studholme, 2014;
Quattrochi et al., 2019). Known influences of ipRGCs extend
well beyond their direct targets. Examples are regulation of
melatonin synthesis in the pineal gland and of synaptic plasticity
in the hippocampus (LeGates et al., 2012). IpPRGCs themselves
are diverse, with six types identified in the mouse (called M1-
MB6; see below and Figure 2). The mammalian retina is not duplex
but multiplex.
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Box 1. A Primer on Animal Visual Pigments

An animal visual pigment has two parts, opsin (a G-protein-coupled receptor) and chromophore (the photosensitive ligand, a
covalently linked derivative of vitamin A called retinaldehyde or, simply, retinal). Upon photon absorption, the chromophore has
an opportunity to isomerize and drive a conformational change of the opsin. For activation, this isomerization is typically from
11-cis retinal to all-trans retinal.

Activated pigments take one of two principal paths. In the first, opsin and isomerized chromophore dissociate. This process is
called bleaching because visible light is absorbed well by pigment but poorly by its separate parts (Fein and Szuts, 1982). Opsin
must combine with new chromophore to regenerate functional pigment. In the second path, absorption of a subsequent photon
drives pigment from the active state. Pigments whose active states are long lived tend to deactivate in this manner. Such pigments
have an intrinsic capacity to be activated repeatedly during illumination. They are classified as bistable or, more generally, multi-
stable. Bleaching and multistability are not mutually exclusive. lllumination of sufficient intensity may cause bleachable pigments to
absorb photons in quick succession, switching them between active and inactive states (Ritter et al., 2008). Moreover, pigments
with stable active states may bleach on occasion.

Two types of visual pigment are recognized in the animal kingdom, ciliary and rhabdomeric, which are typically found in the primary
photoreceptors of vertebrates and invertebrates, respectively (Fain et al., 2010; Shichida and Matsuyama, 2009). They are recog-
nized by their protein sequence and genomic structure. Ciliary pigments tend to be bleachable and rhabdomeric pigments bistable.

The spectra of all vitamin A-based pigments have shapes that are virtually identical (when plotted on a frequency or reciprocal-
wavelength axis; Lamb, 1995). Given only the peak wavelength sensitivity (Amax) Of @ pigment, its entire spectrum can be recon-
structed using an empirical function that is referred to as the nomogram (Govardovskii et al., 2000). The uncommon exceptions are
pigments that use accessory chromophores and therefore exhibit more complex spectral sensitivities (Kirschfeld et al., 1977).

Often, the conformational states of a pigment have distinct spectra, each defined by its A,ax and the nomogram (Hillman et al.,
1983). Delivering wavelengths that are preferentially absorbed by one state will drive it to an adjoining state. If two states are close
in spectral sensitivity, light will always produce a mixture of both states. On the other hand, if two states are well separated, light
can drive practically all pigment molecules into one state or the other depending on wavelength. Pigment states and their inter-
conversions underlie the spectral sensitivity of the cell’s response (the “action spectrum”).

An important note is that wavelength and intensity are interchangeable in determining the probability that a pigment absorbs a
photon. For example, even if a pigment has a Anax in the visible range, infrared or ultraviolet light can cause activation if sufficiently

intense.

Rods, cones, and ipRGCs are presently the only mammalian
cells known to convert light into electrical signals (Hattar et al.,
2003; Panda et al., 2003). Rods are sensitive enough to support
sight even in starlight, while cones are equipped for color vision
in daylight (Ingram et al., 2016; Naarendorp et al., 2010); down-
stream of these outer photoreceptors are numerous RGC types
that convey distinct features of the visual image to the brain (Gol-
lisch and Meister, 2010; Sanes and Masland, 2015). This review
is concerned with the roles that ipRGCs play, both as photore-
ceptors and retinal output neurons, and the mechanisms that
support those roles. IpPRGCs of the M1 type are examined
most deeply because they are the best understood, allowing
connections to be drawn from biophysics to behavior. A broad
sweep will be made through additional topics, including the other
ipRGC types, influences of melanopsin on development, poten-
tial roles of melanopsin in health, and challenges for future
research. Nevertheless, aspects of this large and rapidly ex-
panding field will be missed or only glimpsed. Expert reviews
are cited along the way to help fill these gaps. Finally, the infor-
mation given will concern common laboratory rodents unless
noted; other species are discussed toward the end.

Inferring Properties of the IpPRGC Pathway from Non-
image Visual Functions

The part played by ipRGCs is most obvious for non-image vision,
a set of functions that respond more to irradiance (the overall in-
tensity of illumination) than to contrast (local, spatiotemporal dif-
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ferences in illumination; reviewed by Warthen and Provencio,
2012). Irradiance governs important parameters such as visibil-
ity, temperature, and the types of species that are active. Unsur-
prisingly, many functions that use irradiance information are
essential. For example, irradiance is the principal regulator of
the circadian clock, which establishes normal patterns of gene
expression throughout the body. The clock encodes irradiance
by pooling light over large portions of the visual scene and broad
intervals of time (Dobb et al., 2017; Mouland et al., 2017; Nelson
and Takahashi, 1991), raising the possibility that ipRGCs exhibit
specializations for spatial and temporal integration.

Several properties of ipRGCs may be inferred from another
non-image visual function, the pupillary light reflex (PLR), where
contraction of the iris muscle limits the amount of light entering
the eye. Photoreceptor contributions to the PLR have been stud-
ied extensively because it is relatively quick and readily quanti-
fied (Keenan et al., 2016; Lall et al., 2010; Lucas et al., 2001).
The PLR sets the balance between visual sensitivity, which is
supported by a large pupil, and spatial resolution, which benefits
from a small pupil. This balance appears to maximize information
transmission over environmental irradiances spanning many or-
ders of magnitude (at least in humans, where this topic has been
studied; Laughlin, 1992). Thus, examination of the PLR also pro-
vides insight into mechanisms of effective motor control.

Pupillary constriction increases with irradiance, up to
saturation, and is sustained for as long as the stimulus lasts
(Figure 4). Deleting the melanopsin gene removes the intrinsic
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Figure 1. Overview of the Retina and IpRGCs

(A) A highly simplified schematic of the retina in cross-section, oriented with
the inner aspect (nearer the center of the eye) down. The outer photoreceptors
(i.e., rods/cones) drive bipolar cells (BCs). In the inner plexiform layer (IPL), BCs
synapse with retinal ganglion cells (RGCs). Left: ON circuitry. Rods (top) drive
rod BCs, whose signals pass through amacrine cells (ACs) to cone BCs. In the
inner IPL, ON cone BCs convey signals to ON RGCs. ON RGCs show greater
depolarization when light intensity increases. Center, OFF circuitry. In the outer
IPL, OFF cone BCs provide synaptic input to OFF RGCs. OFF RGCs show

photosensitivity of ipRGCs and makes constriction abnormally
transient. That is, it decays over minutes despite the continued
presence of light (Keenan et al., 2016; Zhu et al., 2007). As a
consequence, steady-state constriction never exceeds about a
fifth of its normal maximum (transient constriction is less affected;
Keenan et al., 2016; Lucas et al., 2003). Disabling the outer pho-
toreceptors but sparing melanopsin reduces the speed and sensi-
tivity of constriction. Nevertheless, it is sustained and reaches its
normal maximum at high irradiances (Figure 4; Keenan et al.,
2016; Lall et al., 2010; Lucas et al., 2003). These studies indicate
that the PLR receives complementary drives: outer photorecep-
tors, which are especially important over seconds and low irradi-
ances, and the intrinsic responses of ipRGCs, which become crit-
ical over minutes and irradiances that exceed moonlight. Ablating
ipRGCs eliminates constriction even though rods, cones, and
other RGC types remain functional (Guler et al., 2008; Hatori
et al., 2008). It appears that retinal information must traverse
ipRGCs to drive the PLR. To summarize, outer photoreceptors
send signals through ipRGCs to mediate a sensitive and relatively
quick PLR, while the intrinsic photosensitivity of ipRGCs holds the
PLR steady over most irradiances and takes it to completion in
bright light (note that the iris itself responds to bright light in
some mammals; Wang et al., 2017; Xue et al., 2011).

Other aspects of non-image vision share much with the PLR
in terms of their retinal origins, including the importance of
ipPRGCs. Photoregulation of the circadian clock depends in
part on the outer photoreceptors, is attenuated in bright light
if the melanopsin gene is deleted, exhibits lower sensitivity if
only melanopsin phototransduction is active, and is undetect-
able if ipRGCs are ablated (Altimus et al., 2010; Dkhissi-Benya-
hya et al., 2007; Freedman et al., 1999; Guler et al., 2008; Ha-
tori et al., 2008; Hattar et al., 2003; Panda et al., 2002; Ruby
et al., 2002; van Oosterhout et al., 2012). The acute induction
and maintenance of sleep by broadband (white) light in
nocturnal species is abnormally transient without melanopsin
and undetectable without ipRGCs (Altimus et al., 2008; Lupi
et al.,, 2008; Muindi et al., 2013; Tsai et al., 2009). Light also
causes a suppression of locomotor activity in nocturnal spe-
cies, termed “negative masking,” which is abnormally transient
without melanopsin and absent without ipRGCs (Goz et al,
2008; Mrosovsky and Hattar, 2003). Consensus is lacking on
some points, such as the relative roles of rods, cone types,
and ipRGCs in these various functions. Nevertheless, the com-
mon thread is that ipRGCs are a key link between outer photo-
receptors and downstream processes, while melanopsin pho-
totransduction is important for sustained and maximal
responses to light (Figure 4).

Variations among non-image functions point toward
complexity in ipRGC signaling. In animals lacking melanopsin,

greater depolarization when light intensity decreases. Right: a sample of cir-
cuits for outer- and inner-stratifying ipRGCs, which are both ON. ON cone BCs
make ectopic synapses with the former and conventional synapses with the
latter. Rod pathways also drive ipRGCs. IPRGCs make chemical and electrical
synapses with ACs (not shown).

(B) En face view of mouse M1 ipRGCs that were revealed by melanopsin im-
munolabeling and traced (Berson et al., 2010). Asterisks mark cells with
somata displaced from the RGC layer to above the IPL.

(C) A sample of ipRGC influences.

Neuron 704, October 23, 2019 207



CellPress

A

Mouse M1 IpRGC

7

Neuron

Figure 2. A Comparison of Mouse and
Macaque IpRGCs

(A) The six types of ipRGC recognized in the
mouse retina. Black and red dendrites are those
that stratify in the inner (ON) and outer (OFF) IPL,
respectively, while blue dendrites are those that
visit the outer IPL before returning the inner IPL
(Quattrochi et al., 2019).

(B) The outer photoreceptor mosaic of the mouse,
to scale with the ipRGCs in (A) on the left and
expanded on the right. Rods are small and
numerous. Cones are stained (Jeon et al., 1998).
(C) Inner- and outer-stratifying ipRGCs of the
macaque peripheral retina (Liao et al., 2016). The
outer-stratifying ipRGCs tend to have their somata
displaced from the ganglion cell layer to the
opposite side of the IPL. Same scale as (A).

Rods and Cones

Dendritic Stratification

Macaque IpRGCs

pupillary constriction decays over minutes (Keenan et al.,
2016), while sleep and negative masking decay over hours
(Mrosovsky and Hattar, 2003; Muindi et al., 2013). Hence,
the requirement for melanopsin phototransduction manifests
over timescales that span at least an order of magnitude
across different functions. The irradiance required to evoke
melanopsin-driven responses also varies. In animals lacking
the outer photoreceptors, ipRGCs first drive pupillary
constriction at an irradiance that is 1-2 log units greater
than that needed to entrain the circadian clock (Hattar et al.,
2003; Xue et al., 2011). The non-image visual functions of
normal animals also show varied thresholds (e.g., circadian
photoentrainment, pupillary constriction, and negative mask-
ing; Butler and Silver, 2011). IpPRGC pathways appear to be
diversified according to downstream needs.
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To conclude, examination of non-im-
age vision raises predictions about the
melanopsin system of ocular photorecep-
tion. Mechanisms are likely to exist for
integration over space and time, for the
outer photoreceptors to drive ipRGCs,
Y for ipRGC phototransduction to be rela-
\ tively insensitive but sustained, and for
| . the generation of functional diversity.
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‘~.,\ M1 IpRGCs: Molecular, Cellular,
\ — and Circuit Mechanisms that
7 J Support Non-image Vision
VY § The M1 ipRGCs are central to non-image
/ S .. . .
il Ve vision. These cells densely innervate brain
N areas that mediate it (e.g., SCN, OPN, and

intergeniculate leaflet) while sparsely

innervating those that support image

vision (i.e., dLGN and SC; Figure 3); the

) innervation patterns of non-M1 cells

follow a largely complementary pattern

(Baver et al., 2008; Brown et al., 2010;

) Ecker et al., 2010; Hattar et al., 2006;

Quattrochi et al., 2019). Moreover, circa-

dian photoregulation is absent when all

ipRGCs are ablated but persists even if

only a subset of M1s survives (Chen et al., 2011; Guler et al.,

2008). These points do not exclude other ipRGC types from

non-image vision, nor do they exclude M1s from image vision

(see below). Nevertheless, the molecular, cellular, and circuit

properties of M1s appear the best suited of the ipRGC types
for encoding irradiance.

This section begins with the phototransduction cascade used
by M1s, where key molecules have been identified. The discus-
sion then turns to mechanisms that allow M1s to integrate over
space, time, and wavelength; to generate sustained responses;
and to diversify for the establishment of dynamic range.

The M1 Phototransduction Cascade

Melanopsin is required for the intrinsic photosensitivity of
ipRGCs, and no other visual pigment has been detected in these
cells (reviewed by Do and Yau, 2010). Melanopsin is a pigment of
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Figure 3. Major Brain Targets of Mouse
IpPRGCs

A sample of ipRGC brain targets is depicted in a
quasi-sagittal schematic of the mouse brain.
Below is a plot of innervation densities across
ipRGC types, drawn after Berson and colleagues
(Quattrochi et al., 2019) and incorporating addi-
tional information (Ecker et al., 2010; Hattar et al.,
2006; Huang et al., 2019; Morin and Studholme,
2014; Zhao et al., 2014). Each blue dot indicates
the approximate density of innervation by its size, a
white dot indicates undetectable innervation, and
lack of a dot indicates an absence of information.
Mb5s and M6s are pooled because their projections

14.0PNs_ 15.0PNc_ 18.SC were examined together for technical reasons. AH,

. J anterior hypothalamus; BST, bed nucleus of the
® g stria terminalis; dLGN, dorsal lateral geniculate
nucleus; IGL, intergeniculate leaflet; LH, lateral

. hypothalamus; MA, medial amygdala; OPN, olivary

. pretectal nucleus (with shell, s, and core, c, re-

gions); PA, preoptic area, which includes the VLPO
(ventrolateral preoptic area); PAG, periaqueductal

gray; PHb, perihabenular zone; pSON, peri-supraoptic nucleus; SC, superior colliculus; SCN, suprachiasmatic nucleus; sPa, subparaventricular zone; and vLGN,

ventral lateral geniculate nucleus.

the rhabdomeric type (see Box 1), with human melanopsin
bearing a closer resemblance to a scallop opsin in its protein
sequence than to any vertebrate opsin known (Provencio et al.,
2000). In mouse, two splice isoforms of melanopsin have been
found, short (Opn4S) and long (Opn4L; Pires et al., 2009).
Opn4S differs from Opn4L in its abbreviated C-terminal tail,
which lacks four potential phosphorylation sites. The isoforms
diverge in their expression patterns. Opn4S is enriched in M1s
and Opn4L in non-M1s. Loss-of-function experiments suggest
that Opn4S is important for the PLR, Opn4L for negative mask-
ing, and both for circadian photoentrainment and sleep regula-
tion (Jagannath et al., 2015). It is not known whether these
divergent effects reflect differences in the protein function of
these splice isoforms, differences in their expression across
ipPRGC types, or both.

Downstream of melanopsin are G proteins of the g/11 family
(Gog, Goy1, and Gayg), which drive PLCB4 to open TrpC6/
TrpC7 nonselective cation channels (Graham et al., 2008; Jiang
et al., 2018; Sonoda et al., 2018; Warren et al., 2006; Xue et al.,
2011). Eliminating these G proteins or PLCB4 leaves only a tiny
photocurrent, suggesting that they are the dominant players.
By analogy to other PLC pathways, the second messenger
may be a metabolite of PIP2, though not necessarily the usual
candidates, IP3 and DAG. Indeed, PLCB4 and TrpC6/7 are
closely related to norpA and Trp in Drosophila photoreceptors,
respectively, where PIP2 cleavage is thought to generate pro-
tons and mechanical force for channel activation (Hardie and
Franze, 2012; Huang et al., 2010). With regard to response termi-
nation, melanopsin is subject to phosphorylation and arrestin
binding, though these processes have yet to be explicitly exam-
ined in M1s (Blasic et al., 2012a, 2012b, 2014; Cameron and
Robinson, 2014; Fahrenkrug et al., 2014; Mure et al., 2016,
2018; Somasundaram et al., 2017).

In pursuing additional components of M1 phototransduction, a
challenge is that the photocurrent has a low density (less than
~0.2 pA pm~2; Do et al., 2009). Consequently, applying agents
to isolated patches of membrane might not produce enough of
a response to identify the second messenger. Furthermore, if

this low density corresponds to sparse expression of transduc-
tion molecules, some may be difficult to identify at the RNA
and protein levels (Berg et al., 2019; Rheaume et al., 2018;
Siegert et al., 2012). Overall, little is known about the properties,
expression levels, and distributions of phototransduction com-
ponents in M1s. These parameters are exquisitely tuned in
rods, cones, and Drosophila photoreceptors (Hardie and
Postma, 2008; Ingram et al., 2016; Luo et al., 2008), raising the
possibility of a similar optimization in M1s for the specific re-
quirements of non-image vision.

Mechanisms of Spatial Integration

Mouse M1s have a dendritic arbor that is ~300 um in diameter,
encompassing ~10° of visual angle (Berson et al., 2010). This is
an ~150-fold wider view than that of a rod or cone (Figure 2B;
Carter-Dawson and LaVail, 1979). M1s integrate over this patch
of the visual scene, with excitation growing alongside the
amount of the receptive field illuminated (Figure 5A; Zhao
et al., 2014). By comparison, RGCs with the classic center-sur-
round receptive field respond vigorously with stimulation of the
center but not both center and surround, an arrangement that fa-
vors the encoding of spatial contrast (Barlow, 1953; Kuf-
fler, 1953).

Spatial integration by M1s arises from both synaptic and
intrinsic mechanisms. Synaptic input carries signals originating
with the outer photoreceptors, is net excitatory, and appears uni-
form across the receptive field (Dumitrescu et al., 2009; Zhao
et al.,, 2014). It is also of the ON variety, being activated when
light intensifies. This last finding was initially puzzling because
M1s spread their dendrites in a layer that was long understood
to contain presynaptic terminals of OFF bipolar cells (BCs),
which are activated when light dims, but only traveling axons
of ON BCs. It turns out that ON BC axons make synapses with
M1 dendrites en passant or via small branches (Figure 1A; Dumi-
trescu et al., 2009). This exception to retinal wiring rules contrib-
utes to the extensive spatial integration displayed by M1s.

With regard to intrinsic photosensitivity, each M1 expresses
melanopsin over the entirety of its soma and dendrites (Berson
et al., 2002; Hattar et al., 2002; Provencio et al., 2002). Light
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Figure 4. Contributions of IpPRGCs and

Outer Photoreceptors to Non-image Vision
Depicted are cases for animals that are wild-type
(black), have only outer photoreceptors (i.e., rods/
cones) for photoreceptors (melanopsin knockout;
red), or have only ipRGCs for photoreceptors
(outer photoreceptor loss or inactivation; blue).
Left, without melanopsin, responses cannot reach
their normal maxima in bright light. Without the
outer photoreceptors, responses are insensitive
but can reach their normal maxima. Right, without
melanopsin, responses are abnormally transient.
Without outer photoreceptors, responses are slow

Log Irradiance
(units vary across functions)

responses evoked from these two locations appear similar (Do
et al., 2009). Thus, photons absorbed from different parts of
the visual scene have uniform impacts, supporting spatial inte-
gration.

Photon Capture by Melanopsin

The probability of photon capture by M1s depends on their
density of melanopsin molecules. A rough estimate is that
each square micrometer of plasma membrane contains a hand-
ful, giving each cell ~10* molecules total (Do et al., 2009). By
contrast, the outer photoreceptors express their pigment at
~30,000 pm~2 within hundreds of membrane specializations
that are stacked in the light path, for a total of 108 per cell (Luo
et al., 2008). The sparseness of melanopsin reduces the sensi-
tivity of M1s, helping these cells operate over higher irradiances.
Given the dense network of M1 dendrites (Figure 1B), melanop-
sin sparseness also prevents shadows from being cast on the
underlying rods and cones.

This estimate of M1 pigment density is a snapshot. Melanop-
sin protein rises at the onset of illumination to peak at the end of
the day and then falls in darkness (Hannibal et al., 2005; Mathes
et al., 2007). Constant light or darkness causes a decrease or in-
crease of melanopsin immunoreactivity over days, respectively
(Hannibal et al., 2005). There is also evidence that the circadian
clock controls melanopsin expression (Hannibal et al., 2005; Sa-
kamoto et al., 2004). The functional consequences of these
expression changes are not entirely clear. A clue is that a circa-
dian variation in the highest firing rates of ipPRGCs has been re-
ported, though M1s have not been specifically examined
(Weng et al., 2009).

A Large and Prolonged Single-Photon Response
Increases Sensitivity and Mediates Temporal

Integration over Tens of Seconds

The building block of the light response is the activation of one
pigment molecule following the absorption of one photon, pro-
ducing the single-photon response (SPR; its properties are often
deduced from the “dim-flash” response, which is the linear su-
perposition of several SPRs). The dark-adapted SPR of M1s is
somewhat larger than that of rods (~1 pA versus ~0.5 pA) and
far larger than that of cones (~0.04 pA; Cao et al., 2014; Do
etal., 2009; Mendez et al., 2000). Because M1s have a high input
resistance and tend to cross spike threshold occasionally even in
darkness, a single-photon absorption may substantially influ-
ence the firing rate (Do et al., 2009; Emanuel et al., 2017).
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T but sustained. These cartoons are not meant to be
interpreted quantitatively, and the abscissae are
undefined because the general understanding
holds across functions that operate over different
irradiances and timescales.

Time

This influence on M1 output is long-lasting. The duration of an
SPR is often quantified as the integration time (t;, the area under
the normalized response), which gives the window in which re-
sponses will sum effectively (Baylor and Hodgkin, 1973). In
mice, the dark-adapted t; is ~200 ms for rods and ~80 ms for
cones, respectively (Figure 5B; Cao et al., 2014; Mendez et al.,
2000). That of M1s is measured on a different scale, being
~8 s (Do et al., 2009; Emanuel et al., 2017). The response has
an overall lifetime of ~30 s, producing a representation of illumi-
nation that is extensively smoothed over time (Figure 5B).
Persistent Responses Support Temporal Integration
over Minutes
If light is sufficiently bright, extinguishing it does not cause an im-
mediate return of the M1 photocurrent to baseline. The photo-
current can continue for many minutes and, being graded with
stimulus strength, supports temporal integration within this inter-
val (Figure 5C). This persistent response reflects the stability of
melanopsin’s active state (Emanuel and Do, 2015). During dec-
rements of irradiance, this stability is evident in a gradual relax-
ation of the photocurrent to a lower level (Milner and Do, 2017).
Hence, the persistent response acts as a strong low-pass filter
on fluctuating light.

How does the persistent response last minutes if the SPR only
lasts tens of seconds? Likely, the persistent response arises
from pigment molecules that have escaped the usual shut-off
mechanisms. This is the case for a similar response observed
in invertebrate photoreceptors, the “prolonged depolarizing
afterpotential,” which arises when more pigments have been
activated than there are arrestin molecules to quench them (Hill-
man et al., 1983). Indeed, the SPR appears to be terminated
actively in M1s. Removal of extracellular Ca®* allows the
response to continue far longer than usual, indicating the exis-
tence of strong negative feedback mechanisms that might be
exceeded to produce the persistent response (discussed further
below; Do and Yau, 2013). An open question is whether the
persistent response is subject to negative feedbacks of its
own, which would therefore be poised to increase the precision
of temporal integration by M1s.

Conformational Changes of Melanopsin Support
Spectral Integration and the Acute Suppression of
Persistent Responses

While spectral changes at dawn and dusk can help set the circa-
dian clock (Roenneberg and Foster, 1997; Solessio and



Neuron

A Receptive Field B Single Photon Response
g1 21 g0
& & Rod Cone 4
g M1 IpRGC g g
z 0 . . . 20— N S
0 1 2 3 05s
Spot Diameter (mm) 1 1 -
C Persistent Response D Melanopsin States E IpPRGC Spectral Sensitivity
5Hz R =~ M ~ E under Broadband lllumination
= =
III_ Ill__lIIllllll-llllllllll--l--- 30s ATAEm 0t s i
fmy oy g pm oy g . 10 Silent Signaling Silent
. . = >
i vi 5] £
g M E 2
S =
o 2
- @
s »
e g
-
<] =
©
s R E
2
'S
| I | I 1
400 450 500 550 600 400 500 600 700
— Wavelength (nm) Wavelength (nm)
F Melanopsin Photoequilibria and Cellular Activity
f
‘ ‘ [20mv
| 1 min
short 1
long n
G photon photon l A lphown
Melanopsin

NI\

Figure 5. Spatial, Temporal, and Spectral Integration by Mouse M1 IpRGCs

(A) Increasing the size of a spot within the receptive field of an M1 causes the response (normalized photovoltage) to increase, up to saturation (Zhao et al., 2014).
(B) Dim-flash responses of outer photoreceptors and M1s (normalized photocurrent, having the same waveform as the single-photon response). Note the 10-fold
longer time base for the M1. The dashed line indicates the baseline current and the timing of the flash is shown below the curves, which are traced from
electrophysiological recordings (Emanuel et al., 2017; Field and Rieke, 2002; Nikonov et al., 2006).

(C) Top, repeated presentation of the same pulse of light causes a progressive increase in firing rate due to cumulative activation of melanopsin photo-
transduction. Bottom, traces taken from the first (i) and sixth (vi) presentations, highlighting persistent firing in darkness. At 35°C, as shown here, the subthreshold
membrane voltage decays in subsequent darkness with an average time constant of ~2 min. No blockers of synaptic transmission.

(D) Top, mouse melanopsin is understood to have three states (R, M, and E). The peak spectral sensitivities of R and E are determined from the electrophysi-
ological responses of M1s. Spectrophotometric measurements of purified melanopsin yielded similar values (467 and 446 nm, respectively) and gave information
for M (476 nm; Matsuyama et al., 2012). Bottom, the distribution of melanopsin states as a function of wavelength, estimated from a model based on values from
purified melanopsin.

(E) The action spectrum of an M1 measured atop a background of broadband (white) light. The spectrum is accounted for by roughly equal fractions of melanopsin
molecules activating from R and E (the action spectra of which are shown in black and red, respectively).

(F) Voltage response of an M1 at room temperature (where persistent responses are extremely stable). A 50-ms flash of 440-nm light drives an initial burst of firing
that is truncated by depolarization block. Adaptation returns the voltage to a range that produces firing, and firing persists in darkness until it is suppressed by a
10-s pulse of 560-nm light. Blockers of synaptic transmission included. Plots in (C)-(F) are reproduced from Emanuel and Do, 2015.

(G) An explanation of the cellular response in terms of melanopsin tristability. The only state found after prolonged darkness is R. Light drives R to M, which
activates the cell. M has a high degree of thermal stability. Longer wavelengths of light drive M to E (and, to a lesser extent, R), which suppresses cellular activity. A
subsequent short-wavelength or broadband stimulus can initiate another cycle.

Engbretson, 1993; Walmsley et al., 2015), integrating over the
spectrum allows the total light intensity to be encoded. Proper-
ties of the melanopsin molecule mediate spectral integration
(see Box 1 for background material). As illustrated in
Figure 5D, purified mouse melanopsin exhibits three states: R
(“melanopsin,” bound to 11-cis retinal and displaying a peak
wavelength sensitivity, Amax, of 467 nm), M (“metamelanopsin,”
all-trans retinal, red shifted from R to 476 nm), and E (“extrame-
lanopsin,” 7-cis retinal, blue-shifted from R to 446 nm; Mat-
suyama et al., 2012). R and M are the expected ground and
signaling states, respectively (Walker et al., 2008). Electrophysi-
ological examination of M1s revealed the presence of a third
state that matches the spectral sensitivity of E and is electrically
silent (Emanuel and Do, 2015). Under common lighting condi-

tions, melanopsin molecules activate from R or E with roughly
even probability to trigger responses that are indistinguishable.
The spectral sensitivity of the cell, reflecting both states, is un-
usually broad (Figure 5E). Therefore, conformational changes
of melanopsin endow M1s with an intrinsic capacity for integra-
tion over wavelength (Emanuel and Do, 2015). The broad spec-
tral sensitivity of M1s peaks at 460 nm, similar to the wavelength
distribution at twilight and matching the A\nax of melatonin sup-
pression in humans (Brainard et al., 2001; Emanuel and Do,
2015; Walmsley et al., 2015).

The interconversion of melanopsin states allows the persistent
response to be acutely suppressed by light (Figure 5F). As
mentioned above, the persistent response reflects the stability
of melanopsin’s signaling state, M. Long wavelengths are
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absorbed more effectively by M than the other states (Figure 5D).
Thus, long-wavelength illumination drives melanopsin molecules
away from the M state. These molecules accumulate in the E
state, which is the least effective at absorbing long wavelengths.
Because E is electrically silent, the persistent response is sup-
pressed. Practically, the effectiveness of suppression does not
increase monotonically as wavelength is increased. Past about
560 nm, all states absorb photons so poorly that light has little ef-
fect unless it is extremely intense (Emanuel and Do, 2015).
Whether any kind of natural illumination suppresses persistent
responses is unknown.

Mouse melanopsin is currently the only pigment that is thought
to be tristable or use 7-cis retinal. The extent to which these char-
acteristics generalize to other pigments and what their structural
determinants are remain to be understood.

Extrinsic Mechanisms of Spectral Integration

M1s are downstream of both rods and cones. Consequently, in
mouse, the light responses of M1s can originate with four pig-
ments: melanopsin (Amax = 460 nm under broadband illumina-
tion), rhodopsin (500 nm), ultraviolet-wavelength-sensitive
(UVS) opsin (360 nm), and medium-wavelength-sensitive
(MWS) opsin (510 nm). These pigments have overlapping influ-
ences over a wide range of intensities and may therefore
broaden the wavelength sensitivity of M1s to encompass a large
region of the spectrum (Joesch and Meister, 2016; Naarendorp
etal., 2010; Tikidji-Hamburyan et al., 2017). The degree of broad-
ening may vary with topography because UVS and MWS opsins
are expressed in reciprocal gradients across the mouse retina
(Hughes et al., 2013).

Adaptation and the Production of Steady Responses
When given a step of light that is just intense enough to activate
melanopsin phototransduction in M1s, the cascade produces a
photocurrent that rises gradually to steady state. Brighter light
causes the current to rise more rapidly, peak, and then relax to
a plateau (Do and Yau, 2013). This relaxation reflects adaptation
(Wong et al., 2005). As light intensifies further, both peak and
plateau increase in magnitude until saturating. Their difference
also widens; for the largest responses, the plateau is just a few
percent of the peak (typically below ~80 pA), reflecting the
high potency of adaptation (Milner and Do, 2017). Furthermore,
over much of the cell’s operating range, a change in irradiance
drives an opposite and near-equal change in sensitivity (Do
and Yau, 2013). That is, adaptation of phototransduction in
M1s follows the classic Weber-Fechner law, as it does in rods
and cones (Luo et al., 2008).

To appreciate the role of adaptation, consider that the steady
photocurrent comprises a succession of SPRs that overlap ac-
cording to their duration and frequency of occurrence. In dim
light where SPRs are infrequent, they are large and prolonged
to maximize sensitivity. In brighter light, they become smaller
and briefer to blunt the approach to saturation, thereby extend-
ing dynamic range. This process is evident in the analog re-
sponses of rods, cones, and M1s. For M1s, adaptation also
keeps the photocurrent from driving the spike generator into a
refractory state, at least over a few log units of irradiance (see
below; Do and Yau, 2013).

Recovery from adaptation occurs slowly for M1s. Examined at
room temperature, this process requires hours (Wong et al.,
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2005). Recovery is likely to be faster at body temperature but
remain far slower than the minutes and tens of minutes seen in
cones and rods, respectively (Lamb and Pugh, 2004). An
intriguing speculation is that this slowness allows adaptation to
recover more completely over the long nights of winter to
strengthen phototransduction during dim and short days, and
less completely over the short nights of summer to weaken pho-
totransduction during bright and long days (Wong et al., 2005).
Therefore, in conferring flexibility to melanopsin phototransduc-
tion, adaptation may promote constancy in the output of M1s
across environmental variations. This idea has yet to be tested.
Also unknown is how the PLC-based phototransduction
cascade used by M1s produces adaptation that is quantitatively
similar to that of the cyclic nucleotide-based cascade used by
rods and cones.

Maintaining Photosensitivity over Long Timescales
IPRGCs have been observed to fire continuously over hours of
illumination (Wong, 2012) and M1s are likely to be no exception
(Milner and Do, 2017). For phototransduction to be sustained,
pigment molecules must remain available for activation. The
output of an isolated rod or cone gradually diminishes because
its pigments bleach in light (Box 1). M1s have a larger, intrinsic
capacity for sustained signaling because the active state of mel-
anopsin (M) is stable. As such, it has the opportunity to absorb a
photon, convert to a silent state (R or E), and be reactivated
(Figure 5G). An automatic mechanism of pigment regeneration
is another commonality between M1s and the rhabdomeric pho-
toreceptors of species like Drosophila.

Melanopsin is likely to regenerate through more than one
pathway. When ipRGCs are deeply dark adapted, all melanopsin
appears to be in the R state (Emanuel and Do, 2015; Walker et al.,
2008). Light cannot produce this condition, as it always forms R in
amixture with the other states (Emanuel and Do, 2015). A possible
mechanism is that melanopsin bleaches on occasion and then
binds new 11-cis retinal, which defines the R state. Melanopsin
is relatively resistant to bleaching (Emanuel and Do, 2015; Sexton
etal., 2012). That said, experimental provision of chromophore to
light-exposed M1s can increase their sensitivity by several-fold
(Do et al., 2009; Fu et al., 2005). An endogenous supply route
for 11-cis retinal has been traced from the retinal pigment epithe-
lium (the principal source of chromophore in the retina) through
the Muller glia to ipRGCs (Zhao et al., 2016). IpPRGCs appear to
be more intimately associated with Miller glia than conventional
RGCs (Viney et al., 2007), perhaps in support of this pathway.
Much is unknown about the processes that regenerate melanop-
sin (reviewed by Lucas, 2006). Notably, their rates are undefined,
even though they set the magnitude of the steady response that
sustains downstream processes over extended timescales.

Functional evidence for a sustained synaptic input to M1s is
lacking (Milner and Do, 2017; Zhao et al., 2014), though an
anatomical observation raises the possibility that such an input
exists. Conventional RGCs tend to fire transiently at the onset
and/or offset of light (Wong et al., 2007). This transience partially
reflects the “dyad” circuit motif of the retina: a BC terminal drives
both an RGC and an amacrine cell (AC), and the AC can curtail
responses by providing both feedback inhibition to the BC and
feedforward inhibition to the RGC. The ectopic synapses that
ON BCs make with M1s appear to lack the AC component
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Figure 6. Irradiance Encoding by Mouse M1
IpPRGCs

(A) Top, the irradiance-firing (IF) relation of a “un-
imodal” M1. Bottom, excerpts of voltage at the
indicated points showing intrinsic depolarization
block at high irradiance (iv).

(B) The IF relations of different M1s, offset vertically
for visualization. These relations are naturally ar-
rayed across the irradiance axis. Scattered in the
top end of the range are a few IF relations that are
monotonic rather than unimodal. Intensities
correspond to moonlight (a), twilight (b), and
daylight (c). The shapes and positions of these
relations are similar whether synaptic transmission
is blocked (as is the case here) or not (Milner and
Do, 2017).

RGCs of a type are largely uniform in their
responses. M1s, being relatively uncon-
cerned with spatial information, have

(Kim et al., 2012). If these monadic synapses operated in a
distinct fashion, they would be another exception to retinal wiring
rules that supports irradiance encoding by M1s. M1s are known
to receive inhibition, but the sources and functional conse-
quences have not been identified (Zhao et al., 2014). In principle,
inhibition could promote signaling over long timescales; for
example, intermittent hyperpolarization would allow voltage-
gated channels to recover from inactivation, supporting the firing
of spikes.

Dividing Labor for Dynamic Range

A hallmark of M1s is their functional heterogeneity (Emanuel
etal., 2017). Most physiological parameters vary across the pop-
ulation, with many spanning a log unit or more. Furthermore, lack
of covariation among parameters gives each cell a biophysical
profile that is highly individualistic, with no actual profile resem-
bling the average. Consequently, a fixed stimulus evokes varied
spike patterns across the M1s that it activates.

These seemingly chaotic collections of parameters give rise to
orderly behaviors. The most commonly encountered M1 has an
irradiance-firing (IF) relation that is unimodal (Figure 6A; Milner
and Do, 2017). That is, firing increases as irradiance exceeds
threshold, reaches a peak rate at a higher irradiance, and then
falls silent as irradiance rises further. Silencing results from the
melanopsin-driven photocurrent growing large enough (even
with adaptation) that the membrane voltage becomes too depo-
larized to support spike generation. In other words, intrinsic de-
polarization block confines spiking to a limited range of irradi-
ances. Unimodal IF relations have a shape that is highly
conserved among M1s. However, the intrinsic properties of
these cells cause their IF relations to occupy different positions
on the irradiance axis. This dispersion of sensitivities allows the
population to operate from moonlight to full daylight (Figure 6B).

Image vision requires that a similar set of features is sampled
across the scene. Accordingly, rods, cones, and conventional

Irradiance (log photons pm2 s)

diversified for the collective encoding of
irradiance. This strategy appears to have
several advantages. First, the population
covers a broader range than any given
cell; sensitivity varies more across M1s,
even with synaptic inputs blocked, than between rods and
cones. Second, because some cells fire less as others fire
more, metabolic costs are reduced. Third, downstream cells
have the potential to sample from M1s of relevant tunings,
perhaps helping to explain the varied thresholds of non-image vi-
sual functions. Additional advantages may be found in the effect
of light history. One example concerns falling irradiance, when
unimodal M1s exit depolarization block, resume firing, and
then deactivate. Many of these cells resume firing at irradiances
far below those that first activated them, likely because the
persistence of melanopsin activity prolongs the period of depo-
larization block (Milner and Do, 2017). This extension of firing is
expected to dampen the effect of falling irradiance, further
reducing the impact of temporal contrast. These observations
underscore open questions regarding how the M1 population re-
sponds to natural modulations of irradiance and how this popu-
lation drives downstream circuits.

In summary, M1s are specialized at several stages for non-im-
age vision. At the molecular level, intrinsic properties of mela-
nopsin itself produce integration over time and wavelength. At
the tissue level, interactions between the retina and pigment
epithelium support continuous signaling over hours of illumina-
tion. In between are numerous biophysical and circuit mecha-
nisms that meet the challenges of encoding environmental irradi-
ance over a vast range, and despite spatiotemporal contrast in
the scene.

Non-M1 IpRGCs and Their Involvement in Image Vision
Subconscious influences of light on physiology provided an early
hint that ipRGCs exist. Additional study has indicated that
ipPRGCs contribute to visual perception, particularly non-M1
ipRGCs (reviewed by Sonoda and Schmidt, 2016). This
expanded role and the mechanisms that support it are examined
here.
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Melanopsin and Human Perception

An individual with profound degeneration of the outer photore-
ceptors could report the presence of light if its wavelength was
near the Amax Of melanopsin, suggesting that activation of this
pigment impinges upon awareness (Zaidi et al., 2007). This pos-
sibility has been examined in sighted individuals using the tech-
nique of silent substitution. Here, the spectrum of light is
changed to selectively modulate one pigment type. The degree
of selectivity depends on several variables, such as how pre-
cisely the spectral sensitivities of the relevant pigments are
defined, how different these sensitivities are from one another,
and what the spectrum of illumination is after filtering by ocular
elements (Snodderly et al., 1984; Spitschan et al., 2015). Target-
ing melanopsin in this manner produces a sense of brightness
that is accompanied by activation of visual cortex (Spitschan
et al.,, 2017). Coarse spatiotemporal patterns also can be
discriminated (Allen et al., 2019). Moreover, increasing the acti-
vation of melanopsin enhances the brightness and sharpness
of vision mediated by cones (Allen et al., 2019; Brown et al.,
2012; Horiguchi et al., 2013; Saito et al., 2018; Yamakawa
et al., 2019; Zele et al., 2018a, 2018b). These studies suggest
that melanopsin phototransduction within ipRGCs influences
image vision.

Two questions stand out for consideration. One is whether hu-
man melanopsin has multiple states with distinct spectral sensi-
tivities, like mouse melanopsin (Emanuel and Do, 2015; Mure
et al., 2009). If so, its spectral sensitivity depends on the balance
of states, and this balance evolves over time according to the
particular parameters of the stimulus. In other words, human
melanopsin may be a moving target. Another question is whether
melanopsin expression outside of ipRGCs is relevant to percep-
tion (see below). Immunohistochemistry suggests that melanop-
sin is even present in some human cones, a topic that has not
been explored further (Dkhissi-Benyahya et al., 2006). The an-
swers to these questions are pertinent to the design and inter-
pretation of silent substitution experiments.

Influences of IpDRGCs on Pathways for Image Vision

In mice that lack outer photoreceptors, the dLGN exhibits large
receptive fields that are arranged in a retinotopic map (Procyk
et al., 2015); downstream, the visual cortex shows light-evoked
activity (Brown et al., 2010). These animals cannot navigate to
a visual target (Lin et al., 2008), suggesting that signals origi-
nating with ipRGCs provide insufficient spatial information for
this task (also see Allen et al., 2010; Ecker et al., 2010; Hattar
et al., 2003). However, these signals do appear to influence im-
age vision. Driving melanopsin phototransduction in normal
mice produces several effects in the dLGN, including elevations
of both baseline and evoked firing rates, a tuning of response se-
lectivities, and a modulation of oscillations at the population level
(Allen et al., 2017, 2014; Davis et al., 2015; Storchi et al., 2017,
2015). The result is a representation of irradiance and an
improvement in response fidelity. Nearby, in the intergeniculate
leaflet and ventral LGN, are neurons that encode differences in
irradiance between the two eyes, presumably using signals
from upstream ipRGCs (Pienaar et al., 2018). The superior colli-
culus (SC), a classic center for image vision, also shows modu-
lation by ipRGCs (though subtle; Dasilva et al., 2016). Curiously,
even brain regions traditionally considered to be exemplars of
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non-image vision show properties that appear suitable forimage
vision. Many neurons in the SCN respond preferentially to
contrast, even color contrast, and display relatively small,
monocular receptive fields with center-surround organization
(Mouland et al., 2017; Walmsley and Brown, 2015; Walmsley
et al., 2015). Taken together, these findings indicate that mela-
nopsin phototransduction influences image vision in mice, in
part by activating ipRGCs that innervate the dLGN.

IPRGCs may influence image vision by signaling within the
retina itself. Chemical neurotransmission from ipRGCs can drive
a subset of dopaminergic ACs to fire even when signals from the
outer photoreceptors are blocked (Zhang et al., 2008; also see
Perez-Fernandez et al., 2019; Viney et al., 2007). This drive is
speculated to originate from axon collaterals that emerge occa-
sionally from ipRGCs and ramify within the synaptic layer (Joo
et al., 2013; Prigge et al., 2016). IpRGCs also form gap junctions
with a striking variety of ACs (Muller et al., 2010; Reifler et al.,
2015). In addition, stimulation of ipRGCs leads to the activation
of other RGC types (Milosavljevic et al., 2018). IpPRGCs even
appear to influence the flow of information from cones to their
postsynaptic BCs (Barnard et al., 2006; Hankins and Lucas,
2002). Additional complexity arises from the modulation of
ipPRGCs by retinal circuitry, with responses to adenosine, dopa-
mine, melatonin, opioids, and somatostatin observed in these
cells (Cleymaet et al., 2019; Pack et al., 2015; Sodhi and Hart-
wick, 2014; Van Hook et al., 2012; Vuong et al., 2015). Whether
certain aspects of vision are best served by ipRGC influences
within the retina, as compared to those within the brain, awaits
investigation.

The Suitability of Non-M1 IpRGC Types for Image Vision
As mentioned above, ipRGCs are diverse (reviewed by Schmidt
et al., 2011). In the mouse retina, six RGC types are understood
to express melanopsin and respond directly to light, including
the M1s (Figure 2A; Ecker et al., 2010; Quattrochi et al., 2019;
Stabio et al., 2018; Zhao et al., 2014). With the exception of
M3s, all ipRGCs meet criteria for being true cell types in the
retina: they form independent mosaics, have distinguishable
morphologies, and exhibit distinct responses to light. The M3s
are consistently found across animals but are few in number
and variable in morphology; physiologically, they are like M2s
(Berson et al., 2010; Schmidt and Kofuji, 2011). M3s resemble
developmental accidents in these respects (Masland et al.,
1993). Little more is known about them, and they are omitted
from subsequent discussion of “non-M1s.” Unlike M1s, non-
M1s densely innervate centers of the brain for image vision
and exhibit center-surround receptive fields (Figure 3 and 7A),
suggesting that they have parts to play in resolving spatial, tem-
poral, and spectral contrast.

Melanopsin immunoreactivity is high in M1s, moderate in M2s,
and typically undetectable in M4s-M6s without prodigious
amplification (Ecker et al., 2010; Quattrochi et al., 2019; Stabio
et al., 2018). Indeed, a pulse of saturating light triggers a photo-
current in M1s that is hundreds of picoamperes in size and easily
maximizes or overdrives spike generation (see above). The same
pulse produces tens of picoamperes in M2s and brings them to
just a quarter of their maximum firing rate (Schmidt and Kofuiji,
2009). Melanopsin phototransduction is also more sensitive in
M1s than M2s, requiring a roughly 10-fold brighter pulse to be
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Figure 7. Functional Diversity of Mouse
IpPRGCs

(A) The receptive field of an M1 from Figure 5, re-
plotted for comparison with the receptive fields of
M2s-M6s. The responses of non-M1s decrease as

larger stimuli activate increasing amounts of the
inhibitory surround (drawn from Quattrochi et al.,
2019; Zhao et al., 2014).

(B) The melanopsin-driven, intensity-voltage re-
lations of ipRGC types. The stimulus was a rela-
tively brief (10 s) pulse of light (Zhao et al., 2014).
Intensity-current relations can show greater dif-
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triggered in the latter. When M4s, M5s, and M6s are stimulated
with a pulse of light, these cells produce intrinsic responses
that are similar in size and sensitivity to those of M2s, if not
even smaller and less sensitive (Figure 7B; Ecker et al., 2010; Es-
tevez et al., 2012; Jiang et al., 2018; Quattrochi et al., 2019; Sta-
bio et al., 2018; Zhao et al., 2014). From these experiments, it
would seem that the intrinsic responses of non-M1s are diminu-
tive and that these cells are driven primarily by their synaptic
inputs.

The picture shifts when delivering steady light rather than brief
pulses. In this condition, the intrinsic response of M4s increases
over minutes to a plateau that is substantial in the rough equiva-
lent of moonlight (Figure 7C; Sonoda et al., 2018). Therefore, the
sensitivity of melanopsin phototransduction is comparable be-
tween M4s and M1s, at least under prolonged illumination (Mil-
ner and Do, 2017; Zhao et al., 2014). One possible explanation
for the heightened sensitivity of M4s to steady light is temporal
summation of extremely long-lived SPRs. The SPRs of non-
M1s await characterization. Nevertheless, it would appear that
cells expressing tiny amounts of melanopsin can generate
intrinsic responses to light that are quite sensitive in certain cir-
cumstances.

The intrinsic responses of M4s have functional relevance.
In proceeding, it is helpful to note that “M4” is a new alias for
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ferences (Schmidt and Kofuji, 2009). Blockers of
synaptic transmission included.

(C) Long-lasting steps of light (10 min) evoke rela-
tively sensitive responses in M4s (Sonoda et al.,
2018). Blockers of synaptic transmission included.
(D) Melanopsin phototransduction increases the
contrast sensitivity of M4s (black, wild type and
red, melanopsin knockout) even at light intensities
that evoke no detectable depolarization (top,
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irradiance (bottom). No blockers of synaptic
transmission.

(E) Opposite responses to different wavelengths by
M5s. Top, depolarization in ultraviolet light. Bot-
tom, hyperpolarization in green light (Stabio et al.,
2018). No blockers of synaptic transmission.
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phototransduction depolarizes M4s to-
ward threshold and raises their input
resistance, increasing the impact of their
synaptic inputs. As a result, M4s are
more sensitive to contrast (Figure 7D;
Sonoda et al., 2018). In mice lacking the melanopsin gene, sensi-
tivity to visual contrast is reduced in M4s and at the behavioral
level (Schmidt et al., 2014).

Properties of the other non-M1 types appear suitable for im-
age vision. M5s exhibit opposite responses to blue and yellow
light, allowing them to encode color contrast. M6s have small
receptive fields, likely supporting the discrimination of spatial
detail (Figures 7A and 7E; Quattrochi et al., 2019; Stabio
etal., 2018). How these ipRGC types use melanopsin is unclear.
It is not required for the differential wavelength sensitivity or
sustained responses of Mb5s, at least over the 10-s period
examined. Melanopsin does have an intriguing expression
pattern in these cells, being localized to the soma and most
proximal dendrites. This pattern may help explain why M5s
have a low intrinsic photosensitivity (there is less surface area
for photon capture) and especially strong center-surround
antagonism (melanopsin does not oppose inhibition in the den-
drites; Stabio et al., 2018; Zhao et al., 2014). In exploring how
melanopsin phototransduction may be tailored to non-M1
ipRGCs, it is worth minding the likely influences of these cells
outside of image vision. For example, M2s provide a fifth of
the retinal input to the SCN (M1s provide the rest; Baver et al.,
2008). Meanwhile, M4s trigger a multisynaptic pathway that
has been implicated in the regulation of mood (Huang et al.,
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2019) and use melanopsin to encode irradiance (Schmidt et al.,
2014; but see Schroeder et al., 2018).

Varieties of Melanopsin Phototransduction

The melanopsin phototransduction cascade varies across
ipPRGC types. While M1s primarily use PLCB4 to open TrpC6/
TrpC7 channels, M4s do not. One study finds that PLCB4 closes
a K* channel instead (producing the aforementioned increase in
input resistance; Sonoda et al., 2018). Another finds that PLCB4
is not involved. Rather, arise in cyclic nucleotides causes nonse-
lective cation channels to open (Jiang et al., 2018). The origin of
this disagreement is a mystery (Do, 2018). Solving it would be of
interest for the understanding of photoreceptor evolution
because PLC and cyclic nucleotides represent the two principal
lineages of phototransduction, which have appeared unmingled
in cells across phylogeny (Fain et al., 2010; Yau and Hardie,
2009). The possibility now exists that they lie side by side in
M1s and M4s—and even coexist within M2s (Jiang et al.,
2018). Uncovering the molecular components of phototransduc-
tion in the remaining ipRGC types may provide additional insight
into how cells have evolved specializations for their roles.

To summarize, ipRGCs of the M2, M4, M5, and M6 types are
positioned to influence image vision. Their roles, and the mech-
anisms used to fulfill them, are new areas of exploration. Special-
izations can range from the configuration of melanopsin photo-
transduction to the map of functional connectivity within the
brain. A lesson from these studies is that image and non-image
vision are not always separable. For example, irradiance influ-
ences the encoding of patterns, in part through melanopsin-
driven responses that are too sluggish to carry much information
about temporal contrast. Representations of irradiance and the
visual image can blend within ipRGC pathways.

Toward a Further Dissection of IDRGC Heterogeneity
Although ipRGCs are diverse, most knowledge concerns these
cells as one population, having resulted from deletion of the mel-
anopsin gene or hijacking of melanopsin expression for cellular
manipulation. Lumping cells obscures their individual contribu-
tions and perhaps some of their collective contributions as well
(e.g., if the various types mediated opposing effects, manipu-
lating all could have little net outcome). Interpretation of such ex-
periments is also complicated by the developmental roles of
melanopsin (see below) and the expression of melanopsin in tis-
sues that include cornea, iris, and vasculature (Delwig et al.,
2018; Ondrusova et al., 2017; Sikka et al., 2014; Wang et al.,
2017; Xue et al., 2011). The use of viruses for manipulation
also carries the risk of transducing some ipRGC types more
effectively than others and of inducing changes that are unre-
lated to the viral cargo (Jackman et al., 2014). As a consequence,
much remains unclear about how the ipRGC types divide or pool
labor for the various aspects of non-image and image vision.
More specific methods of manipulation are needed.

The promise of such methods is illustrated by studies in which
any cell that expresses both melanopsin and Brn3b (a transcrip-
tion factor, often named POU4F2) is poisoned. All ipRGCs that
survive into adulthood appear to be M1s and represent a quarter
of the normal M1 population. These cells preferentially innervate
the SCN and send few axons to other brain areas (Chen et al.,
2011; Li and Schmidt, 2018). The animals appear normal in
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some regards (e.g., circadian photoentrainment) but not others
(e.g., the PLR). Hence, subsets of M1s appear to mediate
different downstream functions (Chen et al., 2011). Additional
use of the Brn3b/melanopsin ablation model has uncovered a
brain area that is implicated in regulating mood, the perihabenu-
lar region (Fernandez et al., 2018), and revealed mechanisms by
which light regulates body temperature (Rupp et al., 2019) as
well as development (see below; Chew et al., 2017). Thus,
several insights have arisen from splitting the M1 population. It
is possible that further subdivisions exist, given that these cells
oversample visual space by ~4-fold and show heterogeneity of
form as well as function (Berson et al., 2010; Emanuel et al.,
2017; Hughes et al., 2013).

Several challenges lie ahead for the dissection of ipRGC types.
One concern is that manipulating some cells may make others
play parts that they ordinarily do not, causing the normal division
of labor to be misjudged. Also troublesome is the potential for off-
target effects. For example, the melanopsin gene locus is not
immune to transient or stochastic activity; using it to drive a
constitutive Cre recombinase results in Cre-dependent reporter
expression even in cortical pyramidal neurons, which presum-
ably lack melanopsin phototransduction (Ecker et al., 2010).
Intersectional strategies should provide greater control. Even
so, the Brn3b/melanopsin ablation model kills 3-fold more M1s
than are immunoreactive for these proteins in the normal adult,
suggesting that the pattern of melanopsin expression changes
substantially during development (Chen et al., 2011; Jain et al.,
2012). Additional challenges arise from the physiological diversity
of ipRGCs. For example, illumination differentially activates M1s
to evoke spike patterns that are highly uncorrelated (Emanuel
etal.,2017; Hughes et al., 2013; Milner and Do, 2017). These pat-
terns would be poorly mimicked by current methods of artificial
activation, such as electrical shock or optogenetic stimulation,
hindering the analysis of ipRGC circuits. These considerations
invite the creation of new approaches.

A Survey of Melanopsins and IpRGCs across Species
Cells that express melanopsin are found throughout the animal
kingdom. This section looks beyond rodents to other mammals,
with an emphasis on primates. Sketches are also provided of
melanopsin cells in non-mammalian vertebrates and beyond.
Melanopsin-Expressing RGCs of Various Mammalian
Species

Melanopsin-expressing RGCs (MRGCs), which are likely to be
intrinsically photosensitive, vary in proportion and form within
the mammalian class. A striking example is the subterranean
mole rat, Spalax ehrenberghi, which has mRGCs in abun-
dance—they account for nearly 90% of all RGCs, compared
to a few percent in mice and a fraction of a percent in primates
(Hannibal et al., 2002b, 2017; Liao et al., 2016; Masri et al.,
2019; Nasir-Ahmad et al., 2019). Spalax mRGCs give rise to
brain pathways for non-image vision that are greatly hypertro-
phied (while pathways for image vision are atrophied; Cooper
et al., 1993). The animal exhibits circadian photoentrainment
even though its eyes reside permanently beneath fur and skin,
suggesting that its mRGCs are specialized for heightened
sensitivity. A milder expansion of mRGCs is found in the
nocturnal microbat, where these cells compose >15% of all
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RGCs (Jeong et al., 2018). In the tree shrew, mRGCs may
release dopamine, which is typically the province of amacrine
cells (Johnson et al., 2019). The Mongolian gerbil appears to
lack M2s (Jeong and Jeon, 2015), the type that is reminiscent
of the ancestral photoreceptor (see above). There are also sim-
ilarities across species. For example, five types of mRGC,
which are intrinsically photosensitive, have been found in the
rat (Zhao et al., 2014). In addition, the outer-stratifying mRGCs
of rabbits receive ectopic synapses from ON BCs, like their
mouse orthologs (Hoshi et al., 2009). Unfortunately, a compre-
hensive comparison across species is not possible at this time.
One reason is that most melanopsin immunostaining was per-
formed without additional amplification, which is required to
reliably observe the M4-M6 types in mouse. Another reason
is that many analyses were performed when the catalog of
mouse mMRGCs contained fewer types for reference. Nonethe-
less, mMRGCs are conserved across mammals and exhibit vari-
ations that are likely suited to the particular niche of each
species.

A Comparison of Mouse and Primate IpRGCs

Closer to home are the ipRGCs of primates. Macaque ipRGCs
have been studied most and exhibit many similarities with
mouse ipRGCs; for example, in the existence of outer- and in-
ner-stratifying types, pattern of brain innervation, reception of
synaptic input carrying signals from the outer photoreceptors,
expression of melanopsin throughout the somatodendritic ar-
bor, PACAP immunoreactivity, and intrinsic responses to light
that are prolonged and relatively insensitive (Dacey et al.,
2005; Gamlin et al., 2007; Hannibal et al., 2014; Liao et al.,
2016). Some of these characteristics have been examined in
humans and marmosets, where they are conserved (Grinert
etal.,2011; Hannibal et al., 2017; Liao et al., 2016; Nasir-Ahmad
et al.,, 2019). Macaque and human ipRGCs drive pupillary
constriction in a similar way to their mouse counterparts: mela-
nopsin phototransduction provides a slow but sustained activa-
tion, and ipRGCs themselves are important for carrying signals
from the outer photoreceptors (Gooley et al., 2012; McDougal
and Gamlin, 2010; Ostrin et al., 2018). Hence, many features
are shared between the ipRGC pathways of mice and primates
(with “primates” referring to humans and macaques from this
point onward).

IpPRGC pathways also exhibit substantial differences between
these species. For instance, the dendritic fields of primate
ipPRGCs can exceed a millimeter in diameter, while those of
mouse ipRGCs tend to be no more than ~350 um (Figure 2C;
Berson et al., 2010; Quattrochi et al., 2019; Liao et al., 2016;
Schmidt and Kofuji, 2011; Stabio et al., 2018). These retinal sizes
translate into viewing angles of ~5° and ~12°, respectively,
meaning that primate ipRGCs integrate light over a smaller re-
gion of the scene despite being gargantuan. Upstream of
ipRGCs in humans and macaques are three cone pigments
that are entirely or almost entirely unmixed within single cones,
with A\nax Values near 430, 531, and 561 nm (Peng et al., 2019;
Schnapf et al., 1988). In the mouse, most cones co-express
two pigments. In addition, primates and mice favor different
rod pathways (Grimes et al., 2018; Tikidji-Hamburyan et al.,
2017). Thus, the extrinsic drives to primate and mouse ipRGCs
are likely to diverge under most environmental conditions. This

divergence may underlie overt differences in visual responses.
For example, short-wavelength-sensitive (SWS) cones and mel-
anopsin appear antagonistic in controlling the primate but not
murine pupil (Hayter and Brown, 2018; Spitschan et al., 2014).
This antagonism is likely to reflect an OFF response in macaque
ipRGCs driven by SWS cones (Dacey et al., 2005). To summa-
rize, primate and mouse ipRGCs differ markedly in the kinds of
spatial and spectral information they receive.

Primate and mouse ipRGCs may also have distinct intrinsic
photosensitivities. Mouse melanopsin is tristable, conferring a
degree of spectral integration (see above). Although parallel
studies are lacking for primates, their melanopsin is argued to
be bistable, which would not support spectral integration
(Mure et al., 2007). Furthermore, there is cause to believe
that the intrinsic responses of primate ipRGCs are shorter
lived (Spoida et al., 2016; Tsukamoto et al., 2015), which
would reduce their capacity for temporal integration. Finally,
most M1s in the mouse fire spikes over a limited range of irra-
diances (see above; Milner and Do, 2017). The one electrophys-
iological study of primate ipRGCs observed that these cells
change their firing rate monotonically with irradiance over a
broad range (Dacey et al., 2005). This comparison raises the
possibility that mouse and primate ipRGCs encode irradiance
in qualitatively different ways. Due to the paucity of studies
on the light responses of primate ipRGCs, it is too early to
know whether these differences are real or only apparent.
Nevertheless, caution is warranted in extrapolating from rodent
to primate.

Melanopsin Cells beyond Mammals

Outside of Mammalia is a profusion of melanopsins and mela-
nopsin-expressing cell types. Melanopsin genes fall into two
families, Opn4m and Opn4x (Bellingham et al., 2006). While
mammals appear to possess only one melanopsin gene, a mem-
ber of Opn4m, other animals can have several. In the zebrafish
retina are three melanopsins of the Opn4m family and two mel-
anopsins of the Opn4x family, which have largely non-overlap-
ping expression across the major neuron types (Davies et al.,
2011). Melanopsin expression in the brain may allow larval ze-
brafish to seek light (Fernandes et al., 2012). Melanopsins are
also varied and broadly expressed in chicken retina and brain,
suggesting that this is a common theme among non-mammalian
vertebrates (Bailey and Cassone, 2005; Chaurasia et al., 2005).
The various melanopsins differ with regard to spectral sensitivity,
propensity for bleaching, and downstream signaling (Davies
et al.,, 2011; Torii et al.,, 2015, 2007). The functional conse-
quences of this diversity are largely unexplored.

Outside of vertebrates, melanopsin-like genes have been
found in species as distant as coral (reviewed by Do and
Yau, 2010). Photoreceptors of the lancelet, Branchiostoma,
deserve special mention. These cells express a melanopsin
molecule that appears to be bistable, rather than tristable as
in the mouse (Koyanagi et al., 2005). The downstream G protein
cascade is extraordinarily fast—it produces an SPR lasting
2 ms, which is four orders of magnitude briefer than that of
mouse M1s (Angueyra et al., 2012; Ferrer et al., 2012; Gomez
et al., 2009). Additional work in this vein would provide insight
into how photoreceptive cells and molecules are tailored to
ethological needs.
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The Influence of IpDRGCs in Development
Mice express melanopsin as embryos, long before rod and cone
pigments are detectable (Tarttelin et al., 2003). A mammal may
seem too opaque for this to matter, but the body wall of a pig-
mented mouse only attenuates light by ~50-fold (Rao et al.,
2013). In daylight, its womb is lit like an office, and embryos
are quite translucent. Indeed, depriving the embryo of light or
melanopsin causes an increase in the number of retinal neurons
and interferes with development of the retinal blood vessels: the
embryonic vasculature persists longer than it should, and the
mature vasculature is overgrown (Rao et al., 2013). The vascular
phenotype is reminiscent of retinopathy of prematurity, an
abnormal proliferation of retinal vessels in pre-term infants that
can cause blindness (Hellstrom et al., 2013; Rao et al., 2013).
IPRGCs are functional in the unopened eyes of neonatal mice,
and some cells are more sensitive at this stage than in the adult,
consistent with the need to sense light through overlying tissue
(Sekaran et al., 2005; Sexton et al., 2015; Tu et al., 2005). Mela-
nopsin phototransduction is sufficiently strong that light causes
these young animals to vocalize and move away (rods and cones
are too immature to signal light at this age; Delwig et al., 2012;
Johnson et al., 2010). Another role for ipRGCs is found in the
spontaneous waves of retinal activity that refine connectivity be-
tween the retina and dLGN. Light activates melanopsin to extend
the duration of these waves (Kirkby and Feller, 2013; Renna
et al., 2011). This extension appears dispensable for refinement
under normal lighting conditions. However, ipRGCs themselves
are not. Ablating them impairs refinement and reduces visual
acuity (Chew et al., 2017). IpPRGC ablation also prevents light
from setting the endogenous period of the circadian clock during
development (Chew et al., 2017). Collectively, these observa-
tions indicate that melanopsin and ipRGCs play several roles in
early life, raising the possibility of a connection with develop-
mental disorders.

IPRGCs and Human Health

The impacts of light on adult health have been reviewed from
several perspectives in recent years, with reference to melanop-
sin and ipRGCs (Fisk et al., 2018; Jagannath et al., 2013; Ksend-
zovsky et al., 2017; Lazzerini Ospri et al., 2017; Lucas et al.,
2014; Ramsey et al., 2013). Here, the aim is to provide an impres-
sion of these impacts and how they might be actively shaped us-
ing knowledge of ipRGCs.

Generally speaking, light affects humans as it does nocturnal
mice, though with polarity reversals appropriate to the difference
in temporal niche. For example, while broadband light induces
sleep in mice, it improves alertness, attention, and reaction
time in humans (Lucas et al., 2014). The connection of light to
health is often made in the context of the circadian clock, whose
effects on physiology are quite ubiquitous. Common sources of
circadian disruption are jet lag and shift work. In the short term,
they impair sleep, cognition, and mood. Chronic disruption may
increase susceptibility to cancer, metabolic disorder, cardiovas-
cular disease, and psychological illness (reviewed by Menet and
Rosbash, 2011; Sahar and Sassone-Corsi, 2009; Takahashi
et al., 2008). Circadian disruption is also reported to precipitate
mania in individuals with bipolar disorder (Plante and Winkelman,
2008). The principal regulator of the circadian clock is light, and
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manipulating light has therapeutic potential. For example, con-
trolling the timing and wavelength of illumination may help in
the management of bipolar disorder (Phelps, 2016). For seasonal
affective disorder (SAD), a depressive state that manifests when
there is little light in the environment, illumination is an estab-
lished treatment. The spectral sensitivities of these effects are
consistent with a contribution from melanopsin. More directly,
polymorphisms of melanopsin have been associated with cases
of SAD as well as variations in the timing of sleep (reviewed by
Roecklein et al., 2013). These research efforts are generally at
a pioneering stage. Nonetheless, given the central role of
ipRGCs in regulating the clock, sleep, and a diversity of other
functions, these cells are in a position to broadly influence health.

Can knowledge of melanopsin and ipRGCs be used to rede-
sign lighting for health? Studies in mouse models suggest strong
effects of even simple manipulations. For example, while me-
dium-wavelength light induces sleep, like broadband light,
short-wavelength light produces signs of arousal instead (Pilorz
etal., 2016). Additionally, while dim light increases locomotor ac-
tivity, bright light suppresses it (Thompson et al., 2008). Trans-
lating such effects to humans is not straightforward. An illustra-
tive case is the persistent response generated by mouse
ipPRGCs, which prolongs their activity for minutes unless acutely
suppressed by light of particular wavelengths (Emanuel and Do,
2015). Exposure of individuals to these wavelengths could
suppress ipRGCs at opportune times, such as before sleep.
However, there are several unknowns. Whether human ipRGCs
produce light-suppressible persistent responses is one. Another
is whether suppression would have a net benefit, given that the
outer photoreceptors will be activated while light is given for mel-
anopsin suppression. Suppression may also potentiate ipRGC
responses to subsequent illumination by reducing any ongoing
adaptation (Mure et al., 2007). Similar unknowns surround the
design of lighting that is meant to activate human ipRGCs. Filling
these gaps in knowledge requires study of humans and species
with similar visual systems (see above)—their ipRGCs receive
extrinsic and intrinsic drives whose spectral and temporal
characteristics require further definition, and whose depen-
dencies on the intensity and history of illumination are incom-
pletely known.

Optogenetic Uses of Melanopsin

Melanopsin activates G proteins of various families (Jiang et al.,
2018; Newman et al., 2003), a promiscuity that allows it to confer
photosensitivity to practically any cell type (Melyan et al., 2005;
Panda et al., 2005; Qiu et al., 2005). Artificial expression of mel-
anopsin has been used to control hormone secretion, the
contraction of cardiomyocytes, and the activation of astrocytes
(Beiert et al., 2014; Mederos et al., 2019; Tsunematsu et al.,
2013; Ye et al., 2011). For mice that are blind from a lack of outer
photoreceptors, ocular overexpression of melanopsin permits a
degree of visual navigation (Lin et al., 2008). Melanopsin overex-
pression also has been observed to promote regeneration of the
optic nerve (Li et al., 2016).

Melanopsin has several advantages as an optogenetic tool.
Being a G-protein-coupled receptor, it can trigger intracellular
signaling of many kinds; for example, to mobilize intracellular
Ca?* stores or regulate gene expression. Furthermore, because
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most organisms already express a variant of their own, artificially
expressed melanopsin is likely to be processed normally and
evade immune surveillance. If melanopsin couples to a cascade
that exhibits amplification and negative feedback, the light
response gains sensitivity and dynamic range, features that are
lacking in responses driven by channelrhodopsins. In addition,
melanopsin tends to produce responses that rise and decay
slowly (Bailes and Lucas, 2013; Lin et al., 2008; Spoida et al.,
2016; but see Yasin et al., 2017), making the level of cellular acti-
vation more robust to fluctuations in illumination. At the same
time, light of a particular composition can be used to suppress
melanopsin activity, providing a measure of temporal control
(Emanuel and Do, 2015; Spoida et al., 2016). The time course
of activation also can be tuned by using different variants of mel-
anopsin (Spoida et al., 2016; Tennigkeit et al., 2019; Tsukamoto
et al., 2015). Given the large number of uncharacterized variants
and advances in protein engineering, the artificial uses of mela-
nopsin may expand in coming years.

Closing Remarks

The study of ipRGCs has emphasized that rare, small, and vari-
able components can have major impacts on the organism.
There may be fewer melanopsin molecules in all ipRGCs of a
mouse retina than there are rhodopsins in a single rod, but delet-
ing the melanopsin gene causes overt changes in physiology and
behavior. Whether light increases the firing of an M1 or silences it
depends on the particular cell in question and differences
measured on a picoampere scale, the same used for current
through a typical ion channel. Effects of this kind are difficult to
detect using high-throughput techniques like multielectrode
recording and Ca* imaging and are easily missed even with
common methods of single-cell electrophysiology. In addition,
ipPRGCs comprise a few percent of the total output cells of the
mouse retina yet are required for basic functions like the PLR
and circadian photoregulation.

Another message is that molecules and signaling motifs that
are conserved across cell types may nevertheless diverge in
their functional outputs. M1s use effectors and channels that
are close orthologs of those in Drosophila photoreceptors (Har-
die and Postma, 2008). Even so, the single-photon response is
measured on a timescale of seconds for the former and millisec-
onds for the latter (Do et al., 2009; Henderson et al., 2000).
Conversely, M1s and M4s have different phototransduction cas-
cades yet generate responses that share the same polarity and
an extended time course (Emanuel and Do, 2015; Jiang et al.,
2018; Sonoda et al., 2018).

Further study of ipRGCs has the potential to provide practical
knowledge. For example, these cells are unusually regenerative,
and examination of this capacity has identified a protein whose
overexpression promotes axon regrowth (Bray et al., 2019).
IPRGCs might also contain clues for neuroprotective mechanisms
because of their high resistance to injury and to diseases like optic
neuropathy (Ksendzovsky et al., 2017). Moreover, they drive the
“post-illumination pupillary response,” which has gained interest
as a diagnostic tool for both neurodegenerative and affective dis-
orders in humans (Gamlin et al., 2007; La Morgia et al., 2018; Tsu-
nematsu et al., 2013). These emerging research directions were
quite unanticipated when ipRGCs were discovered.

On afinal note, irradiance encoding may appear to be a simple
problem, but mammals use a mechanism in which pigments as-
sume exotic conformations and labor is divided both across and
within cell types, accruing benefits in dynamic range, temporal
integration, spectral integration, and signaling flexibility. Addi-
tional complexity is likely to arise in the downstream processing
of these signals, which is largely unexplored. Moreover, while
mammals sense light primarily through the retina, there are
also local reactions. For example, photon absorption by skin
initiates pigmentation, vitamin D synthesis, and opioid release
(Nguyen and Fisher, 2019). Some local effects are melanopsin-
dependent, such as contraction of the iris and vasodilation,
while others are not, like photoentrainment of the retinal clock
(Sikka et al., 2014; Van Gelder and Buhr, 2016; Xue et al.,
2011). Whether a logic exists for mediating photoresponses
locally or centrally, using melanopsin or other pigments, is an
open question.

ACKNOWLEDGMENTS

Valuable comments on the manuscript were provided by R.H. Masland, J.R.
Sanes, C. Chen, and M.L. Andermann as well as by laboratory members
(G.S. Bryman, E.S. Milner, A. Liu, C.P. Morquette, A.B. Chen, and H. Blume).
Support was provided by the NIH (EY023648, EY025555, EY028633, and
EY025840) and the Harvard Brain Initiative (Bipolar Seed Grant).

REFERENCES

Allen, A.E., Cameron, M.A., Brown, T.M., Vugler, A.A., and Lucas, R.J. (2010).
Visual responses in mice lacking critical components of all known retinal pho-
totransduction cascades. PLoS ONE 5, e15063.

Allen, A.E., Storchi, R., Martial, F.P., Petersen, R.S., Montemurro, M.A., Brown,
T.M., and Lucas, R.J. (2014). Melanopsin-driven light adaptation in mouse
vision. Curr. Biol. 24, 2481-2490.

Allen, A.E., Storchi, R., Martial, F.P., Bedford, R.A., and Lucas, R.J. (2017).
Melanopsin contributions to the representation of images in the early visual
system. Curr. Biol. 27, 1623-1632.

Allen, A.E., Martial, F.P., and Lucas, R.J. (2019). Form vision from melanopsin
in humans. Nat. Commun. 70, 2274.

Altimus, C.M., Gller, A.D., Villa, K.L., McNEeill, D.S., Legates, T.A., and Hattar,
S. (2008). Rods-cones and melanopsin detect light and dark to modulate sleep
independent of image formation. Proc. Natl. Acad. Sci. USA 105,
19998-20003.

Altimus, C.M., Guler, A.D., Alam, N.M., Arman, A.C., Prusky, G.T., Sampath,
A.P., and Hattar, S. (2010). Rod photoreceptors drive circadian photoentrain-
ment across a wide range of light intensities. Nat. Neurosci. 13, 1107-1112.

Angueyra, J.M., Pulido, C., Malagén, G., Nasi, E., and Gomez, M. (2012). Mel-
anopsin-expressing amphioxus photoreceptors transduce light via a phos-
pholipase C signaling cascade. PLoS ONE 7, e29813.

Bailes, H.J., and Lucas, R.J. (2013). Human melanopsin forms a pigment maxi-
mally sensitive to blue light (Anmax = 479 nm) supporting activation of G4/11 and
Gi/o signalling cascades. Proc. Royal Soc. B. 280, 20122987.

Bailey, M.J., and Cassone, V.M. (2005). Melanopsin expression in the chick
retina and pineal gland. Mol. Brain Res. 134, 345-348.

Barlow, H.B. (1953). Summation and inhibition in the frog’s retina. J. Physiol.
119, 69-88.

Barnard, A.R., Hattar, S., Hankins, M.W., and Lucas, R.J. (2006). Melanopsin
regulates visual processing in the mouse retina. Curr. Biol. 76, 389-395.

Baver, S.B., Pickard, G.E., Sollars, P.J., and Pickard, G.E. (2008). Two types of
melanopsin retinal ganglion cell differentially innervate the hypothalamic

Neuron 704, October 23, 2019 219

CellPress



http://refhub.elsevier.com/S0896-6273(19)30642-7/sref1
http://refhub.elsevier.com/S0896-6273(19)30642-7/sref1
http://refhub.elsevier.com/S0896-6273(19)30642-7/sref1
http://refhub.elsevier.com/S0896-6273(19)30642-7/sref2
http://refhub.elsevier.com/S0896-6273(19)30642-7/sref2
http://refhub.elsevier.com/S0896-6273(19)30642-7/sref2
http://refhub.elsevier.com/S0896-6273(19)30642-7/sref3
http://refhub.elsevier.com/S0896-6273(19)30642-7/sref3
http://refhub.elsevier.com/S0896-6273(19)30642-7/sref3
http://refhub.elsevier.com/S0896-6273(19)30642-7/sref4
http://refhub.elsevier.com/S0896-6273(19)30642-7/sref4
http://refhub.elsevier.com/S0896-6273(19)30642-7/sref5
http://refhub.elsevier.com/S0896-6273(19)30642-7/sref5
http://refhub.elsevier.com/S0896-6273(19)30642-7/sref5
http://refhub.elsevier.com/S0896-6273(19)30642-7/sref5
http://refhub.elsevier.com/S0896-6273(19)30642-7/sref5
http://refhub.elsevier.com/S0896-6273(19)30642-7/sref6
http://refhub.elsevier.com/S0896-6273(19)30642-7/sref6
http://refhub.elsevier.com/S0896-6273(19)30642-7/sref6
http://refhub.elsevier.com/S0896-6273(19)30642-7/sref6
http://refhub.elsevier.com/S0896-6273(19)30642-7/sref7
http://refhub.elsevier.com/S0896-6273(19)30642-7/sref7
http://refhub.elsevier.com/S0896-6273(19)30642-7/sref7
http://refhub.elsevier.com/S0896-6273(19)30642-7/sref8
http://refhub.elsevier.com/S0896-6273(19)30642-7/sref8
http://refhub.elsevier.com/S0896-6273(19)30642-7/sref8
http://refhub.elsevier.com/S0896-6273(19)30642-7/sref8
http://refhub.elsevier.com/S0896-6273(19)30642-7/sref8
http://refhub.elsevier.com/S0896-6273(19)30642-7/sref8
http://refhub.elsevier.com/S0896-6273(19)30642-7/sref9
http://refhub.elsevier.com/S0896-6273(19)30642-7/sref9
http://refhub.elsevier.com/S0896-6273(19)30642-7/sref10
http://refhub.elsevier.com/S0896-6273(19)30642-7/sref10
http://refhub.elsevier.com/S0896-6273(19)30642-7/sref11
http://refhub.elsevier.com/S0896-6273(19)30642-7/sref11
http://refhub.elsevier.com/S0896-6273(19)30642-7/sref12
http://refhub.elsevier.com/S0896-6273(19)30642-7/sref12

CellPress

suprachiasmatic nucleus and the olivary pretectal nucleus. Eur. J. Neurosci.
27,1763-1770.

Baylor, D.A., and Hodgkin, A.L. (1973). Detection and resolution of visual stim-
uli by turtle photoreceptors. J. Physiol. 234, 163-198.

Beiert, T., Bruegmann, T., and Sasse, P. (2014). Optogenetic activation of Gq
signalling modulates pacemaker activity of cardiomyocytes. Cardiovasc. Res.
102, 507-516.

Bellingham, J., Chaurasia, S.S., Melyan, Z., Liu, C., Cameron, M.A., Tarttelin,
E.E., luvone, P.M., Hankins, M.W., Tosini, G., and Lucas, R.J. (2006). Evolution
of melanopsin photoreceptors: discovery and characterization of a new mela-
nopsin in nonmammalian vertebrates. PLoS Biol. 4, e254.

Berg, D., Kartheiser, K., Leyrer, M., Saali, A., and Berson, D.M. (2019). Tran-
scriptomic Signatures of Postnatal and Adult Intrinsically Photosensitive
Retinal Ganglion Cells. eNeuro. https://doi.org/10.1523/ENEURO.022-
19.2019.

Berson, D.M., Dunn, F.A., and Takao, M. (2002). Phototransduction by retinal
ganglion cells that set the circadian clock. Science 295, 1070-1073.

Berson, D.M., Castrucci, A.M., and Provencio, . (2010). Morphology and mo-
saics of melanopsin-expressing retinal ganglion cell types in mice. J. Comp.
Neurol. 518, 2405-2422.

Blasic, J.R., Jr., Brown, R.L., and Robinson, P.R. (2012a). Phosphorylation of
mouse melanopsin by protein kinase A. PLoS ONE 7, e45387.

Blasic, J.R., Jr., Lane Brown, R., and Robinson, P.R. (2012b). Light-dependent
phosphorylation of the carboxy tail of mouse melanopsin. Cell. Mol. Life Sci.
69, 1551-1562.

Blasic, J.R., Jr., Matos-Cruz, V., Ujla, D., Cameron, E.G., Hattar, S., Halpern,
M.E., and Robinson, P.R. (2014). Identification of critical phosphorylation sites
on the carboxy tail of melanopsin. Biochemistry 53, 2644-2649.

Brainard, G.C., Hanifin, J.P., Greeson, J.M., Byrne, B., Glickman, G., Gerner,
E., and Rollag, M.D. (2001). Action spectrum for melatonin regulation in hu-
mans: evidence for a novel circadian photoreceptor. J. Neurosci. 27,
6405-6412.

Bray, E.R., Yungher, B.J., Levay, K., Ribeiro, M., Dvoryanchikov, G., Ayupe,
A.C., Thakor, K., Marks, V., Randolph, M., Danzi, M.C., et al. (2019). Thrombo-
spondin-1 mediates axon regeneration in retinal ganglion cells. Neuron. Pub-
lished online June 18, 2019. https://doi.org/10.1016/j.neuron.2019.05.044.

Brown, T.M., Gias, C., Hatori, M., Keding, S.R., Semo, M., Coffey, P.J., Gigg,
J., Piggins, H.D., Panda, S., and Lucas, R.J. (2010). Melanopsin contributions
to irradiance coding in the thalamo-cortical visual system. PLoS Biol. 8,
e€1000558.

Brown, T.M., Tsujimura, S., Allen, A.E., Wynne, J., Bedford, R., Vickery, G., Vu-
gler, A., and Lucas, R.J. (2012). Melanopsin-based brightness discrimination in
mice and humans. Curr. Biol. 22, 1134-1141.

Butler, M.P., and Silver, R. (2011). Divergent photic thresholds in the non-im-
age-forming visual system: entrainment, masking and pupillary light reflex.
Proc. Royal Soc. B 278, 745-750.

Cameron, E.G., and Robinson, P.R. (2014). B-Arrestin-dependent deactivation
of mouse melanopsin. PLoS ONE 9, e113138.

Cao, L.H., Luo, D.G., and Yau, K.-W. (2014). Light responses of primate and
other mammalian cones. Proc. Natl. Acad. Sci. USA 111, 2752-2757.

Carter-Dawson, L.D., and LaVail, M.M. (1979). Rods and cones in the mouse
retina. I. Structural analysis using light and electron microscopy. J. Comp.
Neurol. 188, 245-262.

Chaurasia, S.S., Rollag, M.D., Jiang, G., Hayes, W.P., Haque, R., Natesan, A.,
Zatz, M., Tosini, G., Liu, C., Korf, H.W., et al. (2005). Molecular cloning, local-
ization and circadian expression of chicken melanopsin (Opn4): differential
regulation of expression in pineal and retinal cell types. J. Neurochem. 92,
158-170.

Chen, S.K., Badea, T.C., and Hattar, S. (2011). Photoentrainment and pupillary
light reflex are mediated by distinct populations of ipRGCs. Nature 476, 92-95.

Chew, K.S., Renna, J.M., McNeill, D.S., Fernandez, D.C., Keenan, W.T.,
Thomsen, M.B., Ecker, J.L., Loevinsohn, G.S., VanDunk, C., Vicarel, D.C.,

220 Neuron 704, October 23, 2019

Neuron

et al. (2017). A subset of ipRGCs regulates both maturation of the circadian
clock and segregation of retinogeniculate projections in mice. eLife. Published
online June 15, 2017. https://doi.org/10.7554/eLife.22861.

Cleymaet, A.M., Gallagher, S.K., Tooker, R.E., Lipin, M.Y., Renna, J.M., Sodhi,
P., Berg, D., Hartwick, A.T.E., Berson, D.M., and Vigh, J. (2019). u-Opioid re-
ceptor activation directly modulates intrinsically photosensitive retinal gan-
glion cells. Neuroscience 408, 400-417.

Cooper, H.M., Herbin, M., and Nevo, E. (1993). Ocular regression conceals
adaptive progression of the visual system in a blind subterranean mammal.
Nature 367, 156-159.

Czeisler, C.A., Shanahan, T.L., Klerman, E.B., Martens, H., Brotman, D.J.,
Emens, J.S., Klein, T., and Rizzo, J.F., 3rd (1995). Suppression of melatonin
secretion in some blind patients by exposure to bright light. N. Engl. J. Med.
332, 6-11.

Dacey, D.M., Liao, H.W., Peterson, B.B., Robinson, F.R., Smith, V.C., Pokorny,
J., Yau, K.-W., and Gamlin, P.D. (2005). Melanopsin-expressing ganglion cells
in primate retina signal colour and irradiance and project to the LGN. Nature
433, 749-754.

Dasilva, M., Storchi, R., Davis, K.E., Grieve, K.L., and Lucas, R.J. (2016). Mel-
anopsin supports irradiance-driven changes in maintained activity in the supe-
rior colliculus of the mouse. Eur. J. Neurosci. 44, 2314-2323.

Davies, W.I., Zheng, L., Hughes, S., Tamai, T.K., Turton, M., Halford, S., Foster,
R.G., Whitmore, D., and Hankins, M.W. (2011). Functional diversity of mela-
nopsins and their global expression in the teleost retina. Cell. Mol. Life Sci.
68, 4115-4132.

Davis, K.E., Eleftheriou, C.G., Allen, A.E., Procyk, C.A., and Lucas, R.J. (2015).
Melanopsin-derived visual responses under light adapted conditions in the
mouse dLGN. PLoS ONE 70, e0123424.

Delwig, A., Logan, A.M., Copenhagen, D.R., and Ahn, A.H. (2012). Light evokes
melanopsin-dependent vocalization and neural activation associated with
aversive experience in neonatal mice. PLoS ONE 7, e43787.

Delwig, A., Larsen, D.D., Yasumura, D., Yang, C.F., Shah, N.M., and Copenha-
gen, D.R. (2016). Retinofugal projections from melanopsin-expressing retinal
ganglion cells revealed by intraocular injections of cre-dependent virus.
PLoS ONE 771, e0149501.

Delwig, A., Chaney, S.Y., Bertke, A.S., Verweij, J., Quirce, S., Larsen, D.D.,
Yang, C., Buhr, E., VAN Gelder, R., Gallar, J., et al. (2018). Melanopsin expres-
sion in the cornea. Vis. Neurosci. 35, E004.

Dkhissi-Benyahya, O., Rieux, C., Hut, R.A., and Cooper, H.M. (2006). Immuno-
histochemical evidence of a melanopsin cone in human retina. Invest. Ophthal-
mol. Vis. Sci. 47, 1636-1641.

Dkhissi-Benyahya, O., Gronfier, C., De Vanssay, W., Flamant, F., and Cooper,
H.M. (2007). Modeling the role of mid-wavelength cones in circadian re-
sponses to light. Neuron 53, 677-687.

Do, M.T.H. (2018). Mixed palettes of melanopsin phototransduction. Cell 175,
637-639.

Do, M.T.H., and Yau, K.-W. (2010). Intrinsically photosensitive retinal ganglion
cells. Physiol. Rev. 90, 1547-1581.

Do, M.T.H., and Yau, K.-W. (2013). Adaptation to steady light by intrinsically
photosensitive retinal ganglion cells. Proc. Natl. Acad. Sci. USA 110,
7470-7475.

Do, M.T.H., Kang, S.H., Xue, T., Zhong, H., Liao, H.W., Bergles, D.E., and Yau,
K.-W. (2009). Photon capture and signalling by melanopsin retinal ganglion
cells. Nature 457, 281-287.

Dobb, R., Martial, F., Elijah, D., Storchi, R., Brown, T.M., and Lucas, R.J.
(2017). The impact of temporal modulations in irradiance under light adapted
conditions on the mouse suprachiasmatic nuclei (SCN). Sci. Rep. 7, 10582.

Dumitrescu, O.N., Pucci, F.G., Wong, K.Y., and Berson, D.M. (2009). Ectopic
retinal ON bipolar cell synapses in the OFF inner plexiform layer: contacts with
dopaminergic amacrine cells and melanopsin ganglion cells. J. Comp. Neurol.
517, 226-244.


http://refhub.elsevier.com/S0896-6273(19)30642-7/sref12
http://refhub.elsevier.com/S0896-6273(19)30642-7/sref12
http://refhub.elsevier.com/S0896-6273(19)30642-7/sref13
http://refhub.elsevier.com/S0896-6273(19)30642-7/sref13
http://refhub.elsevier.com/S0896-6273(19)30642-7/sref14
http://refhub.elsevier.com/S0896-6273(19)30642-7/sref14
http://refhub.elsevier.com/S0896-6273(19)30642-7/sref14
http://refhub.elsevier.com/S0896-6273(19)30642-7/sref15
http://refhub.elsevier.com/S0896-6273(19)30642-7/sref15
http://refhub.elsevier.com/S0896-6273(19)30642-7/sref15
http://refhub.elsevier.com/S0896-6273(19)30642-7/sref15
https://doi.org/10.1523/ENEURO.022-19.2019
https://doi.org/10.1523/ENEURO.022-19.2019
http://refhub.elsevier.com/S0896-6273(19)30642-7/sref16
http://refhub.elsevier.com/S0896-6273(19)30642-7/sref16
http://refhub.elsevier.com/S0896-6273(19)30642-7/sref17
http://refhub.elsevier.com/S0896-6273(19)30642-7/sref17
http://refhub.elsevier.com/S0896-6273(19)30642-7/sref17
http://refhub.elsevier.com/S0896-6273(19)30642-7/sref18
http://refhub.elsevier.com/S0896-6273(19)30642-7/sref18
http://refhub.elsevier.com/S0896-6273(19)30642-7/sref19
http://refhub.elsevier.com/S0896-6273(19)30642-7/sref19
http://refhub.elsevier.com/S0896-6273(19)30642-7/sref19
http://refhub.elsevier.com/S0896-6273(19)30642-7/sref20
http://refhub.elsevier.com/S0896-6273(19)30642-7/sref20
http://refhub.elsevier.com/S0896-6273(19)30642-7/sref20
http://refhub.elsevier.com/S0896-6273(19)30642-7/sref21
http://refhub.elsevier.com/S0896-6273(19)30642-7/sref21
http://refhub.elsevier.com/S0896-6273(19)30642-7/sref21
http://refhub.elsevier.com/S0896-6273(19)30642-7/sref21
https://doi.org/10.1016/j.neuron.2019.05.044
http://refhub.elsevier.com/S0896-6273(19)30642-7/sref23
http://refhub.elsevier.com/S0896-6273(19)30642-7/sref23
http://refhub.elsevier.com/S0896-6273(19)30642-7/sref23
http://refhub.elsevier.com/S0896-6273(19)30642-7/sref23
http://refhub.elsevier.com/S0896-6273(19)30642-7/sref24
http://refhub.elsevier.com/S0896-6273(19)30642-7/sref24
http://refhub.elsevier.com/S0896-6273(19)30642-7/sref24
http://refhub.elsevier.com/S0896-6273(19)30642-7/sref25
http://refhub.elsevier.com/S0896-6273(19)30642-7/sref25
http://refhub.elsevier.com/S0896-6273(19)30642-7/sref25
http://refhub.elsevier.com/S0896-6273(19)30642-7/sref26
http://refhub.elsevier.com/S0896-6273(19)30642-7/sref26
http://refhub.elsevier.com/S0896-6273(19)30642-7/sref27
http://refhub.elsevier.com/S0896-6273(19)30642-7/sref27
http://refhub.elsevier.com/S0896-6273(19)30642-7/sref28
http://refhub.elsevier.com/S0896-6273(19)30642-7/sref28
http://refhub.elsevier.com/S0896-6273(19)30642-7/sref28
http://refhub.elsevier.com/S0896-6273(19)30642-7/sref29
http://refhub.elsevier.com/S0896-6273(19)30642-7/sref29
http://refhub.elsevier.com/S0896-6273(19)30642-7/sref29
http://refhub.elsevier.com/S0896-6273(19)30642-7/sref29
http://refhub.elsevier.com/S0896-6273(19)30642-7/sref29
http://refhub.elsevier.com/S0896-6273(19)30642-7/sref30
http://refhub.elsevier.com/S0896-6273(19)30642-7/sref30
https://doi.org/10.7554/eLife.22861
http://refhub.elsevier.com/S0896-6273(19)30642-7/sref32
http://refhub.elsevier.com/S0896-6273(19)30642-7/sref32
http://refhub.elsevier.com/S0896-6273(19)30642-7/sref32
http://refhub.elsevier.com/S0896-6273(19)30642-7/sref32
http://refhub.elsevier.com/S0896-6273(19)30642-7/sref33
http://refhub.elsevier.com/S0896-6273(19)30642-7/sref33
http://refhub.elsevier.com/S0896-6273(19)30642-7/sref33
http://refhub.elsevier.com/S0896-6273(19)30642-7/sref34
http://refhub.elsevier.com/S0896-6273(19)30642-7/sref34
http://refhub.elsevier.com/S0896-6273(19)30642-7/sref34
http://refhub.elsevier.com/S0896-6273(19)30642-7/sref34
http://refhub.elsevier.com/S0896-6273(19)30642-7/sref35
http://refhub.elsevier.com/S0896-6273(19)30642-7/sref35
http://refhub.elsevier.com/S0896-6273(19)30642-7/sref35
http://refhub.elsevier.com/S0896-6273(19)30642-7/sref35
http://refhub.elsevier.com/S0896-6273(19)30642-7/sref36
http://refhub.elsevier.com/S0896-6273(19)30642-7/sref36
http://refhub.elsevier.com/S0896-6273(19)30642-7/sref36
http://refhub.elsevier.com/S0896-6273(19)30642-7/sref37
http://refhub.elsevier.com/S0896-6273(19)30642-7/sref37
http://refhub.elsevier.com/S0896-6273(19)30642-7/sref37
http://refhub.elsevier.com/S0896-6273(19)30642-7/sref37
http://refhub.elsevier.com/S0896-6273(19)30642-7/sref38
http://refhub.elsevier.com/S0896-6273(19)30642-7/sref38
http://refhub.elsevier.com/S0896-6273(19)30642-7/sref38
http://refhub.elsevier.com/S0896-6273(19)30642-7/sref39
http://refhub.elsevier.com/S0896-6273(19)30642-7/sref39
http://refhub.elsevier.com/S0896-6273(19)30642-7/sref39
http://refhub.elsevier.com/S0896-6273(19)30642-7/sref40
http://refhub.elsevier.com/S0896-6273(19)30642-7/sref40
http://refhub.elsevier.com/S0896-6273(19)30642-7/sref40
http://refhub.elsevier.com/S0896-6273(19)30642-7/sref40
http://refhub.elsevier.com/S0896-6273(19)30642-7/sref41
http://refhub.elsevier.com/S0896-6273(19)30642-7/sref41
http://refhub.elsevier.com/S0896-6273(19)30642-7/sref41
http://refhub.elsevier.com/S0896-6273(19)30642-7/sref42
http://refhub.elsevier.com/S0896-6273(19)30642-7/sref42
http://refhub.elsevier.com/S0896-6273(19)30642-7/sref42
http://refhub.elsevier.com/S0896-6273(19)30642-7/sref43
http://refhub.elsevier.com/S0896-6273(19)30642-7/sref43
http://refhub.elsevier.com/S0896-6273(19)30642-7/sref43
http://refhub.elsevier.com/S0896-6273(19)30642-7/sref44
http://refhub.elsevier.com/S0896-6273(19)30642-7/sref44
http://refhub.elsevier.com/S0896-6273(19)30642-7/sref45
http://refhub.elsevier.com/S0896-6273(19)30642-7/sref45
http://refhub.elsevier.com/S0896-6273(19)30642-7/sref46
http://refhub.elsevier.com/S0896-6273(19)30642-7/sref46
http://refhub.elsevier.com/S0896-6273(19)30642-7/sref46
http://refhub.elsevier.com/S0896-6273(19)30642-7/sref47
http://refhub.elsevier.com/S0896-6273(19)30642-7/sref47
http://refhub.elsevier.com/S0896-6273(19)30642-7/sref47
http://refhub.elsevier.com/S0896-6273(19)30642-7/sref48
http://refhub.elsevier.com/S0896-6273(19)30642-7/sref48
http://refhub.elsevier.com/S0896-6273(19)30642-7/sref48
http://refhub.elsevier.com/S0896-6273(19)30642-7/sref49
http://refhub.elsevier.com/S0896-6273(19)30642-7/sref49
http://refhub.elsevier.com/S0896-6273(19)30642-7/sref49
http://refhub.elsevier.com/S0896-6273(19)30642-7/sref49

Neuron

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., and Hattar, S. (2010). Melanop-
sin-expressing retinal ganglion-cell photoreceptors: cellular diversity and
role in pattern vision. Neuron 67, 49-60.

Emanuel, A.J., and Do, M.T.H. (2015). Melanopsin tristability for sustained and
broadband phototransduction. Neuron 85, 1043-1055.

Emanuel, A.J., Kapur, K., and Do, M.T.H. (2017). Biophysical variation within
the M1 type of ganglion cell photoreceptor. Cell Rep. 27, 1048-1062.

Estevez, M.E., Fogerson, P.M., llardi, M.C., Borghuis, B.G., Chan, E., Weng,
S., Auferkorte, O.N., Demb, J.B., and Berson, D.M. (2012). Form and function
of the M4 cell, an intrinsically photosensitive retinal ganglion cell type contrib-
uting to geniculocortical vision. J. Neurosci. 32, 13608-13620.

Fahrenkrug, J., Falktoft, B., Georg, B., Hannibal, J., Kristiansen, S.B., and
Klausen, T.K. (2014). Phosphorylation of rat melanopsin at Ser-381 and Ser-
398 by light/dark and its importance for intrinsically photosensitive ganglion
cells ipRGCs) cellular Ca2* signaling. J. Biol. Chem. 289, 35482-35493.

Fain, G.L., Hardie, R., and Laughlin, S.B. (2010). Phototransduction and the
evolution of photoreceptors. Curr. Biol. 20, R114-R124.

Fein, A., and Szuts, E.Z. (1982). Photoreceptors: Their Role in Vision, Volume 5
(Cambridge University Press).

Fernandes, A.M., Fero, K., Arrenberg, A.B., Bergeron, S.A., Driever, W., and
Burgess, H.A. (2012). Deep brain photoreceptors control light-seeking
behavior in zebrafish larvae. Curr. Biol. 22, 2042-2047.

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.
(2018). Light affects mood and learning through distinct retina-brain Pathways.
Cell 175, 71-84.

Ferrer, C., Malagén, G., Gomez, M., and Nasi, E. (2012). Dissecting the deter-
minants of light sensitivity in amphioxus microvillar photoreceptors: possible
evolutionary implications for melanopsin signaling. J. Neurosci. 32,
17977-17987.

Field, G.D., and Rieke, F. (2002). Nonlinear signal transfer from mouse rods to
bipolar cells and implications for visual sensitivity. Neuron 34, 773-785.

Fisk, A.S., Tam, S.K.E., Brown, L.A., Vyazovskiy, V.V., Bannerman, D.M., and
Peirson, S.N. (2018). Light and cognition: roles for circadian rhythms, sleep,
and arousal. Front. Neurol. 9, 56.

Freedman, M.S., Lucas, R.J., Soni, B., von Schantz, M., Munoz, M., David-
Gray, Z., and Foster, R. (1999). Regulation of mammalian circadian behavior
by non-rod, non-cone, ocular photoreceptors. Science 284, 502-504.

Fu, Y., Zhong, H., Wang, M.H., Luo, D.G., Liao, H.W., Maeda, H., Hattar, S.,
Frishman, L.J., and Yau, K.-W. (2005). Intrinsically photosensitive retinal gan-
glion cells detect light with a vitamin A-based photopigment, melanopsin.
Proc. Natl. Acad. Sci. USA 7102, 10339-10344.

Gamlin, P.D., McDougal, D.H., Pokorny, J., Smith, V.C., Yau, K.-W., and Da-
cey, D.M. (2007). Human and macaque pupil responses driven by melanop-
sin-containing retinal ganglion cells. Vision Res. 47, 946-954.

Gollisch, T., and Meister, M. (2010). Eye smarter than scientists believed: neu-
ral computations in circuits of the retina. Neuron 65, 150-164.

Gomez, M., Angueyra, J.M., and Nasi, E. (2009). Light-transduction in mela-
nopsin-expressing photoreceptors of amphioxus. Proc. Natl. Acad. Sci. USA
106, 9081-9086.

Gooley, J.J., Lu, J., Fischer, D., and Saper, C.B. (2003). A broad role for mel-
anopsin in nonvisual photoreception. J. Neurosci. 23, 7093-7106.

Gooley, J.J., Ho Mien, 1., St Hilaire, M.A., Yeo, S.C., Chua, E.C., van Reen, E.,
Hanley, C.J., Hull, J.T., Czeisler, C.A., and Lockley, S.W. (2012). Melanopsin
and rod-cone photoreceptors play different roles in mediating pupillary light
responses during exposure to continuous light in humans. J. Neurosci. 32,
14242-14253.

Govardovskii, V.I., Fyhrquist, N., Reuter, T., Kuzmin, D.G., and Donner, K.
(2000). In search of the visual pigment template. Vis. Neurosci. 17, 509-528.

Goz, D., Studholme, K., Lappi, D.A., Rollag, M.D., Provencio, I., and Morin,
L.P. (2008). Targeted destruction of photosensitive retinal ganglion cells with

a saporin conjugate alters the effects of light on mouse circadian rhythms.
PLoS ONE 3, e3153.

Graham, D.M., Wong, K.Y., Shapiro, P., Frederick, C., Pattabiraman, K., and
Berson, D.M. (2008). Melanopsin ganglion cells use a membrane-associated
rhabdomeric phototransduction cascade. J. Neurophysiol. 99, 2522-2532.

Grimes, W.N., Baudin, J., Azevedo, A.W., and Rieke, F. (2018). Range, routing
and kinetics of rod signaling in primate retina. eLife. Published online October
9, 2018. https://doi.org/10.7554/eLife.38281.

Grinert, U., Jusuf, P.R., Lee, S.C., and Nguyen, D.T. (2011). Bipolar input to
melanopsin containing ganglion cells in primate retina. Vis. Neurosci.
28, 39-50.

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. (2008). Melanopsin cells are the
principal conduits for rod-cone input to non-image-forming vision. Nature
453,102-105.

Hankins, M.W., and Lucas, R.J. (2002). The primary visual pathway in humans
is regulated according to long-term light exposure through the action of a
nonclassical photopigment. Curr. Biol. 72, 191-198.

Hannibal, J., Hindersson, P., Knudsen, S.M., Georg, B., and Fahrenkrug, J.
(2002a). The photopigment melanopsin is exclusively present in pituitary ad-
enylate cyclase-activating polypeptide-containing retinal ganglion cells of
the retinohypothalamic tract. J. Neurosci. 22, RC191.

Hannibal, J., Hindersson, P., Nevo, E., and Fahrenkrug, J. (2002b). The circa-
dian photopigment melanopsin is expressed in the blind subterranean mole
rat, Spalax. Neuroreport 13, 1411-1414.

Hannibal, J., Georg, B., Hindersson, P., and Fahrenkrug, J. (2005). Light and
darkness regulate melanopsin in the retinal ganglion cells of the albino Wistar
rat. J. Mol. Neurosci. 27, 147-155.

Hannibal, J., Kankipati, L., Strang, C.E., Peterson, B.B., Dacey, D., and Gam-
lin, P.D. (2014). Central projections of intrinsically photosensitive retinal gan-
glion cells in the macaque monkey. J. Comp. Neurol. 522, 2231-2248.

Hannibal, J., Christiansen, A.T., Heegaard, S., Fahrenkrug, J., and Kiilgaard,
J.F. (2017). Melanopsin expressing human retinal ganglion cells: Subtypes,
distribution, and intraretinal connectivity. J. Comp. Neurol. 525, 1934-1961.

Hardie, R.C., and Franze, K. (2012). Photomechanical responses in Drosophila
photoreceptors. Science 338, 260-263.

Hardie, R.C., and Postma, M. (2008). 1.05 - Phototransduction in microvillar
photoreceptors of Drosophila and other invertebrates. In The Senses: A
Comprehensive Reference, A.l. Basbaum, ed. (Elsevier Science/Aca-
demic Press).

Hatori, M., Le, H., Vollmers, C., Keding, S.R., Tanaka, N., Buch, T., Waisman,
A., Schmedt, C., Jegla, T., and Panda, S. (2008). Inducible ablation of mela-
nopsin-expressing retinal ganglion cells reveals their central role in non-image
forming visual responses. PLoS ONE 3, e2451.

Hattar, S., Liao, H.W., Takao, M., Berson, D.M., and Yau, K.-W. (2002). Mela-
nopsin-containing retinal ganglion cells: architecture, projections, and intrinsic
photosensitivity. Science 295, 1065-1070.

Hattar, S., Lucas, R.J., Mrosovsky, N., Thompson, S., Douglas, R.H., Hankins,
M.W., Lem, J., Biel, M., Hofmann, F., Foster, R.G., and Yau, K.-W. (2003). Mel-
anopsin and rod-cone photoreceptive systems account for all major acces-
sory visual functions in mice. Nature 424, 76-81.

Hattar, S., Kumar, M., Park, A., Tong, P., Tung, J., Yau, K.-W., and Berson,
D.M. (2006). Central projections of melanopsin-expressing retinal ganglion
cells in the mouse. J. Comp. Neurol. 497, 326-349.

Hayter, E.A., and Brown, T.M. (2018). Additive contributions of melanopsin and
both cone types provide broadband sensitivity to mouse pupil control. BMC
Biol. 76, 83.

Hellstrom, A., Smith, L.E., and Dammann, O. (2013). Retinopathy of prematu-
rity. Lancet 382, 1445-1457.

Henderson, S.R., Reuss, H., and Hardie, R.C. (2000). Single photon responses

in Drosophila photoreceptors and their regulation by Ca?*. J. Physiol. 524,
179-194.

Neuron 704, October 23, 2019 221


http://refhub.elsevier.com/S0896-6273(19)30642-7/sref50
http://refhub.elsevier.com/S0896-6273(19)30642-7/sref50
http://refhub.elsevier.com/S0896-6273(19)30642-7/sref50
http://refhub.elsevier.com/S0896-6273(19)30642-7/sref50
http://refhub.elsevier.com/S0896-6273(19)30642-7/sref51
http://refhub.elsevier.com/S0896-6273(19)30642-7/sref51
http://refhub.elsevier.com/S0896-6273(19)30642-7/sref52
http://refhub.elsevier.com/S0896-6273(19)30642-7/sref52
http://refhub.elsevier.com/S0896-6273(19)30642-7/sref53
http://refhub.elsevier.com/S0896-6273(19)30642-7/sref53
http://refhub.elsevier.com/S0896-6273(19)30642-7/sref53
http://refhub.elsevier.com/S0896-6273(19)30642-7/sref53
http://refhub.elsevier.com/S0896-6273(19)30642-7/sref54
http://refhub.elsevier.com/S0896-6273(19)30642-7/sref54
http://refhub.elsevier.com/S0896-6273(19)30642-7/sref54
http://refhub.elsevier.com/S0896-6273(19)30642-7/sref54
http://refhub.elsevier.com/S0896-6273(19)30642-7/sref54
http://refhub.elsevier.com/S0896-6273(19)30642-7/sref55
http://refhub.elsevier.com/S0896-6273(19)30642-7/sref55
http://refhub.elsevier.com/S0896-6273(19)30642-7/sref56
http://refhub.elsevier.com/S0896-6273(19)30642-7/sref56
http://refhub.elsevier.com/S0896-6273(19)30642-7/sref57
http://refhub.elsevier.com/S0896-6273(19)30642-7/sref57
http://refhub.elsevier.com/S0896-6273(19)30642-7/sref57
http://refhub.elsevier.com/S0896-6273(19)30642-7/sref58
http://refhub.elsevier.com/S0896-6273(19)30642-7/sref58
http://refhub.elsevier.com/S0896-6273(19)30642-7/sref58
http://refhub.elsevier.com/S0896-6273(19)30642-7/sref58
http://refhub.elsevier.com/S0896-6273(19)30642-7/sref59
http://refhub.elsevier.com/S0896-6273(19)30642-7/sref59
http://refhub.elsevier.com/S0896-6273(19)30642-7/sref59
http://refhub.elsevier.com/S0896-6273(19)30642-7/sref59
http://refhub.elsevier.com/S0896-6273(19)30642-7/sref60
http://refhub.elsevier.com/S0896-6273(19)30642-7/sref60
http://refhub.elsevier.com/S0896-6273(19)30642-7/sref61
http://refhub.elsevier.com/S0896-6273(19)30642-7/sref61
http://refhub.elsevier.com/S0896-6273(19)30642-7/sref61
http://refhub.elsevier.com/S0896-6273(19)30642-7/sref62
http://refhub.elsevier.com/S0896-6273(19)30642-7/sref62
http://refhub.elsevier.com/S0896-6273(19)30642-7/sref62
http://refhub.elsevier.com/S0896-6273(19)30642-7/sref63
http://refhub.elsevier.com/S0896-6273(19)30642-7/sref63
http://refhub.elsevier.com/S0896-6273(19)30642-7/sref63
http://refhub.elsevier.com/S0896-6273(19)30642-7/sref63
http://refhub.elsevier.com/S0896-6273(19)30642-7/sref64
http://refhub.elsevier.com/S0896-6273(19)30642-7/sref64
http://refhub.elsevier.com/S0896-6273(19)30642-7/sref64
http://refhub.elsevier.com/S0896-6273(19)30642-7/sref65
http://refhub.elsevier.com/S0896-6273(19)30642-7/sref65
http://refhub.elsevier.com/S0896-6273(19)30642-7/sref66
http://refhub.elsevier.com/S0896-6273(19)30642-7/sref66
http://refhub.elsevier.com/S0896-6273(19)30642-7/sref66
http://refhub.elsevier.com/S0896-6273(19)30642-7/sref67
http://refhub.elsevier.com/S0896-6273(19)30642-7/sref67
http://refhub.elsevier.com/S0896-6273(19)30642-7/sref68
http://refhub.elsevier.com/S0896-6273(19)30642-7/sref68
http://refhub.elsevier.com/S0896-6273(19)30642-7/sref68
http://refhub.elsevier.com/S0896-6273(19)30642-7/sref68
http://refhub.elsevier.com/S0896-6273(19)30642-7/sref68
http://refhub.elsevier.com/S0896-6273(19)30642-7/sref69
http://refhub.elsevier.com/S0896-6273(19)30642-7/sref69
http://refhub.elsevier.com/S0896-6273(19)30642-7/sref70
http://refhub.elsevier.com/S0896-6273(19)30642-7/sref70
http://refhub.elsevier.com/S0896-6273(19)30642-7/sref70
http://refhub.elsevier.com/S0896-6273(19)30642-7/sref70
http://refhub.elsevier.com/S0896-6273(19)30642-7/sref71
http://refhub.elsevier.com/S0896-6273(19)30642-7/sref71
http://refhub.elsevier.com/S0896-6273(19)30642-7/sref71
https://doi.org/10.7554/eLife.38281
http://refhub.elsevier.com/S0896-6273(19)30642-7/sref73
http://refhub.elsevier.com/S0896-6273(19)30642-7/sref73
http://refhub.elsevier.com/S0896-6273(19)30642-7/sref73
http://refhub.elsevier.com/S0896-6273(19)30642-7/sref73
http://refhub.elsevier.com/S0896-6273(19)30642-7/sref74
http://refhub.elsevier.com/S0896-6273(19)30642-7/sref74
http://refhub.elsevier.com/S0896-6273(19)30642-7/sref74
http://refhub.elsevier.com/S0896-6273(19)30642-7/sref74
http://refhub.elsevier.com/S0896-6273(19)30642-7/sref74
http://refhub.elsevier.com/S0896-6273(19)30642-7/sref75
http://refhub.elsevier.com/S0896-6273(19)30642-7/sref75
http://refhub.elsevier.com/S0896-6273(19)30642-7/sref75
http://refhub.elsevier.com/S0896-6273(19)30642-7/sref76
http://refhub.elsevier.com/S0896-6273(19)30642-7/sref76
http://refhub.elsevier.com/S0896-6273(19)30642-7/sref76
http://refhub.elsevier.com/S0896-6273(19)30642-7/sref76
http://refhub.elsevier.com/S0896-6273(19)30642-7/sref77
http://refhub.elsevier.com/S0896-6273(19)30642-7/sref77
http://refhub.elsevier.com/S0896-6273(19)30642-7/sref77
http://refhub.elsevier.com/S0896-6273(19)30642-7/sref78
http://refhub.elsevier.com/S0896-6273(19)30642-7/sref78
http://refhub.elsevier.com/S0896-6273(19)30642-7/sref78
http://refhub.elsevier.com/S0896-6273(19)30642-7/sref79
http://refhub.elsevier.com/S0896-6273(19)30642-7/sref79
http://refhub.elsevier.com/S0896-6273(19)30642-7/sref79
http://refhub.elsevier.com/S0896-6273(19)30642-7/sref80
http://refhub.elsevier.com/S0896-6273(19)30642-7/sref80
http://refhub.elsevier.com/S0896-6273(19)30642-7/sref80
http://refhub.elsevier.com/S0896-6273(19)30642-7/sref81
http://refhub.elsevier.com/S0896-6273(19)30642-7/sref81
http://refhub.elsevier.com/S0896-6273(19)30642-7/sref82
http://refhub.elsevier.com/S0896-6273(19)30642-7/sref82
http://refhub.elsevier.com/S0896-6273(19)30642-7/sref82
http://refhub.elsevier.com/S0896-6273(19)30642-7/sref82
http://refhub.elsevier.com/S0896-6273(19)30642-7/sref83
http://refhub.elsevier.com/S0896-6273(19)30642-7/sref83
http://refhub.elsevier.com/S0896-6273(19)30642-7/sref83
http://refhub.elsevier.com/S0896-6273(19)30642-7/sref83
http://refhub.elsevier.com/S0896-6273(19)30642-7/sref84
http://refhub.elsevier.com/S0896-6273(19)30642-7/sref84
http://refhub.elsevier.com/S0896-6273(19)30642-7/sref84
http://refhub.elsevier.com/S0896-6273(19)30642-7/sref85
http://refhub.elsevier.com/S0896-6273(19)30642-7/sref85
http://refhub.elsevier.com/S0896-6273(19)30642-7/sref85
http://refhub.elsevier.com/S0896-6273(19)30642-7/sref85
http://refhub.elsevier.com/S0896-6273(19)30642-7/sref86
http://refhub.elsevier.com/S0896-6273(19)30642-7/sref86
http://refhub.elsevier.com/S0896-6273(19)30642-7/sref86
http://refhub.elsevier.com/S0896-6273(19)30642-7/sref87
http://refhub.elsevier.com/S0896-6273(19)30642-7/sref87
http://refhub.elsevier.com/S0896-6273(19)30642-7/sref87
http://refhub.elsevier.com/S0896-6273(19)30642-7/sref88
http://refhub.elsevier.com/S0896-6273(19)30642-7/sref88
http://refhub.elsevier.com/S0896-6273(19)30642-7/sref89
http://refhub.elsevier.com/S0896-6273(19)30642-7/sref89
http://refhub.elsevier.com/S0896-6273(19)30642-7/sref89
http://refhub.elsevier.com/S0896-6273(19)30642-7/sref89

Hillman, P., Hochstein, S., and Minke, B. (1983). Transduction in invertebrate
photoreceptors: role of pigment bistability. Physiol. Rev. 63, 668-772.

Horiguchi, H., Winawer, J., Dougherty, R.F., and Wandell, B.A. (2013). Human
trichromacy revisited. Proc. Natl. Acad. Sci. USA 7170, E260-E269.

Hoshi, H., Liu, W.-L., Massey, S.C., and Mills, S.L. (2009). ON inputs to the OFF
layer: bipolar cells that break the stratification rules of the retina. J. Neurosci.
29, 8875-8883.

Huang, J., Liu, C.H., Hughes, S.A., Postma, M., Schwiening, C.J., and Hardie,
R.C. (2010). Activation of TRP channels by protons and phosphoinositide
depletion in Drosophila photoreceptors. Curr. Biol. 20, 189-197.

Huang, L., Xi, Y., Peng, Y., Yang, Y., Huang, X., Fu, Y., Tao, Q., Xiao, J., Yuan,
T., An, K., etal. (2019). A visual circuit related to habenula underlies the antide-
pressive effects of light therapy. Neuron 702, 128-142.e8.

Hughes, S., Watson, T.S., Foster, R.G., Peirson, S.N., and Hankins, M.W.
(2013). Nonuniform distribution and spectral tuning of photosensitive retinal
ganglion cells of the mouse retina. Curr. Biol. 23, 1696-1701.

Ingram, N.T., Sampath, A.P., and Fain, G.L. (2016). Why are rods more sensi-
tive than cones? J. Physiol. 594, 5415-5426.

Jackman, S.L., Beneduce, B.M., Drew, I.R., and Regehr, W.G. (2014).
Achieving high-frequency optical control of synaptic transmission.
J. Neurosci. 34, 7704-7714.

Jagannath, A., Peirson, S.N., and Foster, R.G. (2013). Sleep and circadian
rhythm disruption in neuropsychiatric illness. Curr. Opin. Neurobiol. 23,
888-894.

Jagannath, A., Hughes, S., Abdelgany, A., Pothecary, C.A., Di Pretoro, S.,
Pires, S.S., Vachtsevanos, A., Pilorz, V., Brown, L.A., Hossbach, M., et al.
(2015). Isoforms of melanopsin mediate different behavioral responses to light.
Curr. Biol. 25, 2430-2434.

Jain, V., Ravindran, E., and Dhingra, N.K. (2012). Differential expression of
Brn3 transcription factors in intrinsically photosensitive retinal ganglion cells
in mouse. J. Comp. Neurol. 520, 742-755.

Jeon, C.J., Strettoi, E., and Masland, R.H. (1998). The major cell populations of
the mouse retina. J. Neurosci. 18, 8936-8946.

Jeong, M.J., and Jeon, C.J. (2015). Localization of melanopsin-immunoreac-
tive cells in the Mongolian gerbil retina. Neurosci. Res. 100, 6-16.

Jeong, M.J., Kim, H.G., and Jeon, C.J. (2018). The organization of melanopsin-
immunoreactive cells in microbat retina. PLoS ONE 73, e0190435.

Jiang, Z., Yue, W.W.S., Chen, L., Sheng, Y., and Yau, K.-W. (2018). Cyclic-
nucleotide- and HCN-channel-mediated phototransduction in intrinsically
photosensitive retinal ganglion cells. Cell 175, 652-664.

Joesch, M., and Meister, M. (2016). A neuronal circuit for colour vision based
on rod-cone opponency. Nature 532, 236-239.

Johnson, J., Wu, V., Donovan, M., Majumdar, S., Renteria, R.C., Porco, T., Van
Gelder, R.N., and Copenhagen, D.R. (2010). Melanopsin-dependent light
avoidance in neonatal mice. Proc. Natl. Acad. Sci. USA 107, 17374-17378.

Johnson, E.N., Westbrook, T., Shayesteh, R., Chen, E.L., Schumacher, J.W.,
Fitzpatrick, D., and Field, G.D. (2019). Distribution and diversity of intrinsically
photosensitive retinal ganglion cells in tree shrew. J. Comp. Neurol. 527,
328-344.

Joo, H.R., Peterson, B.B., Dacey, D.M., Hattar, S., and Chen, S.K. (2013).
Recurrent axon collaterals of intrinsically photosensitive retinal ganglion cells.
Vis. Neurosci. 30, 175-182.

Keenan, W.T., Rupp, A.C., Ross, R.A., Somasundaram, P., Hiriyanna, S., Wu,
Z., Badea, T.C., Robinson, P.R., Lowell, B.B., and Hattar, S.S. (2016). A visual
circuit uses complementary mechanisms to support transient and sustained
pupil constriction. eLife 5, e15392.

Kim, H.L., Jeon, J.H., Koo, T.H., Lee, U.Y., Jeong, E., Chun, M.H., Moon, J.I.,

Massey, S.C., and Kim, |.B. (2012). Axonal synapses utilize multiple synaptic
ribbons in the mammalian retina. PLoS ONE 7, €52295.

222 Neuron 104, October 23, 2019

Neuron

Kirkby, L.A., and Feller, M.B. (2013). Intrinsically photosensitive ganglion cells
contribute to plasticity in retinal wave circuits. Proc. Natl. Acad. Sci. USA 110,
12090-12095.

Kirschfeld, K., Franceschini, N., and Minke, B. (1977). Evidence for a sensitis-
ing pigment in fly photoreceptors. Nature 269, 386-390.

Koyanagi, M., Kubokawa, K., Tsukamoto, H., Shichida, Y., and Terakita, A.
(2005). Cephalochordate melanopsin: evolutionary linkage between inverte-
brate visual cells and vertebrate photosensitive retinal ganglion cells. Curr.
Biol. 15, 1065-1069.

Ksendzovsky, A., Pomeraniec, |.J., Zaghloul, K.A., Provencio, J.J., and Pro-
vencio, |. (2017). Clinical implications of the melanopsin-based non-image-
forming visual system. Neurology 88, 1282-1290.

Kuffler, S.W. (1953). Discharge patterns and functional organization of
mammalian retina. J. Neurophysiol. 76, 37-68.

La Morgia, C., Carelli, V., and Carbonelli, M. (2018). Melanopsin retinal gan-
glion cells and pupil: clinical implications for neuro-ophthalmology. Front. Neu-
rol. 9, 1047.

Lall, G.S., Revell, V.L., Momiji, H., Al Enezi, J., Altimus, C.M., Guler, A.D., Agui-
lar, C., Cameron, M.A., Allender, S., Hankins, M.W., and Lucas, R.J. (2010).
Distinct contributions of rod, cone, and melanopsin photoreceptors to encod-
ing irradiance. Neuron 66, 417-428.

Lamb, T.D. (1995). Photoreceptor spectral sensitivities: common shape in the
long-wavelength region. Vision Res. 35, 3083-3091.

Lamb, T.D., and Pugh, E.N., Jr. (2004). Dark adaptation and the retinoid cycle
of vision. Prog. Retin. Eye Res. 23, 307-380.

Laughlin, S.B. (1992). Retinal information capacity and the function of the pupil.
Ophthalmic Physiol. Opt. 12, 161-164.

Lazzerini Ospri, L., Prusky, G., and Hattar, S. (2017). Mood, the circadian sys-
tem, and melanopsin retinal ganglion cells. Annu. Rev. Neurosci. 40, 539-556.

LeGates, T.A., Altimus, C.M., Wang, H., Lee, H.K,, Yang, S., Zhao, H., Kirk-
wood, A., Weber, E.T., and Hattar, S. (2012). Aberrant light directly impairs
mood and learning through melanopsin-expressing neurons. Nature 497,
594-598.

Li, J.Y., and Schmidt, T.M. (2018). Divergent projection patterns of M1 ipRGC
subtypes. J. Comp. Neurol. 526, 2010-2018.

Li, S., Yang, C., Zhang, L., Gao, X., Wang, X., Liu, W., Wang, Y., Jiang, S.,
Wong, Y.H., Zhang, Y., and Liu, K. (2016). Promoting axon regeneration in
the adult CNS by modulation of the melanopsin/GPCR signaling. Proc. Natl.
Acad. Sci. USA 113, 1937-1942.

Liao, H.W., Ren, X., Peterson, B.B., Marshak, D.W., Yau, K.-W., Gamlin, P.D.,
and Dacey, D.M. (2016). Melanopsin-expressing ganglion cells on macaque
and human retinas form two morphologically distinct populations. J. Comp.
Neurol. 524, 2845-2872.

Lin, B., Koizumi, A., Tanaka, N., Panda, S., and Masland, R.H. (2008). Resto-
ration of visual function in retinal degeneration mice by ectopic expression
of melanopsin. Proc. Natl. Acad. Sci. USA 705, 16009-16014.

Lucas, R.J. (2006). Chromophore regeneration: melanopsin does its own thing.
Proc. Natl. Acad. Sci. USA 7103, 10153-10154.

Lucas, R.J., Freedman, M.S., Mufioz, M., Garcia-Fernandez, J.M., and Foster,
R.G. (1999). Regulation of the mammalian pineal by non-rod, non-cone, ocular
photoreceptors. Science 284, 505-507.

Lucas, R.J., Douglas, R.H., and Foster, R.G. (2001). Characterization of an
ocular photopigment capable of driving pupillary constriction in mice. Nat.
Neurosci. 4, 621-626.

Lucas, R.J., Hattar, S., Takao, M., Berson, D.M., Foster, R.G., and Yau, K.-W.
(2003). Diminished pupillary light reflex at high irradiances in melanopsin-
knockout mice. Science 299, 245-247.

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. (2014).
Measuring and using light in the melanopsin age. Trends Neurosci. 37, 1-9.


http://refhub.elsevier.com/S0896-6273(19)30642-7/sref90
http://refhub.elsevier.com/S0896-6273(19)30642-7/sref90
http://refhub.elsevier.com/S0896-6273(19)30642-7/sref91
http://refhub.elsevier.com/S0896-6273(19)30642-7/sref91
http://refhub.elsevier.com/S0896-6273(19)30642-7/sref92
http://refhub.elsevier.com/S0896-6273(19)30642-7/sref92
http://refhub.elsevier.com/S0896-6273(19)30642-7/sref92
http://refhub.elsevier.com/S0896-6273(19)30642-7/sref93
http://refhub.elsevier.com/S0896-6273(19)30642-7/sref93
http://refhub.elsevier.com/S0896-6273(19)30642-7/sref93
http://refhub.elsevier.com/S0896-6273(19)30642-7/sref94
http://refhub.elsevier.com/S0896-6273(19)30642-7/sref94
http://refhub.elsevier.com/S0896-6273(19)30642-7/sref94
http://refhub.elsevier.com/S0896-6273(19)30642-7/sref95
http://refhub.elsevier.com/S0896-6273(19)30642-7/sref95
http://refhub.elsevier.com/S0896-6273(19)30642-7/sref95
http://refhub.elsevier.com/S0896-6273(19)30642-7/sref96
http://refhub.elsevier.com/S0896-6273(19)30642-7/sref96
http://refhub.elsevier.com/S0896-6273(19)30642-7/sref97
http://refhub.elsevier.com/S0896-6273(19)30642-7/sref97
http://refhub.elsevier.com/S0896-6273(19)30642-7/sref97
http://refhub.elsevier.com/S0896-6273(19)30642-7/sref98
http://refhub.elsevier.com/S0896-6273(19)30642-7/sref98
http://refhub.elsevier.com/S0896-6273(19)30642-7/sref98
http://refhub.elsevier.com/S0896-6273(19)30642-7/sref99
http://refhub.elsevier.com/S0896-6273(19)30642-7/sref99
http://refhub.elsevier.com/S0896-6273(19)30642-7/sref99
http://refhub.elsevier.com/S0896-6273(19)30642-7/sref99
http://refhub.elsevier.com/S0896-6273(19)30642-7/sref100
http://refhub.elsevier.com/S0896-6273(19)30642-7/sref100
http://refhub.elsevier.com/S0896-6273(19)30642-7/sref100
http://refhub.elsevier.com/S0896-6273(19)30642-7/sref101
http://refhub.elsevier.com/S0896-6273(19)30642-7/sref101
http://refhub.elsevier.com/S0896-6273(19)30642-7/sref102
http://refhub.elsevier.com/S0896-6273(19)30642-7/sref102
http://refhub.elsevier.com/S0896-6273(19)30642-7/sref103
http://refhub.elsevier.com/S0896-6273(19)30642-7/sref103
http://refhub.elsevier.com/S0896-6273(19)30642-7/sref104
http://refhub.elsevier.com/S0896-6273(19)30642-7/sref104
http://refhub.elsevier.com/S0896-6273(19)30642-7/sref104
http://refhub.elsevier.com/S0896-6273(19)30642-7/sref105
http://refhub.elsevier.com/S0896-6273(19)30642-7/sref105
http://refhub.elsevier.com/S0896-6273(19)30642-7/sref106
http://refhub.elsevier.com/S0896-6273(19)30642-7/sref106
http://refhub.elsevier.com/S0896-6273(19)30642-7/sref106
http://refhub.elsevier.com/S0896-6273(19)30642-7/sref107
http://refhub.elsevier.com/S0896-6273(19)30642-7/sref107
http://refhub.elsevier.com/S0896-6273(19)30642-7/sref107
http://refhub.elsevier.com/S0896-6273(19)30642-7/sref107
http://refhub.elsevier.com/S0896-6273(19)30642-7/sref108
http://refhub.elsevier.com/S0896-6273(19)30642-7/sref108
http://refhub.elsevier.com/S0896-6273(19)30642-7/sref108
http://refhub.elsevier.com/S0896-6273(19)30642-7/sref109
http://refhub.elsevier.com/S0896-6273(19)30642-7/sref109
http://refhub.elsevier.com/S0896-6273(19)30642-7/sref109
http://refhub.elsevier.com/S0896-6273(19)30642-7/sref109
http://refhub.elsevier.com/S0896-6273(19)30642-7/sref110
http://refhub.elsevier.com/S0896-6273(19)30642-7/sref110
http://refhub.elsevier.com/S0896-6273(19)30642-7/sref110
http://refhub.elsevier.com/S0896-6273(19)30642-7/sref111
http://refhub.elsevier.com/S0896-6273(19)30642-7/sref111
http://refhub.elsevier.com/S0896-6273(19)30642-7/sref111
http://refhub.elsevier.com/S0896-6273(19)30642-7/sref112
http://refhub.elsevier.com/S0896-6273(19)30642-7/sref112
http://refhub.elsevier.com/S0896-6273(19)30642-7/sref113
http://refhub.elsevier.com/S0896-6273(19)30642-7/sref113
http://refhub.elsevier.com/S0896-6273(19)30642-7/sref113
http://refhub.elsevier.com/S0896-6273(19)30642-7/sref113
http://refhub.elsevier.com/S0896-6273(19)30642-7/sref114
http://refhub.elsevier.com/S0896-6273(19)30642-7/sref114
http://refhub.elsevier.com/S0896-6273(19)30642-7/sref114
http://refhub.elsevier.com/S0896-6273(19)30642-7/sref115
http://refhub.elsevier.com/S0896-6273(19)30642-7/sref115
http://refhub.elsevier.com/S0896-6273(19)30642-7/sref116
http://refhub.elsevier.com/S0896-6273(19)30642-7/sref116
http://refhub.elsevier.com/S0896-6273(19)30642-7/sref116
http://refhub.elsevier.com/S0896-6273(19)30642-7/sref117
http://refhub.elsevier.com/S0896-6273(19)30642-7/sref117
http://refhub.elsevier.com/S0896-6273(19)30642-7/sref117
http://refhub.elsevier.com/S0896-6273(19)30642-7/sref117
http://refhub.elsevier.com/S0896-6273(19)30642-7/sref117
http://refhub.elsevier.com/S0896-6273(19)30642-7/sref118
http://refhub.elsevier.com/S0896-6273(19)30642-7/sref118
http://refhub.elsevier.com/S0896-6273(19)30642-7/sref119
http://refhub.elsevier.com/S0896-6273(19)30642-7/sref119
http://refhub.elsevier.com/S0896-6273(19)30642-7/sref120
http://refhub.elsevier.com/S0896-6273(19)30642-7/sref120
http://refhub.elsevier.com/S0896-6273(19)30642-7/sref121
http://refhub.elsevier.com/S0896-6273(19)30642-7/sref121
http://refhub.elsevier.com/S0896-6273(19)30642-7/sref122
http://refhub.elsevier.com/S0896-6273(19)30642-7/sref122
http://refhub.elsevier.com/S0896-6273(19)30642-7/sref122
http://refhub.elsevier.com/S0896-6273(19)30642-7/sref122
http://refhub.elsevier.com/S0896-6273(19)30642-7/sref123
http://refhub.elsevier.com/S0896-6273(19)30642-7/sref123
http://refhub.elsevier.com/S0896-6273(19)30642-7/sref124
http://refhub.elsevier.com/S0896-6273(19)30642-7/sref124
http://refhub.elsevier.com/S0896-6273(19)30642-7/sref124
http://refhub.elsevier.com/S0896-6273(19)30642-7/sref124
http://refhub.elsevier.com/S0896-6273(19)30642-7/sref125
http://refhub.elsevier.com/S0896-6273(19)30642-7/sref125
http://refhub.elsevier.com/S0896-6273(19)30642-7/sref125
http://refhub.elsevier.com/S0896-6273(19)30642-7/sref125
http://refhub.elsevier.com/S0896-6273(19)30642-7/sref126
http://refhub.elsevier.com/S0896-6273(19)30642-7/sref126
http://refhub.elsevier.com/S0896-6273(19)30642-7/sref126
http://refhub.elsevier.com/S0896-6273(19)30642-7/sref127
http://refhub.elsevier.com/S0896-6273(19)30642-7/sref127
http://refhub.elsevier.com/S0896-6273(19)30642-7/sref128
http://refhub.elsevier.com/S0896-6273(19)30642-7/sref128
http://refhub.elsevier.com/S0896-6273(19)30642-7/sref128
http://refhub.elsevier.com/S0896-6273(19)30642-7/sref129
http://refhub.elsevier.com/S0896-6273(19)30642-7/sref129
http://refhub.elsevier.com/S0896-6273(19)30642-7/sref129
http://refhub.elsevier.com/S0896-6273(19)30642-7/sref130
http://refhub.elsevier.com/S0896-6273(19)30642-7/sref130
http://refhub.elsevier.com/S0896-6273(19)30642-7/sref130
http://refhub.elsevier.com/S0896-6273(19)30642-7/sref131
http://refhub.elsevier.com/S0896-6273(19)30642-7/sref131
http://refhub.elsevier.com/S0896-6273(19)30642-7/sref131

Neuron

Luo, D.-G., Kefalov, V., and Yau, K.-W. (2008). 1.10 - Phototransduction in
retinal rods and cones. In The Senses: A Comprehensive Reference, A.l. Bas-
baum, ed. (Elsevier/Academic Press).

Lupi, D., Oster, H., Thompson, S., and Foster, R.G. (2008). The acute light-in-
duction of sleep is mediated by OPN4-based photoreception. Nat. Neurosci.
11, 1068-1073.

Masland, R.H., Rizzo, J.F., 3rd, and Sandell, J.H. (1993). Developmental vari-
ation in the structure of the retina. J. Neurosci. 13, 5194-5202.

Masri, R.A., Percival, K.A., Koizumi, A., Martin, P.R., and Grunert, U. (2019).
Survey of retinal ganglion cell morphology in marmoset. J. Comp. Neurol.
527, 236-258.

Mathes, A., Engel, L., Holthues, H., Wolloscheck, T., and Spessert, R. (2007).
Daily profile in melanopsin transcripts depends on seasonal lighting conditions
in the rat retina. J. Neuroendocrinol. 19, 952-957.

Matsuyama, T., Yamashita, T., Imamoto, Y., and Shichida, Y. (2012). Photo-
chemical properties of mammalian melanopsin. Biochemistry 57, 5454-5462.

McDougal, D.H., and Gamlin, P.D. (2010). The influence of intrinsically-photo-
sensitive retinal ganglion cells on the spectral sensitivity and response dy-
namics of the human pupillary light reflex. Vision Res. 50, 72-87.

Mederos, S., Hernandez-Vivanco, A., Ramirez-Franco, J., Martin-Fernandez,
M., Navarrete, M., Yang, A., Boyden, E.S., and Perea, G. (2019). Melanopsin
for precise optogenetic activation of astrocyte-neuron networks. Glia 67,
915-934.

Melyan, Z., Tarttelin, E.E., Bellingham, J., Lucas, R.J., and Hankins, M.W.
(2005). Addition of human melanopsin renders mammalian cells photorespon-
sive. Nature 433, 741-745.

Mendez, A., Burns, M.E., Roca, A., Lem, J., Wu, L.W., Simon, M.l., Baylor,
D.A., and Chen, J. (2000). Rapid and reproducible deactivation of rhodopsin
requires multiple phosphorylation sites. Neuron 28, 153-164.

Menet, J.S., and Rosbash, M. (2011). When brain clocks lose track of time:
cause or consequence of neuropsychiatric disorders. Curr. Opin. Neurobiol.
21, 849-857.

Milner, E.S.M., and Do, M.T.H. (2017). A population representation of absolute
light intensity in the mammalian retina. Cell 1771, 865-876.e16.

Milosavljevic, N., Storchi, R., Eleftheriou, C.G., Colins, A., Petersen, R.S., and
Lucas, R.J. (2018). Photoreceptive retinal ganglion cells control the information
rate of the optic nerve. Proc. Natl. Acad. Sci. USA 715, E11817-E11826.

Morin, L.P., and Studholme, K.M. (2014). Retinofugal projections in the mouse.
J. Comp. Neurol. 522, 3733-3753.

Mouland, J.W., Stinchcombe, A.R., Forger, D.B., Brown, T.M., and Lucas, R.J.
(2017). Responses to spatial contrast in the mouse suprachiasmatic nuclei.
Curr Biol 27, 1633-1640.

Mrosovsky, N., and Hattar, S. (2003). Impaired masking responses to light in
melanopsin-knockout mice. Chronobiol. Int. 20, 989-999.

Muindi, F., Zeitzer, J.M., Colas, D., and Heller, H.C. (2013). The acute effects of
light on murine sleep during the dark phase: importance of melanopsin for
maintenance of light-induced sleep. Eur. J. Neurosci. 37, 1727-1736.

Mdiller, L.P., Do, M.T.H., Yau, K.-W., He, S., and Baldridge, W.H. (2010). Tracer
coupling of intrinsically photosensitive retinal ganglion cells to amacrine cells
in the mouse retina. J. Comp. Neurol. 5718, 4813-4824.

Mure, L.S., Rieux, C., Hattar, S., and Cooper, H.M. (2007). Melanopsin-depen-
dent nonvisual responses: evidence for photopigment bistability in vivo.
J. Biol. Rhythms 22, 411-424.

Mure, L.S., Cornut, P.L., Rieux, C., Drouyer, E., Denis, P., Gronfier, C., and
Cooper, H.M. (2009). Melanopsin bistability: a fly’s eye technology in the hu-
man retina. PLoS ONE 4, e5991.

Mure, L.S., Hatori, M., Zhu, Q., Demas, J., Kim, .M., Nayak, S.K., and Panda,
S. (2016). Melanopsin-encoded response properties of intrinsically photosen-
sitive retinal ganglion cells. Neuron 90, 1016-1027.

Mure, L.S., Hatori, M., Ruda, K., Benegiamo, G., Demas, J., and Panda, S.
(2018). Sustained melanopsin photoresponse is supported by specific roles

of B-arrestin 1 and 2 in deactivation and regeneration of photopigment. Cell
Reports 25, 2497-2509.

Naarendorp, F., Esdaille, T.M., Banden, S.M., Andrews-Labenski, J., Gross,
O.P., and Pugh, E.N., Jr. (2010). Dark light, rod saturation, and the absolute
and incremental sensitivity of mouse cone vision. J. Neurosci. 30,
12495-12507.

Nasir-Ahmad, S., Lee, S.C.S., Martin, P.R., and Griinert, U. (2019). Melanop-
sin-expressing ganglion cells in human retina: Morphology, distribution, and
synaptic connections. J. Comp. Neurol. 527, 312-327.

Nelson, D.E., and Takahashi, J.S. (1991). Sensitivity and integration in a visual
pathway for circadian entrainment in the hamster (Mesocricetus auratus).
J. Physiol. 439, 115-145.

Newman, L.A., Walker, M.T., Brown, R.L., Cronin, T.W., and Robinson, P.R.
(2003). Melanopsin forms a functional short-wavelength photopigment.
Biochemistry 42, 12734-12738.

Nguyen, N.T., and Fisher, D.E. (2019). MITF and UV responses in skin: from
pigmentation to addiction. Pigment Cell Melanoma Res. 32, 224-236.

Nikonov, S.S., Kholodenko, R., Lem, J., and Pugh, E.N., Jr. (2006). Physiolog-
ical features of the S- and M-cone photoreceptors of wild-type mice from sin-
gle-cell recordings. J. Gen. Physiol. 127, 359-374.

Ondrusova, K., Fatehi, M., Barr, A., Czarnecka, Z., Long, W., Suzuki, K,
Campbell, S., Philippaert, K., Hubert, M., Tredget, E., et al. (2017). Subcutane-
ous white adipocytes express a light sensitive signaling pathway mediated via
a melanopsin/TRPC channel axis. Sci. Rep. 7, 16332.

Ostrin, L.A., Strang, C.E., Chang, K., Jnawali, A., Hung, L.F., Arumugam, B.,
Frishman, L.J., Smith, E.L., 38rd, and Gamlin, P.D. (2018). Immunotoxin-
induced ablation of the intrinsically photosensitive retinal ganglion cells in rhe-
sus monkeys. Front. Neurol. 9, 1000.

Pack, W., Hill, D.D., and Wong, K.Y. (2015). Melatonin modulates M4-type
ganglion-cell photoreceptors. Neuroscience 303, 178-188.

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

Panda, S., Provencio, I., Tu, D.C., Pires, S.S., Rollag, M.D., Castrucci, A.M.,
Pletcher, M.T., Sato, T.K., Wiltshire, T., Andahazy, M., et al. (2003). Melanopsin
is required for non-image-forming photic responses in blind mice. Science
301, 525-527.

Panda, S., Nayak, S.K., Campo, B., Walker, J.R., Hogenesch, J.B., and Jegla,
T. (2005). lllumination of the melanopsin signaling pathway. Science 307,
600-604.

Peng, Y.R., Shekhar, K., Yan, W., Herrmann, D., Sappington, A., Bryman, G.S.,
van Zyl, T., Do, M.T.H., Regev, A., and Sanes, J.R. (2019). Molecular classifi-
cation and comparative taxonomics of foveal and peripheral cells in primate
retina. Cell 176, 1222-1237.e22.

Perez-Fernandez, V., Milosavljevic, N., Allen, A.E., Vessey, K.A., Jobling, A.l.,
Fletcher, E.L., Breen, P.P., Morley, J.W., and Cameron, M.A. (2019). Rod
photoreceptor activation alone defines the release of dopamine in the retina.
Curr. Biol 29, 763-774.

Phelps, J. (2016). A powerful non-pharmacologic treatment for mania - virtu-
ally. Bipolar Disord. 78, 379-382.

Pienaar, A., Walmsley, L., Hayter, E., Howarth, M., and Brown, T.M. (2018).
Commissural communication allows mouse intergeniculate leaflet and ventral
lateral geniculate neurons to encode interocular differences in irradiance.
J. Physiol. 596, 5461-5481.

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.
(2016). Melanopsin regulates both sleep-promoting and arousal-promoting re-
sponses to light. PLoS Biol. 14, e1002482.

Pires, S.S., Hughes, S., Turton, M., Melyan, Z., Peirson, S.N., Zheng, L., Kos-
maoglou, M., Bellingham, J., Cheetham, M.E., Lucas, R.J., et al. (2009). Differ-
ential expression of two distinct functional isoforms of melanopsin (Opn4) in
the mammalian retina. J. Neurosci. 29, 12332-12342.

Neuron 704, October 23, 2019 223


http://refhub.elsevier.com/S0896-6273(19)30642-7/sref132
http://refhub.elsevier.com/S0896-6273(19)30642-7/sref132
http://refhub.elsevier.com/S0896-6273(19)30642-7/sref132
http://refhub.elsevier.com/S0896-6273(19)30642-7/sref133
http://refhub.elsevier.com/S0896-6273(19)30642-7/sref133
http://refhub.elsevier.com/S0896-6273(19)30642-7/sref133
http://refhub.elsevier.com/S0896-6273(19)30642-7/sref134
http://refhub.elsevier.com/S0896-6273(19)30642-7/sref134
http://refhub.elsevier.com/S0896-6273(19)30642-7/sref135
http://refhub.elsevier.com/S0896-6273(19)30642-7/sref135
http://refhub.elsevier.com/S0896-6273(19)30642-7/sref135
http://refhub.elsevier.com/S0896-6273(19)30642-7/sref135
http://refhub.elsevier.com/S0896-6273(19)30642-7/sref136
http://refhub.elsevier.com/S0896-6273(19)30642-7/sref136
http://refhub.elsevier.com/S0896-6273(19)30642-7/sref136
http://refhub.elsevier.com/S0896-6273(19)30642-7/sref137
http://refhub.elsevier.com/S0896-6273(19)30642-7/sref137
http://refhub.elsevier.com/S0896-6273(19)30642-7/sref138
http://refhub.elsevier.com/S0896-6273(19)30642-7/sref138
http://refhub.elsevier.com/S0896-6273(19)30642-7/sref138
http://refhub.elsevier.com/S0896-6273(19)30642-7/sref139
http://refhub.elsevier.com/S0896-6273(19)30642-7/sref139
http://refhub.elsevier.com/S0896-6273(19)30642-7/sref139
http://refhub.elsevier.com/S0896-6273(19)30642-7/sref139
http://refhub.elsevier.com/S0896-6273(19)30642-7/sref140
http://refhub.elsevier.com/S0896-6273(19)30642-7/sref140
http://refhub.elsevier.com/S0896-6273(19)30642-7/sref140
http://refhub.elsevier.com/S0896-6273(19)30642-7/sref141
http://refhub.elsevier.com/S0896-6273(19)30642-7/sref141
http://refhub.elsevier.com/S0896-6273(19)30642-7/sref141
http://refhub.elsevier.com/S0896-6273(19)30642-7/sref142
http://refhub.elsevier.com/S0896-6273(19)30642-7/sref142
http://refhub.elsevier.com/S0896-6273(19)30642-7/sref142
http://refhub.elsevier.com/S0896-6273(19)30642-7/sref143
http://refhub.elsevier.com/S0896-6273(19)30642-7/sref143
http://refhub.elsevier.com/S0896-6273(19)30642-7/sref144
http://refhub.elsevier.com/S0896-6273(19)30642-7/sref144
http://refhub.elsevier.com/S0896-6273(19)30642-7/sref144
http://refhub.elsevier.com/S0896-6273(19)30642-7/sref145
http://refhub.elsevier.com/S0896-6273(19)30642-7/sref145
http://refhub.elsevier.com/S0896-6273(19)30642-7/sref146
http://refhub.elsevier.com/S0896-6273(19)30642-7/sref146
http://refhub.elsevier.com/S0896-6273(19)30642-7/sref146
http://refhub.elsevier.com/S0896-6273(19)30642-7/sref147
http://refhub.elsevier.com/S0896-6273(19)30642-7/sref147
http://refhub.elsevier.com/S0896-6273(19)30642-7/sref148
http://refhub.elsevier.com/S0896-6273(19)30642-7/sref148
http://refhub.elsevier.com/S0896-6273(19)30642-7/sref148
http://refhub.elsevier.com/S0896-6273(19)30642-7/sref149
http://refhub.elsevier.com/S0896-6273(19)30642-7/sref149
http://refhub.elsevier.com/S0896-6273(19)30642-7/sref149
http://refhub.elsevier.com/S0896-6273(19)30642-7/sref149
http://refhub.elsevier.com/S0896-6273(19)30642-7/sref150
http://refhub.elsevier.com/S0896-6273(19)30642-7/sref150
http://refhub.elsevier.com/S0896-6273(19)30642-7/sref150
http://refhub.elsevier.com/S0896-6273(19)30642-7/sref151
http://refhub.elsevier.com/S0896-6273(19)30642-7/sref151
http://refhub.elsevier.com/S0896-6273(19)30642-7/sref151
http://refhub.elsevier.com/S0896-6273(19)30642-7/sref152
http://refhub.elsevier.com/S0896-6273(19)30642-7/sref152
http://refhub.elsevier.com/S0896-6273(19)30642-7/sref152
http://refhub.elsevier.com/S0896-6273(19)30642-7/sref153
http://refhub.elsevier.com/S0896-6273(19)30642-7/sref153
http://refhub.elsevier.com/S0896-6273(19)30642-7/sref153
http://refhub.elsevier.com/S0896-6273(19)30642-7/sref153
http://refhub.elsevier.com/S0896-6273(19)30642-7/sref154
http://refhub.elsevier.com/S0896-6273(19)30642-7/sref154
http://refhub.elsevier.com/S0896-6273(19)30642-7/sref154
http://refhub.elsevier.com/S0896-6273(19)30642-7/sref154
http://refhub.elsevier.com/S0896-6273(19)30642-7/sref155
http://refhub.elsevier.com/S0896-6273(19)30642-7/sref155
http://refhub.elsevier.com/S0896-6273(19)30642-7/sref155
http://refhub.elsevier.com/S0896-6273(19)30642-7/sref155
http://refhub.elsevier.com/S0896-6273(19)30642-7/sref156
http://refhub.elsevier.com/S0896-6273(19)30642-7/sref156
http://refhub.elsevier.com/S0896-6273(19)30642-7/sref156
http://refhub.elsevier.com/S0896-6273(19)30642-7/sref157
http://refhub.elsevier.com/S0896-6273(19)30642-7/sref157
http://refhub.elsevier.com/S0896-6273(19)30642-7/sref157
http://refhub.elsevier.com/S0896-6273(19)30642-7/sref158
http://refhub.elsevier.com/S0896-6273(19)30642-7/sref158
http://refhub.elsevier.com/S0896-6273(19)30642-7/sref159
http://refhub.elsevier.com/S0896-6273(19)30642-7/sref159
http://refhub.elsevier.com/S0896-6273(19)30642-7/sref159
http://refhub.elsevier.com/S0896-6273(19)30642-7/sref160
http://refhub.elsevier.com/S0896-6273(19)30642-7/sref160
http://refhub.elsevier.com/S0896-6273(19)30642-7/sref160
http://refhub.elsevier.com/S0896-6273(19)30642-7/sref160
http://refhub.elsevier.com/S0896-6273(19)30642-7/sref161
http://refhub.elsevier.com/S0896-6273(19)30642-7/sref161
http://refhub.elsevier.com/S0896-6273(19)30642-7/sref161
http://refhub.elsevier.com/S0896-6273(19)30642-7/sref161
http://refhub.elsevier.com/S0896-6273(19)30642-7/sref162
http://refhub.elsevier.com/S0896-6273(19)30642-7/sref162
http://refhub.elsevier.com/S0896-6273(19)30642-7/sref163
http://refhub.elsevier.com/S0896-6273(19)30642-7/sref163
http://refhub.elsevier.com/S0896-6273(19)30642-7/sref163
http://refhub.elsevier.com/S0896-6273(19)30642-7/sref164
http://refhub.elsevier.com/S0896-6273(19)30642-7/sref164
http://refhub.elsevier.com/S0896-6273(19)30642-7/sref164
http://refhub.elsevier.com/S0896-6273(19)30642-7/sref164
http://refhub.elsevier.com/S0896-6273(19)30642-7/sref165
http://refhub.elsevier.com/S0896-6273(19)30642-7/sref165
http://refhub.elsevier.com/S0896-6273(19)30642-7/sref165
http://refhub.elsevier.com/S0896-6273(19)30642-7/sref166
http://refhub.elsevier.com/S0896-6273(19)30642-7/sref166
http://refhub.elsevier.com/S0896-6273(19)30642-7/sref166
http://refhub.elsevier.com/S0896-6273(19)30642-7/sref166
http://refhub.elsevier.com/S0896-6273(19)30642-7/sref167
http://refhub.elsevier.com/S0896-6273(19)30642-7/sref167
http://refhub.elsevier.com/S0896-6273(19)30642-7/sref167
http://refhub.elsevier.com/S0896-6273(19)30642-7/sref167
http://refhub.elsevier.com/S0896-6273(19)30642-7/sref168
http://refhub.elsevier.com/S0896-6273(19)30642-7/sref168
http://refhub.elsevier.com/S0896-6273(19)30642-7/sref169
http://refhub.elsevier.com/S0896-6273(19)30642-7/sref169
http://refhub.elsevier.com/S0896-6273(19)30642-7/sref169
http://refhub.elsevier.com/S0896-6273(19)30642-7/sref169
http://refhub.elsevier.com/S0896-6273(19)30642-7/sref170
http://refhub.elsevier.com/S0896-6273(19)30642-7/sref170
http://refhub.elsevier.com/S0896-6273(19)30642-7/sref170
http://refhub.elsevier.com/S0896-6273(19)30642-7/sref170
http://refhub.elsevier.com/S0896-6273(19)30642-7/sref171
http://refhub.elsevier.com/S0896-6273(19)30642-7/sref171
http://refhub.elsevier.com/S0896-6273(19)30642-7/sref171
http://refhub.elsevier.com/S0896-6273(19)30642-7/sref171

CellPress

Plante, D.T., and Winkelman, J.W. (2008). Sleep disturbance in bipolar disor-
der: therapeutic implications. Am. J. Psychiatry 765, 830-843.

Prigge, C.L., Yeh, P.T., Liou, N.F,, Lee, C.C., You, S.F,, Liu, L.L., McNeill, D.S.,
Chew, K.S., Hattar, S., Chen, S.K,, and Zhang, D.Q. (2016). M1 ipRGCs influ-
ence visual function through retrograde signaling in the retina. J. Neurosci. 36,
7184-7197.

Procyk, C.A., Eleftheriou, C.G., Storchi, R., Allen, A.E., Milosavljevic, N.,
Brown, T.M., and Lucas, R.J. (2015). Spatial receptive fields in the retina and
dorsal lateral geniculate nucleus of mice lacking rods and cones.
J. Neurophysiol. 774, 1321-1330.

Provencio, |., Jiang, G., De Grip, W.J., Hayes, W.P., and Rollag, M.D. (1998).
Melanopsin: an opsin in melanophores, brain, and eye. Proc. Natl. Acad.
Sci. USA 95, 340-345.

Provencio, I., Rodriguez, I.R., Jiang, G., Hayes, W.P., Moreira, E.F., and Rollag,
M.D. (2000). A novel human opsin in the inner retina. J. Neurosci. 20, 600-605.

Provencio, I., Rollag, M.D., and Castrucci, A.M. (2002). Photoreceptive net in
the mammalian retina. This mesh of cells may explain how some blind mice
can still tell day from night. Nature 475, 493.

Qiu, X., Kumbalasiri, T., Carlson, S.M., Wong, K.Y., Krishna, V., Provencio, I.,
and Berson, D.M. (2005). Induction of photosensitivity by heterologous
expression of melanopsin. Nature 433, 745-749.

Quattrochi, L.E., Stabio, M.E., Kim, I., llardi, M.C., Michelle Fogerson, P.,
Leyrer, M.L., and Berson, D.M. (2019). The M6 cell: a small-field bistratified
photosensitive retinal ganglion cell. J. Comp. Neurol. Published online
January 1, 2019. https://doi.org/10.1002/cne.24556.

Ramsey, D.J., Ramsey, K.M., and Vavvas, D.G. (2013). Genetic advances in
ophthalmology: the role of melanopsin-expressing, intrinsically photosensitive
retinal ganglion cells in the circadian organization of the visual system. Semin.
Ophthalmol. 28, 406-421.

Rao, S., Chun, C., Fan, J., Kofron, J.M., Yang, M.B., Hegde, R.S., Ferrara, N.,
Copenhagen, D.R., and Lang, R.A. (2013). A direct and melanopsin-dependent
fetal light response regulates mouse eye development. Nature 494, 243-246.

Reifler, A.N., Chervenak, A.P., Dolikian, M.E., Benenati, B.A., Li, B.Y., Wachter,
R.D., Lynch, A.M., Demertzis, Z.D., Meyers, B.S., Abufarha, F.S., et al. (2015).
All spiking, sustained ON displaced amacrine cells receive gap-junction input
from melanopsin ganglion cells. Curr. Biol. 25, 2763-2773.

Renna, J.M., Weng, S., and Berson, D.M. (2011). Light acts through melanop-
sin to alter retinal waves and segregation of retinogeniculate afferents. Nat.
Neurosci. 14, 827-829.

Rheaume, B.A., Jereen, A., Bolisetty, M., Sajid, M.S., Yang, Y., Renna, K., Sun,
L., Robson, P., and Trakhtenberg, E.F. (2018). Single cell transcriptome
profiling of retinal ganglion cells identifies cellular subtypes. Nat. Commun.
9, 2759.

Ritter, E., Elgeti, M., and Bartl, F.J. (2008). Activity switches of rhodopsin. Pho-
tochem. Photobiol. 84, 911-920.

Roecklein, K.A., Wong, P.M., Miller, M.A., Donofry, S.D., Kamarck, M.L., and
Brainard, G.C. (2013). Melanopsin, photosensitive ganglion cells, and sea-
sonal affective disorder. Neurosci. Biobehav. Rev. 37, 229-239.

Roenneberg, T., and Foster, R.G. (1997). Twilight times: light and the circadian
system. Photochem. Photobiol. 66, 549-561.

Ruby, N.F., Brennan, T.J., Xie, X., Cao, V., Franken, P., Heller, H.C., and
O’Hara, B.F. (2002). Role of melanopsin in circadian responses to light. Sci-
ence 298, 2211-2213.

Rupp, A.C., Ren, M., Altimus, C.M., Fernandez, D.C., Richardson, M., Turek,
F., Hattar, S., and Schmidt, T.M. (2019). Distinct ipPRGC subpopulations
mediate light’s acute and circadian effects on body temperature and sleep.
eLife 8, e44358.

Sabhar, S., and Sassone-Corsi, P. (2009). Metabolism and cancer: the circadian
clock connection. Nat. Rev. Cancer 9, 886-896.

Saito, M., Miyamoto, K., Uchiyama, Y., and Murakami, |. (2018). Invisible light

inside the natural blind spot alters brightness at a remote location. Sci. Rep.
8, 7540.

224 Neuron 104, October 23, 2019

Neuron

Sakamoto, K., Liu, C., and Tosini, G. (2004). Classical photoreceptors regulate
melanopsin mRNA levels in the rat retina. J. Neurosci. 24, 9693-9697.

Sanes, J.R., and Masland, R.H. (2015). The types of retinal ganglion cells: cur-
rent status and implications for neuronal classification. Annu. Rev. Neurosci.
38, 221-246.

Schmidt, T.M., and Kofuji, P. (2009). Functional and morphological differences
among intrinsically photosensitive retinal ganglion cells. J. Neurosci. 29,
476-482.

Schmidt, T.M., and Kofuji, P. (2011). Structure and function of bistratified intrin-
sically photosensitive retinal ganglion cells in the mouse. J. Comp. Neurol. 519,
1492-1504.

Schmidt, T.M., Chen, S.K., and Hattar, S. (2011). Intrinsically photosensitive
retinal ganglion cells: many subtypes, diverse functions. Trends Neurosci.
34, 572-580.

Schmidt, T.M., Alam, N.M., Chen, S., Kofuji, P., Li, W., Prusky, G.T., and Hat-
tar, S. (2014). A role for melanopsin in alpha retinal ganglion cells and contrast
detection. Neuron 82, 781-788.

Schnapf, J.L., Kraft, T.W., Nunn, B.J., and Baylor, D.A. (1988). Spectral sensi-
tivity of primate photoreceptors. Vis. Neurosci. 7, 255-261.

Schroeder, M.M., Harrison, K.R., Jaeckel, E.R., Berger, H.N., Zhao, X., Flan-
nery, M.P., St Pierre, E.C., Pateqi, N., Jachimska, A., Chervenak, A.P., and
Wong, K.Y. (2018). The roles of rods, cones, and melanopsin in photores-
ponses of M4 intrinsically photosensitive retinal ganglion cells (ipRGCs) and
optokinetic visual behavior. Front. Cell. Neurosci. 72, 203.

Sekaran, S., Lupi, D., Jones, S.L., Sheely, C.J., Hattar, S., Yau, K.-W., Lucas,
R.J., Foster, R.G., and Hankins, M.W. (2005). Melanopsin-dependent photore-
ception provides earliest light detection in the mammalian retina. Curr. Biol. 15,
1099-1107.

Sexton, T.J., Golczak, M., Palczewski, K., and Van Gelder, R.N. (2012). Mela-
nopsin is highly resistant to light and chemical bleaching in vivo. J. Biol. Chem.
287, 20888-20897.

Sexton, T.J., Bleckert, A., Turner, M.H., and Van Gelder, R.N. (2015). Type |
intrinsically photosensitive retinal ganglion cells of early post-natal develop-
ment correspond to the M4 subtype. Neural Dev. 10, 17.

Shichida, Y., and Matsuyama, T. (2009). Evolution of opsins and phototrans-
duction. Philos. Trans. R. Soc. Lond. B Biol. Sci. 364, 2881-2895.

Siegert, S., Cabuy, E., Scherf, B.G., Kohler, H., Panda, S., Le, Y.Z., Fehling,
H.J., Gaidatzis, D., Stadler, M.B., and Roska, B. (2012). Transcriptional code
and disease map for adult retinal cell types. Nat. Neurosci. 15, 487-495.

Sikka, G., Hussmann, G.P., Pandey, D., Cao, S., Hori, D., Park, J.T., Steppan,
J., Kim, J.H., Barodka, V., Myers, A.C., et al. (2014). Melanopsin mediates
light-dependent relaxation in blood vessels. Proc. Natl. Acad. Sci. USA 117,
17977-17982.

Snodderly, D.M., Auran, J.D., and Delori, F.C. (1984). The macular pigment. Il.
Spatial distribution in primate retinas. Invest. Ophthalmol. Vis. Sci. 25,
674-685.

Sodhi, P., and Hartwick, A.T. (2014). Adenosine modulates light responses of
rat retinal ganglion cell photoreceptors through a cAMP-mediated pathway.
J. Physiol. 592, 4201-4220.

Solessio, E., and Engbretson, G.A. (1993). Antagonistic chromatic mecha-
nisms in photoreceptors of the parietal eye of lizards. Nature 364, 442-445.

Somasundaram, P., Wyrick, G.R., Fernandez, D.C., Ghahari, A., Pinhal, C.M.,
Simmonds Richardson, M., Rupp, A.C., Cui, L., Wu, Z., Brown, R.L., et al.
(2017). C-terminal phosphorylation regulates the kinetics of a subset of mela-
nopsin-mediated behaviors in mice. Proc. Natl. Acad. Sci. USA 1714,
2741-2746.

Sonoda, T., and Schmidt, T.M. (2016). Re-evaluating the role of intrinsically
photosensitive retinal ganglion cells: new roles in image-forming functions. In-
tegr. Comp. Biol. 56, 834-841.

Sonoda, T., Lee, S.K,, Birnbaumer, L., and Schmidt, T.M. (2018). Melanopsin
phototransduction is repurposed by ipRGC subtypes to shape the function of
distinct visual circuits. Neuron 99, 754-767.


http://refhub.elsevier.com/S0896-6273(19)30642-7/sref172
http://refhub.elsevier.com/S0896-6273(19)30642-7/sref172
http://refhub.elsevier.com/S0896-6273(19)30642-7/sref173
http://refhub.elsevier.com/S0896-6273(19)30642-7/sref173
http://refhub.elsevier.com/S0896-6273(19)30642-7/sref173
http://refhub.elsevier.com/S0896-6273(19)30642-7/sref173
http://refhub.elsevier.com/S0896-6273(19)30642-7/sref174
http://refhub.elsevier.com/S0896-6273(19)30642-7/sref174
http://refhub.elsevier.com/S0896-6273(19)30642-7/sref174
http://refhub.elsevier.com/S0896-6273(19)30642-7/sref174
http://refhub.elsevier.com/S0896-6273(19)30642-7/sref175
http://refhub.elsevier.com/S0896-6273(19)30642-7/sref175
http://refhub.elsevier.com/S0896-6273(19)30642-7/sref175
http://refhub.elsevier.com/S0896-6273(19)30642-7/sref176
http://refhub.elsevier.com/S0896-6273(19)30642-7/sref176
http://refhub.elsevier.com/S0896-6273(19)30642-7/sref177
http://refhub.elsevier.com/S0896-6273(19)30642-7/sref177
http://refhub.elsevier.com/S0896-6273(19)30642-7/sref177
http://refhub.elsevier.com/S0896-6273(19)30642-7/sref178
http://refhub.elsevier.com/S0896-6273(19)30642-7/sref178
http://refhub.elsevier.com/S0896-6273(19)30642-7/sref178
https://doi.org/10.1002/cne.24556
http://refhub.elsevier.com/S0896-6273(19)30642-7/sref180
http://refhub.elsevier.com/S0896-6273(19)30642-7/sref180
http://refhub.elsevier.com/S0896-6273(19)30642-7/sref180
http://refhub.elsevier.com/S0896-6273(19)30642-7/sref180
http://refhub.elsevier.com/S0896-6273(19)30642-7/sref181
http://refhub.elsevier.com/S0896-6273(19)30642-7/sref181
http://refhub.elsevier.com/S0896-6273(19)30642-7/sref181
http://refhub.elsevier.com/S0896-6273(19)30642-7/sref182
http://refhub.elsevier.com/S0896-6273(19)30642-7/sref182
http://refhub.elsevier.com/S0896-6273(19)30642-7/sref182
http://refhub.elsevier.com/S0896-6273(19)30642-7/sref182
http://refhub.elsevier.com/S0896-6273(19)30642-7/sref183
http://refhub.elsevier.com/S0896-6273(19)30642-7/sref183
http://refhub.elsevier.com/S0896-6273(19)30642-7/sref183
http://refhub.elsevier.com/S0896-6273(19)30642-7/sref184
http://refhub.elsevier.com/S0896-6273(19)30642-7/sref184
http://refhub.elsevier.com/S0896-6273(19)30642-7/sref184
http://refhub.elsevier.com/S0896-6273(19)30642-7/sref184
http://refhub.elsevier.com/S0896-6273(19)30642-7/sref185
http://refhub.elsevier.com/S0896-6273(19)30642-7/sref185
http://refhub.elsevier.com/S0896-6273(19)30642-7/sref186
http://refhub.elsevier.com/S0896-6273(19)30642-7/sref186
http://refhub.elsevier.com/S0896-6273(19)30642-7/sref186
http://refhub.elsevier.com/S0896-6273(19)30642-7/sref187
http://refhub.elsevier.com/S0896-6273(19)30642-7/sref187
http://refhub.elsevier.com/S0896-6273(19)30642-7/sref188
http://refhub.elsevier.com/S0896-6273(19)30642-7/sref188
http://refhub.elsevier.com/S0896-6273(19)30642-7/sref188
http://refhub.elsevier.com/S0896-6273(19)30642-7/sref189
http://refhub.elsevier.com/S0896-6273(19)30642-7/sref189
http://refhub.elsevier.com/S0896-6273(19)30642-7/sref189
http://refhub.elsevier.com/S0896-6273(19)30642-7/sref189
http://refhub.elsevier.com/S0896-6273(19)30642-7/sref190
http://refhub.elsevier.com/S0896-6273(19)30642-7/sref190
http://refhub.elsevier.com/S0896-6273(19)30642-7/sref191
http://refhub.elsevier.com/S0896-6273(19)30642-7/sref191
http://refhub.elsevier.com/S0896-6273(19)30642-7/sref191
http://refhub.elsevier.com/S0896-6273(19)30642-7/sref192
http://refhub.elsevier.com/S0896-6273(19)30642-7/sref192
http://refhub.elsevier.com/S0896-6273(19)30642-7/sref193
http://refhub.elsevier.com/S0896-6273(19)30642-7/sref193
http://refhub.elsevier.com/S0896-6273(19)30642-7/sref193
http://refhub.elsevier.com/S0896-6273(19)30642-7/sref194
http://refhub.elsevier.com/S0896-6273(19)30642-7/sref194
http://refhub.elsevier.com/S0896-6273(19)30642-7/sref194
http://refhub.elsevier.com/S0896-6273(19)30642-7/sref195
http://refhub.elsevier.com/S0896-6273(19)30642-7/sref195
http://refhub.elsevier.com/S0896-6273(19)30642-7/sref195
http://refhub.elsevier.com/S0896-6273(19)30642-7/sref196
http://refhub.elsevier.com/S0896-6273(19)30642-7/sref196
http://refhub.elsevier.com/S0896-6273(19)30642-7/sref196
http://refhub.elsevier.com/S0896-6273(19)30642-7/sref197
http://refhub.elsevier.com/S0896-6273(19)30642-7/sref197
http://refhub.elsevier.com/S0896-6273(19)30642-7/sref197
http://refhub.elsevier.com/S0896-6273(19)30642-7/sref198
http://refhub.elsevier.com/S0896-6273(19)30642-7/sref198
http://refhub.elsevier.com/S0896-6273(19)30642-7/sref199
http://refhub.elsevier.com/S0896-6273(19)30642-7/sref199
http://refhub.elsevier.com/S0896-6273(19)30642-7/sref199
http://refhub.elsevier.com/S0896-6273(19)30642-7/sref199
http://refhub.elsevier.com/S0896-6273(19)30642-7/sref199
http://refhub.elsevier.com/S0896-6273(19)30642-7/sref200
http://refhub.elsevier.com/S0896-6273(19)30642-7/sref200
http://refhub.elsevier.com/S0896-6273(19)30642-7/sref200
http://refhub.elsevier.com/S0896-6273(19)30642-7/sref200
http://refhub.elsevier.com/S0896-6273(19)30642-7/sref201
http://refhub.elsevier.com/S0896-6273(19)30642-7/sref201
http://refhub.elsevier.com/S0896-6273(19)30642-7/sref201
http://refhub.elsevier.com/S0896-6273(19)30642-7/sref202
http://refhub.elsevier.com/S0896-6273(19)30642-7/sref202
http://refhub.elsevier.com/S0896-6273(19)30642-7/sref202
http://refhub.elsevier.com/S0896-6273(19)30642-7/sref203
http://refhub.elsevier.com/S0896-6273(19)30642-7/sref203
http://refhub.elsevier.com/S0896-6273(19)30642-7/sref204
http://refhub.elsevier.com/S0896-6273(19)30642-7/sref204
http://refhub.elsevier.com/S0896-6273(19)30642-7/sref204
http://refhub.elsevier.com/S0896-6273(19)30642-7/sref205
http://refhub.elsevier.com/S0896-6273(19)30642-7/sref205
http://refhub.elsevier.com/S0896-6273(19)30642-7/sref205
http://refhub.elsevier.com/S0896-6273(19)30642-7/sref205
http://refhub.elsevier.com/S0896-6273(19)30642-7/sref206
http://refhub.elsevier.com/S0896-6273(19)30642-7/sref206
http://refhub.elsevier.com/S0896-6273(19)30642-7/sref206
http://refhub.elsevier.com/S0896-6273(19)30642-7/sref207
http://refhub.elsevier.com/S0896-6273(19)30642-7/sref207
http://refhub.elsevier.com/S0896-6273(19)30642-7/sref207
http://refhub.elsevier.com/S0896-6273(19)30642-7/sref208
http://refhub.elsevier.com/S0896-6273(19)30642-7/sref208
http://refhub.elsevier.com/S0896-6273(19)30642-7/sref209
http://refhub.elsevier.com/S0896-6273(19)30642-7/sref209
http://refhub.elsevier.com/S0896-6273(19)30642-7/sref209
http://refhub.elsevier.com/S0896-6273(19)30642-7/sref209
http://refhub.elsevier.com/S0896-6273(19)30642-7/sref209
http://refhub.elsevier.com/S0896-6273(19)30642-7/sref210
http://refhub.elsevier.com/S0896-6273(19)30642-7/sref210
http://refhub.elsevier.com/S0896-6273(19)30642-7/sref210
http://refhub.elsevier.com/S0896-6273(19)30642-7/sref211
http://refhub.elsevier.com/S0896-6273(19)30642-7/sref211
http://refhub.elsevier.com/S0896-6273(19)30642-7/sref211

Neuron

Spitschan, M., Jain, S., Brainard, D.H., and Aguirre, G.K. (2014). Opponent
melanopsin and S-cone signals in the human pupillary light response. Proc.
Natl. Acad. Sci. USA 1117, 15568-15572.

Spitschan, M., Aguirre, G.K., and Brainard, D.H. (2015). Selective stimulation
of penumbral cones reveals perception in the shadow of retinal blood vessels.
PLoS ONE 70, e0124328.

Spitschan, M., Bock, A.S., Ryan, J., Frazzetta, G., Brainard, D.H., and Aguirre,
G.K. (2017). The human visual cortex response to melanopsin-directed stimu-
lation is accompanied by a distinct perceptual experience. Proc. Natl. Acad.
Sci. USA 114, 12291-12296.

Spoida, K., Eickelbeck, D., Karapinar, R., Eckhardt, T., Mark, M.D., Jancke, D.,
Ehinger, B.V., Kénig, P., Dalkara, D., Herlitze, S., and Masseck, O.A. (2016).
Melanopsin variants as intrinsic optogenetic On and Off switches for transient
versus sustained activation of G protein pathways. Curr. Biol. 26, 1206-1212.

Stabio, M.E., Sabbah, S., Quattrochi, L.E., llardi, M.C., Fogerson, P.M., Leyrer,
M.L., Kim, M.T., Kim, I., Schiel, M., Renna, J.M., et al. (2018). The M5 cell: a
color-opponent intrinsically photosensitive retinal ganglion cell. Neuron
97, 251.

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., and Lucas,
R.J. (2015). Melanopsin-driven increases in maintained activity enhance
thalamic visual response reliability across a simulated dawn. Proc. Natl.
Acad. Sci. USA 112, E5734-E5743.

Storchi, R., Bedford, R.A., Martial, F.P., Allen, A.E., Wynne, J., Montemurro,
M.A., Petersen, R.S., and Lucas, R.J. (2017). Modulation of fast narrowband
oscillations in the mouse retina and dLGN according to background light inten-
sity. Neuron 93, 299-307.

Takahashi, J.S., DeCoursey, P.J., Bauman, L., and Menaker, M. (1984). Spec-
tral sensitivity of a novel photoreceptive system mediating entrainment of
mammalian circadian rhythms. Nature 308, 186-188.

Takahashi, J.S., Hong, H.K., Ko, C.H., and McDearmon, E.L. (2008). The ge-
netics of mammalian circadian order and disorder: implications for physiology
and disease. Nat. Rev. Genet. 9, 764-775.

Tarttelin, E.E., Bellingham, J., Bibb, L.C., Foster, R.G., Hankins, M.W., Greg-
ory-Evans, K., Gregory-Evans, C.Y., Wells, D.J., and Lucas, R.J. (2003).
Expression of opsin genes early in ocular development of humans and mice.
Exp. Eye Res. 76, 393-396.

Tennigkeit, S.A., Karapinar, R., Rudack, T., Dreier, M.A., Althoff, P., Eickel-
beck, D., Surdin, T., Grdmmke, M., Mark, M.D., Spoida, K., etal. (2019). Design
of an ultra-fast G protein switch based on a mouse melanopsin variant. Chem-
BioChem. Published online March 28, 2019. https://doi.org/10.1002/cbic-
201900110.

Thompson, S., Foster, R.G., Stone, E.M., Sheffield, V.C., and Mrosovsky, N.
(2008). Classical and melanopsin photoreception in irradiance detection:
negative masking of locomotor activity by light. Eur. J. Neurosci. 27,
1973-1979.

Tikidji-Hamburyan, A., Reinhard, K., Storchi, R., Dietter, J., Seitter, H., Davis,
K.E., Idrees, S., Mutter, M., Walmsley, L., Bedford, R.A., et al. (2017). Rods
progressively escape saturation to drive visual responses in daylight condi-
tions. Nat. Commun. 8, 1813.

Torii, M., Kojima, D., Okano, T., Nakamura, A., Terakita, A., Shichida, Y., Wada,
A., and Fukada, Y. (2007). Two isoforms of chicken melanopsins show blue
light sensitivity. FEBS Lett. 5871, 5327-5331.

Torii, M., Kojima, D., Nishimura, A., Itoh, H., and Fukada, Y. (2015). Light-
dependent activation of G proteins by two isoforms of chicken melanopsins.
Photochem. Photobiol. Sci. 74, 1991-1997.

Tsai, J.W., Hannibal, J., Hagiwara, G., Colas, D., Ruppert, E., Ruby, N.F., Hell-
er, H.C., Franken, P., and Bourgin, P. (2009). Melanopsin as a sleep modulator:
circadian gating of the direct effects of light on sleep and altered sleep homeo-
stasis in Opn4”’ mice. PLoS Biol. 7, e1000125.

Tsukamoto, H., Kubo, Y., Farrens, D.L., Koyanagi, M., Terakita, A., and Furu-
tani, Y. (2015). Retinal attachment instability is diversified among mammalian
melanopsins. J. Biol. Chem. 290, 27176-27187.

Tsunematsu, T., Tanaka, K.F., Yamanaka, A., and Koizumi, A. (2013). Ectopic
expression of melanopsin in orexin/hypocretin neurons enables control of
wakefulness of mice in vivo by blue light. Neurosci. Res. 75, 23-28.

Tu, D.C., Zhang, D., Demas, J., Slutsky, E.B., Provencio, I., Holy, T.E., and Van
Gelder, R.N. (2005). Physiologic diversity and development of intrinsically
photosensitive retinal ganglion cells. Neuron 48, 987-999.

Van Gelder, R.N., and Buhr, E.D. (2016). Ocular photoreception for circadian
rhythm entrainment in mammals. Annu. Rev. Vis. Sci. 2, 153-169.

Van Hook, M.J., Wong, K.Y, and Berson, D.M. (2012). Dopaminergic modula-
tion of ganglion-cell photoreceptors in rat. Eur. J. Neurosci. 35, 507-518.

van Oosterhout, F., Fisher, S.P., van Diepen, H.C., Watson, T.S., Houben, T.,
VanderlLeest, H.T., Thompson, S., Peirson, S.N., Foster, R.G., and Meijer, J.H.
(2012). Ultraviolet light provides a major input to non-image-forming light
detection in mice. Curr. Biol. 22, 1397-1402.

Viney, T.J., Balint, K., Hillier, D., Siegert, S., Boldogkoi, Z., Enquist, L.W., Meis-
ter, M., Cepko, C.L., and Roska, B. (2007). Local retinal circuits of melanopsin-
containing ganglion cells identified by transsynaptic viral tracing. Curr. Biol. 17,
981-988.

Vuong, H.E., Hardi, C.N., Barnes, S., and Brecha, N.C. (2015). Parallel inhibi-
tion of dopamine amacrine cells and intrinsically photosensitive retinal gan-
glion cells in a non-image-forming visual circuit of the mouse retina.
J. Neurosci. 35, 15955-15970.

Walker, M.T., Brown, R.L., Cronin, T.W., and Robinson, P.R. (2008). Photo-
chemistry of retinal chromophore in mouse melanopsin. Proc. Natl. Acad.
Sci. USA 105, 8861-8865.

Walmsley, L., and Brown, T.M. (2015). Eye-specific visual processing in the
mouse suprachiasmatic nuclei. J. Physiol. 593, 1731-1743.

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

Wang, Q., Yue, W.W.S,, Jiang, Z., Xue, T., Kang, S.H., Bergles, D.E., Mikosh-
iba, K., Offermanns, S., and Yau, K.-W. (2017). Synergistic signaling by light
and acetylcholine in mouse iris sphincter muscle. Curr. Biol. 27, 1791-1800.

Warren, E.J., Allen, C.N., Brown, R.L., and Robinson, D.W. (2006). The light-
activated signaling pathway in SCN-projecting rat retinal ganglion cells. Eur.
J. Neurosci. 23, 2477-2487.

Warthen, D.M., and Provencio, |. (2012). The role of intrinsically photosensitive
retinal ganglion cells in nonimage-forming responses to light. Eye Brain
4, 43-48.

Weng, S., Wong, K.Y., and Berson, D.M. (2009). Circadian modulation of mel-
anopsin-driven light response in rat ganglion-cell photoreceptors. J. Biol.
Rhythms 24, 391-402.

Wong, K.Y. (2012). A retinal ganglion cell that can signal irradiance continu-
ously for 10 hours. J. Neurosci. 32, 11478-11485.

Wong, K.Y., Dunn, F.A., and Berson, D.M. (2005). Photoreceptor adaptation in
intrinsically photosensitive retinal ganglion cells. Neuron 48, 1001-1010.

Wong, K.Y., Dunn, F.A., Graham, D.M., and Berson, D.M. (2007). Synaptic in-
fluences on rat ganglion-cell photoreceptors. J. Physiol. 582, 279-296.

Xue, T., Do, M.T.H., Riccio, A., Jiang, Z., Hsieh, J., Wang, H.C., Merbs, S.L.,
Welsbie, D.S., Yoshioka, T., Weissgerber, P., et al. (2011). Melanopsin signal-
ling in mammalian iris and retina. Nature 479, 67-73.

Yamakawa, M., Tsujimura, S.I., and Okajima, K. (2019). A quantitative analysis
of the contribution of melanopsin to brightness perception. Sci. Rep. 9, 7568.

Yasin, B., Kohn, E., Peters, M., Zaguri, R., Weiss, S., Schopf, K., Katz, B.,
Huber, A., and Minke, B. (2017). Ectopic expression of mouse melanopsin in
Drosophila photoreceptors reveals fast response kinetics and persistent
dark excitation. J. Biol. Chem. 292, 3624-3636.

Yau, K.-W., and Hardie, R.C. (2009). Phototransduction motifs and variations.
Cell 139, 246-264.

Neuron 704, October 23, 2019 225

CellPress



http://refhub.elsevier.com/S0896-6273(19)30642-7/sref212
http://refhub.elsevier.com/S0896-6273(19)30642-7/sref212
http://refhub.elsevier.com/S0896-6273(19)30642-7/sref212
http://refhub.elsevier.com/S0896-6273(19)30642-7/sref213
http://refhub.elsevier.com/S0896-6273(19)30642-7/sref213
http://refhub.elsevier.com/S0896-6273(19)30642-7/sref213
http://refhub.elsevier.com/S0896-6273(19)30642-7/sref214
http://refhub.elsevier.com/S0896-6273(19)30642-7/sref214
http://refhub.elsevier.com/S0896-6273(19)30642-7/sref214
http://refhub.elsevier.com/S0896-6273(19)30642-7/sref214
http://refhub.elsevier.com/S0896-6273(19)30642-7/sref215
http://refhub.elsevier.com/S0896-6273(19)30642-7/sref215
http://refhub.elsevier.com/S0896-6273(19)30642-7/sref215
http://refhub.elsevier.com/S0896-6273(19)30642-7/sref215
http://refhub.elsevier.com/S0896-6273(19)30642-7/sref216
http://refhub.elsevier.com/S0896-6273(19)30642-7/sref216
http://refhub.elsevier.com/S0896-6273(19)30642-7/sref216
http://refhub.elsevier.com/S0896-6273(19)30642-7/sref216
http://refhub.elsevier.com/S0896-6273(19)30642-7/sref217
http://refhub.elsevier.com/S0896-6273(19)30642-7/sref217
http://refhub.elsevier.com/S0896-6273(19)30642-7/sref217
http://refhub.elsevier.com/S0896-6273(19)30642-7/sref217
http://refhub.elsevier.com/S0896-6273(19)30642-7/sref217
http://refhub.elsevier.com/S0896-6273(19)30642-7/sref218
http://refhub.elsevier.com/S0896-6273(19)30642-7/sref218
http://refhub.elsevier.com/S0896-6273(19)30642-7/sref218
http://refhub.elsevier.com/S0896-6273(19)30642-7/sref218
http://refhub.elsevier.com/S0896-6273(19)30642-7/sref219
http://refhub.elsevier.com/S0896-6273(19)30642-7/sref219
http://refhub.elsevier.com/S0896-6273(19)30642-7/sref219
http://refhub.elsevier.com/S0896-6273(19)30642-7/sref220
http://refhub.elsevier.com/S0896-6273(19)30642-7/sref220
http://refhub.elsevier.com/S0896-6273(19)30642-7/sref220
http://refhub.elsevier.com/S0896-6273(19)30642-7/sref221
http://refhub.elsevier.com/S0896-6273(19)30642-7/sref221
http://refhub.elsevier.com/S0896-6273(19)30642-7/sref221
http://refhub.elsevier.com/S0896-6273(19)30642-7/sref221
https://doi.org/10.1002/cbic-201900110
https://doi.org/10.1002/cbic-201900110
http://refhub.elsevier.com/S0896-6273(19)30642-7/sref223
http://refhub.elsevier.com/S0896-6273(19)30642-7/sref223
http://refhub.elsevier.com/S0896-6273(19)30642-7/sref223
http://refhub.elsevier.com/S0896-6273(19)30642-7/sref223
http://refhub.elsevier.com/S0896-6273(19)30642-7/sref224
http://refhub.elsevier.com/S0896-6273(19)30642-7/sref224
http://refhub.elsevier.com/S0896-6273(19)30642-7/sref224
http://refhub.elsevier.com/S0896-6273(19)30642-7/sref224
http://refhub.elsevier.com/S0896-6273(19)30642-7/sref225
http://refhub.elsevier.com/S0896-6273(19)30642-7/sref225
http://refhub.elsevier.com/S0896-6273(19)30642-7/sref225
http://refhub.elsevier.com/S0896-6273(19)30642-7/sref226
http://refhub.elsevier.com/S0896-6273(19)30642-7/sref226
http://refhub.elsevier.com/S0896-6273(19)30642-7/sref226
http://refhub.elsevier.com/S0896-6273(19)30642-7/sref227
http://refhub.elsevier.com/S0896-6273(19)30642-7/sref227
http://refhub.elsevier.com/S0896-6273(19)30642-7/sref227
http://refhub.elsevier.com/S0896-6273(19)30642-7/sref227
http://refhub.elsevier.com/S0896-6273(19)30642-7/sref227
http://refhub.elsevier.com/S0896-6273(19)30642-7/sref228
http://refhub.elsevier.com/S0896-6273(19)30642-7/sref228
http://refhub.elsevier.com/S0896-6273(19)30642-7/sref228
http://refhub.elsevier.com/S0896-6273(19)30642-7/sref229
http://refhub.elsevier.com/S0896-6273(19)30642-7/sref229
http://refhub.elsevier.com/S0896-6273(19)30642-7/sref229
http://refhub.elsevier.com/S0896-6273(19)30642-7/sref230
http://refhub.elsevier.com/S0896-6273(19)30642-7/sref230
http://refhub.elsevier.com/S0896-6273(19)30642-7/sref230
http://refhub.elsevier.com/S0896-6273(19)30642-7/sref231
http://refhub.elsevier.com/S0896-6273(19)30642-7/sref231
http://refhub.elsevier.com/S0896-6273(19)30642-7/sref232
http://refhub.elsevier.com/S0896-6273(19)30642-7/sref232
http://refhub.elsevier.com/S0896-6273(19)30642-7/sref233
http://refhub.elsevier.com/S0896-6273(19)30642-7/sref233
http://refhub.elsevier.com/S0896-6273(19)30642-7/sref233
http://refhub.elsevier.com/S0896-6273(19)30642-7/sref233
http://refhub.elsevier.com/S0896-6273(19)30642-7/sref234
http://refhub.elsevier.com/S0896-6273(19)30642-7/sref234
http://refhub.elsevier.com/S0896-6273(19)30642-7/sref234
http://refhub.elsevier.com/S0896-6273(19)30642-7/sref234
http://refhub.elsevier.com/S0896-6273(19)30642-7/sref235
http://refhub.elsevier.com/S0896-6273(19)30642-7/sref235
http://refhub.elsevier.com/S0896-6273(19)30642-7/sref235
http://refhub.elsevier.com/S0896-6273(19)30642-7/sref235
http://refhub.elsevier.com/S0896-6273(19)30642-7/sref236
http://refhub.elsevier.com/S0896-6273(19)30642-7/sref236
http://refhub.elsevier.com/S0896-6273(19)30642-7/sref236
http://refhub.elsevier.com/S0896-6273(19)30642-7/sref237
http://refhub.elsevier.com/S0896-6273(19)30642-7/sref237
http://refhub.elsevier.com/S0896-6273(19)30642-7/sref238
http://refhub.elsevier.com/S0896-6273(19)30642-7/sref238
http://refhub.elsevier.com/S0896-6273(19)30642-7/sref238
http://refhub.elsevier.com/S0896-6273(19)30642-7/sref238
http://refhub.elsevier.com/S0896-6273(19)30642-7/sref239
http://refhub.elsevier.com/S0896-6273(19)30642-7/sref239
http://refhub.elsevier.com/S0896-6273(19)30642-7/sref239
http://refhub.elsevier.com/S0896-6273(19)30642-7/sref240
http://refhub.elsevier.com/S0896-6273(19)30642-7/sref240
http://refhub.elsevier.com/S0896-6273(19)30642-7/sref240
http://refhub.elsevier.com/S0896-6273(19)30642-7/sref241
http://refhub.elsevier.com/S0896-6273(19)30642-7/sref241
http://refhub.elsevier.com/S0896-6273(19)30642-7/sref241
http://refhub.elsevier.com/S0896-6273(19)30642-7/sref242
http://refhub.elsevier.com/S0896-6273(19)30642-7/sref242
http://refhub.elsevier.com/S0896-6273(19)30642-7/sref242
http://refhub.elsevier.com/S0896-6273(19)30642-7/sref243
http://refhub.elsevier.com/S0896-6273(19)30642-7/sref243
http://refhub.elsevier.com/S0896-6273(19)30642-7/sref244
http://refhub.elsevier.com/S0896-6273(19)30642-7/sref244
http://refhub.elsevier.com/S0896-6273(19)30642-7/sref245
http://refhub.elsevier.com/S0896-6273(19)30642-7/sref245
http://refhub.elsevier.com/S0896-6273(19)30642-7/sref246
http://refhub.elsevier.com/S0896-6273(19)30642-7/sref246
http://refhub.elsevier.com/S0896-6273(19)30642-7/sref246
http://refhub.elsevier.com/S0896-6273(19)30642-7/sref247
http://refhub.elsevier.com/S0896-6273(19)30642-7/sref247
http://refhub.elsevier.com/S0896-6273(19)30642-7/sref248
http://refhub.elsevier.com/S0896-6273(19)30642-7/sref248
http://refhub.elsevier.com/S0896-6273(19)30642-7/sref248
http://refhub.elsevier.com/S0896-6273(19)30642-7/sref248
http://refhub.elsevier.com/S0896-6273(19)30642-7/sref249
http://refhub.elsevier.com/S0896-6273(19)30642-7/sref249

CellPress

Ye, H., Daoud-El Baba, M., Peng, R.W., and Fussenegger, M. (2011). A syn-
thetic optogenetic transcription device enhances blood-glucose homeostasis
in mice. Science 332, 1565-1568.

Zaidi, F.H., Hull, J.T., Peirson, S.N., Wulff, K., Aeschbach, D., Gooley, J.J.,
Brainard, G.C., Gregory-Evans, K., Rizzo, J.F., 3rd, Czeisler, C.A., et al.
(2007). Short-wavelength light sensitivity of circadian, pupillary, and visual
awareness in humans lacking an outer retina. Curr. Biol. 17, 2122-2128.

Zele, A.J., Adhikari, P., Feigl, B., and Cao, D. (2018a). Cone and melanopsin
contributions to human brightness estimation. J. Opt. Soc. Am. A Opt. Image
Sci. Vis. 35, B19-B25.

Zele, AJ., Feigl, B., Adhikari, P., Maynard, M.L., and Cao, D. (2018b). Mela-

nopsin photoreception contributes to human visual detection, temporal and
colour processing. Sci. Rep. 8, 3842.

226 Neuron 704, October 23, 2019

Neuron

Zhang, D.Q., Wong, K.Y., Sollars, P.J., Berson, D.M., Pickard, G.E., and
McMahon, D.G. (2008). Intraretinal signaling by ganglion cell photoreceptors
to dopaminergic amacrine neurons. Proc. Natl. Acad. Sci. USA 105,
14181-14186.

Zhao, X., Stafford, B.K., Godin, A.L., King, W.M., and Wong, K.Y. (2014). Pho-
toresponse diversity among the five types of intrinsically photosensitive retinal
ganglion cells. J. Physiol. 5692, 1619-1636.

Zhao, X., Pack, W., Khan, N.W., and Wong, K.Y. (2016). Prolonged inner retinal
photoreception depends on the visual retinoid cycle. J. Neurosci. 36,
4209-4217.

Zhu, Y., Tu, D.C., Denner, D., Shane, T., Fitzgerald, C.M., and Van Gelder, R.N.
(2007). Melanopsin-dependent persistence and photopotentiation of murine
pupillary light responses. Invest. Ophthalmol. Vis. Sci. 48, 1268-1275.


http://refhub.elsevier.com/S0896-6273(19)30642-7/sref250
http://refhub.elsevier.com/S0896-6273(19)30642-7/sref250
http://refhub.elsevier.com/S0896-6273(19)30642-7/sref250
http://refhub.elsevier.com/S0896-6273(19)30642-7/sref251
http://refhub.elsevier.com/S0896-6273(19)30642-7/sref251
http://refhub.elsevier.com/S0896-6273(19)30642-7/sref251
http://refhub.elsevier.com/S0896-6273(19)30642-7/sref251
http://refhub.elsevier.com/S0896-6273(19)30642-7/sref252
http://refhub.elsevier.com/S0896-6273(19)30642-7/sref252
http://refhub.elsevier.com/S0896-6273(19)30642-7/sref252
http://refhub.elsevier.com/S0896-6273(19)30642-7/sref253
http://refhub.elsevier.com/S0896-6273(19)30642-7/sref253
http://refhub.elsevier.com/S0896-6273(19)30642-7/sref253
http://refhub.elsevier.com/S0896-6273(19)30642-7/sref254
http://refhub.elsevier.com/S0896-6273(19)30642-7/sref254
http://refhub.elsevier.com/S0896-6273(19)30642-7/sref254
http://refhub.elsevier.com/S0896-6273(19)30642-7/sref254
http://refhub.elsevier.com/S0896-6273(19)30642-7/sref255
http://refhub.elsevier.com/S0896-6273(19)30642-7/sref255
http://refhub.elsevier.com/S0896-6273(19)30642-7/sref255
http://refhub.elsevier.com/S0896-6273(19)30642-7/sref256
http://refhub.elsevier.com/S0896-6273(19)30642-7/sref256
http://refhub.elsevier.com/S0896-6273(19)30642-7/sref256
http://refhub.elsevier.com/S0896-6273(19)30642-7/sref257
http://refhub.elsevier.com/S0896-6273(19)30642-7/sref257
http://refhub.elsevier.com/S0896-6273(19)30642-7/sref257

	Melanopsin and the Intrinsically Photosensitive Retinal Ganglion Cells: Biophysics to Behavior
	Inferring Properties of the IpRGC Pathway from Non-image Visual Functions
	M1 IpRGCs: Molecular, Cellular, and Circuit Mechanisms that Support Non-image Vision
	The M1 Phototransduction Cascade
	Mechanisms of Spatial Integration
	Photon Capture by Melanopsin
	A Large and Prolonged Single-Photon Response Increases Sensitivity and Mediates Temporal Integration over Tens of Seconds
	Persistent Responses Support Temporal Integration over Minutes
	Conformational Changes of Melanopsin Support Spectral Integration and the Acute Suppression of Persistent Responses
	Extrinsic Mechanisms of Spectral Integration
	Adaptation and the Production of Steady Responses
	Maintaining Photosensitivity over Long Timescales
	Dividing Labor for Dynamic Range

	Non-M1 IpRGCs and Their Involvement in Image Vision
	Melanopsin and Human Perception
	Influences of IpRGCs on Pathways for Image Vision
	The Suitability of Non-M1 IpRGC Types for Image Vision
	Varieties of Melanopsin Phototransduction

	Toward a Further Dissection of IpRGC Heterogeneity
	A Survey of Melanopsins and IpRGCs across Species
	Melanopsin-Expressing RGCs of Various Mammalian Species
	A Comparison of Mouse and Primate IpRGCs
	Melanopsin Cells beyond Mammals

	The Influence of IpRGCs in Development
	IpRGCs and Human Health
	Optogenetic Uses of Melanopsin
	Closing Remarks
	Acknowledgments
	References


