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Abstract
For decades, rods and cones were thought to be the only photoreceptors in the mammalian retina.
However, a population of atypical photoreceptive retinal ganglion cells (RGCs) expresses the
photopigment melanopsin and is intrinsically photosensitive (ipRGCs). These ipRGCs are critical
for relaying light information from the retina to the brain to control circadian photoentrainment,
pupillary light reflex, and sleep. ipRGCs were initially described as a uniform population involved
solely in signaling irradiance for non-image forming functions. Recent work, however, has
uncovered that ipRGCs are unexpectedly diverse at the molecular, cellular and functional levels,
and may even be involved in image formation. This review summarizes our current understanding
of the diversity of ipRGCs and their various roles in modulating behavior.

Introduction
Light is an important regulator of physiology and behavior in animals, influencing a variety
of non-image forming functions such as melatonin synthesis, daily activity rhythms, and
sleep [1]. In mammals, eyes are absolutely required for photoreception [2, 3] and in humans
light has additional effects on mood, concentration, and mental health [4]. For decades, rods
and cones were thought to be the only photoreceptors in the retina. However, recently
discovered retinal ganglion cells (RGCs) that express the photopigment melanopsin are
themselves atypical photoreceptors [5, 6]. These intrinsically photosensitive RGCs
(commonly known as ipRGCs) project to several brain nuclei that regulate non-image
forming functions, such as the suprachiasmatic nucleus (SCN) to photoentrain circadian
rhythms and the olivary pretectal nucleus (OPN) to control the pupillary light reflex (PLR)
[6–9].

Initially, ipRGCs were thought to be a relatively uniform population of RGCs that can detect
light levels (irradiance detectors) [5, 6]. Accumulating evidence indicates, however, that
ipRGCs consist of several subtypes that are morphologically and physiologically distinct.
These ipRGC subtypes contribute differently to non-image and image-forming behaviors.
The purpose of this review is to discuss recent advances in our understanding of the
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morphological and molecular diversity of ipRGCs and their functional roles in light-evoked
behaviors.

Discovery and function of ipRGCs
The retina is a highly organized structure, where the cell bodies of distinct neuronal types
reside in well-defined nuclear layers and make synaptic connections in two distinct
plexiform layers (Figure 1). The classical photoreceptors, rods and cones, transform light
energy into an electrical signal and convey information for both image- and non-image-
forming visual functions through RGCs, the only neurons in the retina that send axonal
projections to the brain. The classical view that rods and cones are the only photosensitive
cells in the retina was challenged when it was discovered that blind individuals with
degenerated rod and cone photoreceptors still show decreased melatonin production in
response to light, despite having no conscious visual perception [2, 10]. Similarly, mice that
lack rod and cone photoreceptors maintain photoentrainment and the pupillary light reflex
[11–14]. The fact that humans and mice retain light-responsive behaviors when rods and
cones are lost implies that additional non-rod/non-cone photoreceptors must exist in the
mammalian retina [11, 13, 15]. The idea of other retinal cell types acting as photoreceptors
was bolstered when the photopigment melanopsin (encoded by the gene Opn4), first
identified from the dermal melanophores of Xenopus laevis [16], was subsequently localized
to a small population of RGCs in the ganglion cell layer of the mammalian retina [15, 17].

Seminal work by Berson and colleagues in 2002 conclusively identified the elusive third
class of retinal photoreceptors [5]. By retrogradely labeling SCN-projecting RGCs in the rat,
they demonstrated that these cells are bona fide photoreceptors, with electrophysiological
and spectral characteristics that match those observed behaviorally in measures of circadian
photoentrainment [5]. Simultaneously, a study [6], which utilized a genetic approach to
incorporate the tau-LacZ reporter gene into the mouse melanopsin locus (Opn4tau-LacZ), led
to the expression of the tau-β-galactosidase (β-gal) fusion protein in melanopsin-expressing
cells [6]. β-gal, as revealed by X-gal (5-bromo-4-chloro-3-indolyl- beta-D-
galactopyranoside) staining, was observed in approximately 700 out of 30,000 RGCs (~1–
2% of RGC population). Double labeling with a melanopsin antibody revealed that this
subset of RGCs had dendrites arborizing in the outer sublamina of the inner plexiform layer
(IPL) of the retina. The tau signal peptide results in axonal localization of the associated β-
gal enzyme, which upon X-gal staining allows the tracing of projections from these outer
stratifying ipRGCs to the brain [6]. X-gal positive ipRGCs were found to project to a variety
of brain regions involved in non-image-forming visual functions, such as the SCN and the
OPN (Figure 1) [6, 9]. These initial studies led to the prevailing view that ipRGCs comprise
a uniform population of neurons with outer stratifying dendrites that are involved mainly in
circadian photoentrainment and the PLR. Recent studies indicate, however, that ipRGCs are
composed of different subtypes, each with unique morphological and physiological
properties and potentially distinct functional roles. The originally described cells are now
known to correspond only to the M1 subtype [9].

Diversity of ipRGCs
The initial hint that ipRGCs are not a uniform population came from morphological studies
using a highly sensitive melanopsin antibody. Immunolabeling revealed melanopsin-positive
RGC dendrites in not only the outer sublamina but also in the inner sublamina of the IPL
[15]. Arguably the most influential approach in advancing the study of ipRGC structure and
function has been the use of genetic mouse models to label or ablate ipRGCs selectively.
Detailed anatomical studies utilizing genetic mouse models have since distinguished several
different morphological subtypes of ipRGCs (Figure 1 and Table 1). The three most well-
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characterized subtypes are the M1 ipRGCs which stratify in the outermost sublamina of the
IPL, the M2 ipRGCs which stratify in the innermost sublamina of the IPL, and the
bistratified M3 ipRGCs, with dendrites in both inner and outer sublaminae [18–23]. In
addition to differences in dendritic stratification, M2 cells have larger soma sizes and larger,
more highly branched dendritic arbors than M1 cells [19, 20, 24]. Detailed study of the M3
ipRGCs has revealed that these bistratified cells, in contrast to other bistratified RGCs, show
variability in the proportion of dendritic stratification in the inner and outer sublaminae [25].
The M3 ipRGCs are otherwise similar to M2 cells in the size and complexity of their
dendritic arbors [25].

Further morphological diversity in the ipRGC population was discovered using the Cre/loxP
system [24]. Specifically, crosses between a mouse line in which the melanopsin gene was
replaced by Cre recombinase (i.e., Opn4Cre) and a Cre-dependent green fluorescent protein
(GFP) reporter line (Z/EG) revealed two additional subtypes of ipRGCs, M4 and M5 (Table
1). Both of these cell types stratify in the inner sublamina of the IPL (Figure 1), but each has
a unique morphology and can be differentiated from M2 cells using several quantitative
parameters including soma size, total dendritic length and number of dendritic branchpoints
[24]. M4 cells have the largest soma of any described ipRGC subtype, as well as larger and
even more complex dendritic arbors than M2 cells [24]. In contrast, M5 ipRGCs have small,
highly branched arbors arrayed uniformly around the soma (referred to as bushy dendritic
arbors) [24]. These two new subtypes cannot be stained with even the most sensitive
melanopsin antibody, although they do display a consistent yet weak intrinsic light response
[24]. This suggests that the M4 and M5 ipRGCs do express functional photopigment.

The morphological diversity within ipRGCs raises the intriguing possibility that these
subtypes are functionally distinct from one another. Extracellular recording from multi-
electrode arrays (MEA) and calcium imaging were the first approaches to uncover
physiological diversity in ipRGC light-evoked responses [26, 27]. However, in these initial
studies, physiological properties were not directly correlated with specific cellular
morphologies. This correlation of structure and function was accomplished when researchers
recombineered a bacterial artificial chromosome (BAC) to label ipRGCs with enhanced GFP
(eGFP) and directly demonstrated that distinct ipRGC morphological subtypes have
different physiological properties [20, 21]. M1 cells have larger, more sensitive intrinsic
light-evoked responses, whereas M2 cells have significantly smaller light responses that are
at least one log unit less sensitive to light [20]. The dissimilar physiological properties of
M1 and M2 cells are not limited to the intrinsic light response since M1 cells have higher
input resistance, a more depolarized resting membrane potential, and spike at lower
frequencies than M2 cells [20] (Table 1). In-depth electrophysiological analyses of the rare
M3 cells demonstrated that these cells are remarkably invariable, which is surprising given
the dendritic variability within this subtype [25] (Table 1). Use of the Cre/LoxP system to
identify and record from M4 and M5 cells showed that these subtypes have smaller and even
less sensitive intrinsic light responses than M2 cells [24]. Collectively, these findings reveal
the diversity within ipRGCs in their level of dendritic stratification, dendritic morphology,
membrane properties, and melanopsin expression levels.

Atypical ipRGC photoreceptors can also act as conventional RGCs by receiving extrinsic
(synaptic) rod/cone input via bipolar cells [22, 28–30]. A well-established paradigm in the
retinal field is that RGCs with dendrites stratifying in the outer sublamina of the IPL receive
excitatory synaptic inputs from bipolar cells that respond to light decrements (OFF),
whereas RGCs with dendrites stratifying in the inner sublamina of the IPL receive synaptic
inputs from bipolar cells that respond to light increments (ON). Based on the stratification
patterns of the ipRGC subtypes (M1, OFF; M2, M4 and M5, ON; M3, ON/OFF), the
prediction is that M1 cells would receive synaptic inputs from the OFF pathway, M2, M4,
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and M5 cells would receive input from the ON pathway, and M3 cells would receive input
from both the ON and OFF pathways. Contrary to this expectation, both ON (i.e. M2), OFF
(i.e. M1), and ON-OFF-stratifying (i.e. M3) ipRGC subtypes receive predominantly ON-
input [31, 32], although, a very weak OFF input to M1 cells has been reported, but only
under pharmacological blockade of amacrine cell inputs [30]. Anatomical studies have
revealed the source of this unusual synaptic input: ON bipolar cells make en passant
synapses with M1 ipRGC dendrites that stratify within the OFF sublamina of the IPL [33–
35]. M1 ipRGC dendrites also colocalize with dopaminergic amacrine cells [33, 36].
Dopaminergic amacrine cells were recently implicated in guiding M1 cell dendrites to the
OFF layer of the IPL [37]. Previous observations have also suggested that ipRGCs signal
back to dopaminergic amacrine cells in the opposite direction of classical retinal circuits
[38]. The function of this unusual reverse signaling between M1 ipRGCs and dopaminergic
amacrine cells is unknown. The unexpected findings concerning M1 connectivity indicate
that ipRGC circuitry in the retina is far more complex than previously appreciated.

Although all ipRGCs predominantly receive ON input, the degree of this input varies across
ipRGC subtypes. In Opn4−/− mice, which lack intrinsic but not synaptic light input, the light
responses of M2 and M3 cells are similar to those of wild-type animals [25, 32]. This
suggests that the activity of M2 and M3 cells is shaped largely by synaptic input from the
outer retina triggered by conventional photoreceptors. In contrast, intrinsic melanopsin-
mediated signaling is predominately responsible for the light responses of M1 cells as the
light responses of this subtype are severely attenuated in Opn4−/− animals [25, 32]. The
experiments on Opn4 mutants were conducted on isolated retinas under light intensities that
saturated the rod response, rendering rods non-functional during the course of the assay.
This suggests that, at light intensities that saturate the rod response, cone input is critical for
M2 and M3 responses, but is less important for M1 function. The contribution of cones to
different ipRGC-dependent behaviors is therefore constrained by which subtypes integrate
and relay cone signals to the relevant brain regions. Anatomical studies demonstrate a direct
input from rod bipolar cells onto M1 ipRGCs [39] (Figure 1). Future studies using light
intensities that do not saturate rods may reveal whether this direct rod bipolar input onto M1
cells provides a stronger rod input to M1 ipRGCs compared to non-M1 ipRGCs.

Phototransduction and chromophore regeneration in ipRGCs
In the absence of the melanopsin protein, ipRGCs lose the intrinsic light response [40].
Ectopic expression of melanopsin in heterologous cell systems further demonstrates its
sufficiency to act as a functional photopigment [41–45]. Sequence analysis shows that the
melanopsin photopigment closely resembles invertebrate rhodopsins, whose
phototransduction pathway leads to the depolarization of photoreceptors through a Gq-
mediated signaling cascade and opening of a transient receptor potential (TRP) channel [46].
This scheme differs from that of vertebrate opsins, whose phototransduction pathway
involves a signaling cascade through the Gi/o family G protein transducin (Gt) that results in
the closure of a non-selective cyclic nucleotide gated channel. This leads to a
hyperpolarization of rods and cones [46]. Current evidence suggests that melanopsin couples
to a Gq protein and signals through a membrane-bound component of the phospholipase C
(PLC) signaling pathway to open a TRP channel [47–51]. However, the diversity of ipRGCs
raises the possibility that different subtypes utilize unique phototransduction pathways. The
mammalian genome contains several Gq proteins and TRP channels [52, 53] that could
couple to melanopsin, which may account for the difficulty the field has experienced in
identifying a specific phototransduction pathway using mouse mutants.

Another difference between mammals and Drosophila is how the chromophore regenerates
after light stimulation. Mammalian rod and cone opsins are bound to 11-cis retinal (11-
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CRAL). Light induces a conformational change of the chromophore from 11-CRAL to all-
trans retinal (ATRAL), thereby activating the photopigment to initiate the phototransduction
cascade. Subsequently, ATRAL dissociates from the photopigment and is converted back to
11-CRAL in the retinal pigmented epithelium (RPE) through an isomerase known as RPE65
[54]. 11-CRAL is then supplied back to the photoreceptor to regenerate the functional
photopigment. In addition to the RPE, ATRAL is also regenerated into 11-cis retinol (11-
CROL) in Müller glial cells and then transferred to cone photoreceptors where it is
converted into 11-CRAL (Figure 2; reviewed in [54]). In Drosophila photoreceptors, the
rhodopsin photopigment is bistable, meaning that after the chromophore has been converted
from 3-hydroxy-11-cis-retinal (3-OH-11-CRAL) to 3-hydroxy-all-trans-retinal (3-OH-
ATRAL) by blue light (short wavelength), subsequent exposure to orange light (long
wavelength) restores sensitivity by converting the chromophore back to 3-OH-11-CRAL
(Figure 2; reviewed in [55]).

Similar to Drosophila opsins, the melanopsin photopigment has been shown to be bistable in
heterologous systems, as melanopsin renders cells photosensitive in the presence of ATRAL
[42, 44]. Furthermore, in agreement with melanopsin bistability, the light-evoked responses
of SCN neurons in vivo and the PLR in humans are both potentiated by exposure to long
wavelength light [56, 57]. These findings indicate that chromophore regeneration is an
intrinsic property of ipRGCs and does not require additional RPE or Müller cells as do the
rods and cones of vertebrates.

Other data suggest that chromophore regeneration in ipRGCs may be more complicated. For
example, in mammals, contradictory results about melanopsin bistability were obtained
using MEAs [58]. Even in invertebrates recent work has challenged the sufficiency of
photoreceptor bistability to regenerate chromophore, in that Drosophila photoreceptors also
require pigment cells for chromophore regeneration [59] (Figure 2). Furthermore, it has been
shown that in dark-adapted retinas, only 11-CRAL is isolated from ipRGCs. However, if
bistability of melanopsin is solely responsible for chromophore regeneration in ipRGCs,
then a mixture of both ATRAL and 11-CRAL should be present under dark-adapted
conditions [60]. Thus, an additional light-independent mechanism for chromophore
regeneration likely exists in ipRGCs. RPE65−/− mice that lack a key component of the light
independent pathway to regenerate 11-CRAL from ATRAL [61] can be used to determine
whether ipRGCs are dependent on this chromophore cycle to regenerate functional
photopigment. RPE65−/− mice have no cone function, but retain weak rod function.
Intriguingly, RPE65 mutant mice fail to phase shift [62], suggesting that chromophore
regeneration is compromised in ipRGCs [62–64]. Introduction of a second mutation that
ablates rods (rdta) [65] into RPE65 homozygous mutants enhances the sensitivity of
circadian light responses [62], possibly due to an increased availability of chromophore to
ipRGCs in the absence of rods. Thus, the message from these results is that melanopsin may
utilize the retinoid cycle as well as bistability to maintain chromophore bound to the
photopigment (Figure 2).

Melanopsin is detected in M1 and M2 subtypes in wild-type mouse retinas stained with an
antibody against the protein [15, 62]. However, only M1 cells are labeled in retinas from
Rpe65−/− mice [62]. One explanation for this difference in immunodetection is that
melanopsin localization at the cell membrane may vary between ipRGC subtypes depending
on their access to chromophore. In Drosophila, the chromophore is essential for localizing
opsins to the photoreceptor membrane [66, 67]. The reduction of melanopsin in the M2 cells
of Rpe65−/− mutants mice may indicate a similar dependence on the chromophore cycle to
maintain membrane-localized photopigment in mammals. Alternatively, the lower
expression level of melanopsin in M2 cells could render them more susceptible to decreased
chromophore availability compared to M1 cells [9, 18–20]. The RPE, which provides
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chromophore to both rods and cones, is far-removed from the ganglion cell layer, where
ipRGCs reside, and therefore is an unlikely source of chromophore. However, as discussed
above, Müller glia also supply cones with chromophore [68, 69] (Figure 2) and, given their
close proximity to ipRGCs, are the most likely source of chromophore to these neurons [22].
Future studies should directly test whether Müller glia contribute to chromophore
regeneration in ipRGCs.

Axonal projections of ipRGC subtypes
Using the Opn4tau-LacZ line, M1 ipRGCs were shown to project to the SCN and the shell of
the OPN for mediation of circadian photoentrainment and the PLR, respectively [6, 8, 9]. In
addition, M1 ipRGCs project to other brain regions involved in circadian behaviors such as
the intergeniculate leaflet (IGL) and the ventral lateral geniculate nucleus (vLGN) [8, 9], and
to other structures such as the supraoptic nucleus, ventral subparaventricular zone, medial
amygdala, and lateral habenula [8, 9]. Non-M1 ipRGC subtypes innervate additional targets
in the brain [18]. For example, the M1 ipRGCs innervate only the shell of the OPN, the
relay station for the PLR [70]. However, crossing the Opn4Cre line with a Cre-dependent
alkaline phosphatase (AP) reporter line (Z/AP) that allows for the axonal tracing of all
ipRGCs, revealed additional innervation of the core of the OPN by non-M1 cells [24]
(Figure 1). The functional significance of non-M1 cell projections to the OPN core is
unclear. Non-M1 cells also contribute substantial synaptic input to the dorsal lateral
geniculate nucleus (dLGN), a structure involved in image-forming vision, and the superior
colliculus (SC), the mammalian equivalent to the optic tectum [24] (Figure 1). In
comparison, M1 cells only send a few fibers to these regions [9, 24]. Targeting of non-M1
ipRGCs to the SC and dLGN suggests that they play an unexpected role in vision.
Accordingly, avoidance of light by mouse pups attributed to the SC is melanopsin-
dependent [71, 72] and most likely mediated by non-M1 ipRGCs (Figure 3), because at the
same developmental stage, only non-M1 ipRGCs target the SC [73].

Behavioral outputs of ipRGCs
The melanopsin field has expanded dramatically in the last few years, providing a deeper
understanding of the molecular, cellular, and connectivity features of ipRGCs. Furthermore,
behavioral studies have highlighted the diverse and important role of ipRGCs in various
light-driven behaviors (Figure 3). Mechanistic insights from this atypical photoreceptive
system may also apply more broadly toward understanding the complexity of circuits and
modulation of behavior in the central nervous system.

Animals lacking either the intrinsic light response of ipRGCs or lacking rods and cones are
still able to photoentrain and constrict their pupils to light [13, 40], indicating that
conventional photoreceptors and ipRGCs both contribute to circadian photoentrainment and
PLR (Figure 3). In fact, rod/cone and melanopsin driven light responses have
complementary roles in non-image forming visual functions. In the absence of rods and
cones, melanopsin-mediated light responses contribute to the pupillary reflex only at high
light intensities [13]. Conversely, in melanopsin mutants, rod and cone mediated pupil
constriction is normal at low light intensities but is attenuated at high light intensities [13,
40, 74]. Similar findings were observed for circadian photoentrainment, where rods are
necessary for entrainment at low light levels, but melanopsin-mediated light responses are
the major contributor to entrainment at high light levels [74, 75].

To understand the role of ipRGCs in non-image forming functions, it is necessary to
eliminate the cells themselves, thus removing both melanopsin-mediated responses and rod/
cone responses conveyed to brain targets via ipRGCs. This was achieved in three
independent studies, using Saporin-conjugated melanopsin antibody [76], melanopsin-driven
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diphtheria toxin [77], or Cre-activated diphtheria toxin receptor [78] to ablate ipRGCs, while
leaving other RGCs and vision intact. Despite the diversity of methods, the results
consistently showed severe deficits in circadian photoentrainment and PLR, demonstrating
that ipRGCs are essential for the mediation of non-image forming behaviors and are the
conduit for both melanopsin-mediated and rod/cone-mediated light signaling for non-image
forming behaviors [76–78].

The ability of rod/cone photoreceptors to signal through ipRGCs to influence non-image
forming visual functions even in the absence of the melanopsin protein raises the question of
whether there is a unique contribution of melanopsin phototransduction to non-image
forming visual functions? The contribution of the intrinsic light response can be quantified
for the PLR by comparing animals with ipRGCs partially ablated to mutants just lacking the
melanopsin protein. Wild type animals fully constrict their pupils under high light intensity,
whereas in the absence of the melanopsin protein the pupil does not achieve full constriction
[40]. Surprisingly, even with the loss of more than 80% of ipRGCs, full pupil constriction
under high light intensity could be observed provided the melanopsin protein was still
present in the remaining ipRGCs [77]. Experiments such as these show that a fraction of
ipRGCs that retain the melanopsin photopigment can drive pupil constriction better than a
complete repertoire of ipRGCs that lack melanopsin and solely depend on rod and cone
input. These data illustrate the importance of melanopsin-based photoreception to behavior
at high light levels.

An additional role for melanopsin phototransduction has been discovered in the induction
and regulation of sleep (Figure 3). Sleep is controlled by homeostatic and circadian factors
[79]. The homeostatic factor accumulates during wakefulness and then dissipates during
sleep, hence determining the quality and amount of sleep. The circadian clock determines
the time at which sleep should occur during the daily cycle. One long held assumption is that
light effects on sleep are mediated only via changes in the circadian clock. However, several
research groups have shown that light given at night induces sleep directly [80, 81] through
ipRGCs [82]. Light presented to melanopsin null animals fails to induce sleep, which
indicates that the contribution of rods and cones to sleep regulation is minimal although it
may be gated by the circadian clock [81]. In addition to the direct light effects on sleep, the
amount of sleep (homeostat) is also affected when the intrinsic light response of ipRGCs is
eliminated [81]. This raises the intriguing idea that the melanopsin-mediated light response
plays a central role in not only sleep induction, but also sleep modulation [83].

Mice are nocturnal animals and light induces sleep, whereas in humans, darkness promotes
sleep. To simulate the effect of light on alertness in humans, a recent study investigated the
effect of darkness on mouse behavior during the day [82]. Lights were turned off for 3 hours
during the day on mice placed under a 12:12 hour light:dark cycle. The absence of light in
the day induced alertness in wild type mice corresponding to a time when they were usually
asleep, but did not alter the behavior of mutants that lacked ipRGCs [82]. Involvement of
these cells in alertness was surprising, considering that ipRGCs respond strongly to light ON
but not light OFF signals. The important conclusion is that increased alertness is due to
repression of ipRGC signaling, rather than a bona fide OFF signal from rods and cones [82].
The results of this work further suggest that ipRGCs are continuously signaling the presence
of light to the brain and could explain why shorter day length (i.e., presumably weaker
melanopsin signaling) often leads to seasonal affective disorder (SAD), a seasonal form of
depression. Consistent with this idea, a melanopsin gene variant has been associated with an
increased risk of SAD [84].

While the major function of ipRGCs is to subserve non-image forming behaviors, the
innervation pattern of non-M1 cells to the dLGN and SC implicates ipRGCs in image-
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forming vision [24] and light avoidance behavior [71] (Figure 3). Consistent with these
innervation patterns, when rod/cone phototransduction is eliminated, mice that retain
melanopsin-expressing ipRGCs still possess a rudimentary form of pattern vision [24].
Specifically, these mice show induction of the immediate early gene, c-fos, in the visual
cortex following presentation of patterned, but not diffuse, light stimuli [24]. Furthermore,
melanopsin-mediated responses have been detected in the dLGN and visual cortex by MEA
electrophysiological recording and intrinsic optical imaging of the dLGN and visual cortex
[85]. Given earlier reports that ipRGCs receive color information from cones and project to
the LGN in monkeys, ipRGCs could also play a role in pattern and color vision in primates
[29]. Consistent with this possibility, a single case of a human patient who lacks rods and
cones showed a rudimentary visual awareness to the wavelength of light most effective at
activating melanopsin [86].

It has become increasingly clear that ipRGCs relay light information to influence a myriad
of neural processes and behavioral responses. For example, the segregation and refinement
of retinogeniculate afferents in the dLGN was thought to be only dependent on spontaneous
retinal waves and to be independent of visual experience [87]. However, a recent study has
shown that light input through melanopsin-mediated phototransduction modulates the
spiking of the retinal waves and enhances the segregation of retinogeniculate afferents [87].
Another recent example is a study on humans demonstrating a thalamocortical function for
ipRGCs in light regulation of migraine headache pain [88]. How the melanopsin-expressing
cells of the retina accomplish such diverse physiological and behavioral tasks will require
considerably more information about the specialized roles individual ipRGC subtypes play.

Future directions
Although M1 ipRGCs have been well studied for irradiance detection, the function of non-
M1 cells in light-dependent behaviors and their importance in image forming vision are
poorly understood. One pressing question is whether the intrinsic light response of ipRGCs
contributes to image formation when functional rods and cones are present. Melanopsin
intrinsic light responses convey environmental light levels to the visual cortex even in
animals with intact rod/cone function [85]. Determining whether vision is impaired in
melanopsin mutant mice is the next logical step. Furthermore, to develop a model of how
light detection by ipRGCs is integrated with the output from rods and cones to modulate
vision, it will be essential to determine the ipRGC subtypes and the circuitry of how ipRGCs
signal to the visual cortex. M1 cells do not directly project to image centers in the brain, but
one possibility is that they may indirectly modify cortical activity and visual processing by
modulating dopaminergic amacrine cells.

The discovery of the morphological diversity of ipRGCs demonstrates that understanding a
seemingly complex neuronal system requires parallel molecular, physiological, genetic,
circuitry and behavioral approaches. By selectively eliminating specific cells, one can assess
aspects of physiology and behavior that are influenced by a single subtype. To do this,
however, identifying distinct markers for individual subtypes of ipRGCs will be a critical
next step. For example, a recent study determined that subpopulations of ipRGCs can be
molecularly defined by their expression of the Brn3b transcription factor [86]. Brn3b is
expressed in all non-M1 ipRGCs but only in a fraction of M1 cells, suggesting that the M1
subtype actually consists of two distinct sub-populations (Figure 1). Additionally, Brn3b-
positive M1 ipRGCs do not innervate the SCN, although they project to all other M1 ipRGC
brain targets (Figure 1). Consistent with this innervation pattern, ablation of Brn3b-positive
ipRGCs severely impairs the PLR, but does not affect circadian photoentrainment [89].
Which transcription factor(s) are responsible for specifying Brn3b-negative ipRGCs and
how M1 sub-populations are differentially targeted to regions of the brain are issues that
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remain to be resolved. However, similar genetic strategies using cell-type specific tools will
eventually uncover the complete circuitry and specialized functions of ipRGC subtypes.

Acknowledgments
We sincerely thank Dr. Marnie Halpern at the Carnegie Institution for Science, Drs. Rejji Kuruvilla, Haiqing Zhao,
Young-Sam Lee, Stewart Hendry, and David Zappulla at the Johns Hopkins University for valuable feedback and
Dr. Vladimir Kefalov at Washington University for suggestions on the chromophore visual cycle. We also thank
our funding agencies, especially National Institute of General Medical Sciences, National Eye Institute and the
David and Lucile Packard Foundation.

References
1. Herzog ED. Neurons and networks in daily rhythms. Nat Rev Neurosci. 2007; 8:790–802. [PubMed:

17882255]
2. Czeisler CA, et al. Suppression of melatonin secretion in some blind patients by exposure to bright

light. N Engl J Med. 1995; 332:6–11. [PubMed: 7990870]
3. Foster RG, et al. Circadian photoreception in the retinally degenerate mouse (rd/rd). J Comp Physiol

A. 1991; 169:39–50. [PubMed: 1941717]
4. Hanifin JP, Brainard GC. Photoreception for circadian, neuroendocrine, and neurobehavioral

regulation. J Physiol Anthropol. 2007; 26:87–94. [PubMed: 17435349]
5. Berson DM, et al. Phototransduction by retinal ganglion cells that set the circadian clock. Science.

2002; 295:1070–1073. [PubMed: 11834835]
6. Hattar S, et al. Melanopsin-containing retinal ganglion cells: architecture, projections, and intrinsic

photosensitivity. Science. 2002; 295:1065–1070. [PubMed: 11834834]
7. Gooley JJ, et al. Melanopsin in cells of origin of the retinohypothalamic tract. Nat Neurosci. 2001;

4:1165. [PubMed: 11713469]
8. Gooley JJ, et al. A broad role for melanopsin in nonvisual photoreception. J Neurosci. 2003;

23:7093–7106. [PubMed: 12904470]
9. Hattar S, et al. Central projections of melanopsin-expressing retinal ganglion cells in the mouse. J

Comp Neurol. 2006; 497:326–349. [PubMed: 16736474]
10. Lockley SW, et al. Relationship between melatonin rhythms and visual loss in the blind. J Clin

Endocrinol Metab. 1997; 82:3763–3770. [PubMed: 9360538]
11. Ebihara S, Tsuji K. Entrainment of the circadian activity rhythm to the light cycle: effective light

intensity for a Zeitgeber in the retinal degenerate C3H mouse and the normal C57BL mouse.
Physiol Behav. 1980; 24:523–527. [PubMed: 7375573]

12. Freedman MS, et al. Regulation of mammalian circadian behavior by non-rod, non-cone, ocular
photoreceptors. Science. 1999; 284:502–504. [PubMed: 10205061]

13. Lucas RJ, et al. Characterization of an ocular photopigment capable of driving pupillary
constriction in mice. Nat Neurosci. 2001; 4:621–626. [PubMed: 11369943]

14. Yoshimura T, Ebihara S. Spectral sensitivity of photoreceptors mediating phase-shifts of circadian
rhythms in retinally degenerate CBA/J (rd/rd) and normal CBA/N (+/+)mice. J Comp Physiol A.
1996; 178:797–802. [PubMed: 8667293]

15. Provencio I, et al. Photoreceptive net in the mammalian retina. This mesh of cells may explain how
some blind mice can still tell day from night. Nature. 2002; 415:493. [PubMed: 11823848]

16. Provencio I, et al. Melanopsin: An opsin in melanophores, brain, and eye. Proc Natl Acad Sci U S
A. 1998; 95:340–345. [PubMed: 9419377]

17. Provencio I, et al. A novel human opsin in the inner retina. J Neurosci. 2000; 20:600–605.
[PubMed: 10632589]

18. Baver SB, et al. Two types of melanopsin retinal ganglion cell differentially innervate the
hypothalamic suprachiasmatic nucleus and the olivary pretectal nucleus. Eur J Neurosci. 2008;
27:1763–1770. [PubMed: 18371076]

19. Berson DM, et al. Morphology and mosaics of melanopsin-expressing retinal ganglion cell types in
mice. J Comp Neurol. 2010; 518:2405–2422. [PubMed: 20503419]

Schmidt et al. Page 9

Trends Neurosci. Author manuscript; available in PMC 2012 November 1.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



20. Schmidt TM, Kofuji P. Functional and morphological differences among intrinsically
photosensitive retinal ganglion cells. J Neurosci. 2009; 29:476–482. [PubMed: 19144848]

21. Schmidt TM, et al. Intrinsic and extrinsic light responses in melanopsin-expressing ganglion cells
during mouse development. J Neurophysiol. 2008; 100:371–384. [PubMed: 18480363]

22. Viney TJ, et al. Local retinal circuits of melanopsin-containing ganglion cells identified by
transsynaptic viral tracing. Curr Biol. 2007; 17:981–988. [PubMed: 17524644]

23. Warren EJ, et al. Intrinsic light responses of retinal ganglion cells projecting to the circadian
system. Eur J Neurosci. 2003; 17:1727–1735. [PubMed: 12752771]

24. Ecker JL, et al. Melanopsin-expressing retinal ganglion-cell photoreceptors: cellular diversity and
role in pattern vision. Neuron. 2010; 67:49–60. [PubMed: 20624591]

25. Schmidt TM, Kofuji P. Structure and function of bistratified intrinsically photosensitive retinal
ganglion cells in the mouse. J Comp Neurol. 2011; 519:1492–1504. [PubMed: 21452206]

26. Sekaran S, et al. Calcium imaging reveals a network of intrinsically light-sensitive inner-retinal
neurons. Curr Biol. 2003; 13:1290–1298. [PubMed: 12906788]

27. Tu DC, et al. Physiologic diversity and development of intrinsically photosensitive retinal ganglion
cells. Neuron. 2005; 48:987–999. [PubMed: 16364902]

28. Belenky MA, et al. Melanopsin retinal ganglion cells receive bipolar and amacrine cell synapses. J
Comp Neurol. 2003; 460:380–393. [PubMed: 12692856]

29. Dacey DM, et al. Melanopsin-expressing ganglion cells in primate retina signal colour and
irradiance and project to the LGN. Nature. 2005; 433:749–754. [PubMed: 15716953]

30. Wong KY, et al. Synaptic influences on rat ganglion-cell photoreceptors. J Physiol. 2007;
582:279–296. [PubMed: 17510182]

31. Pickard GE, et al. Light-induced fos expression in intrinsically photosensitive retinal ganglion cells
in melanopsin knockout (opn4) mice. PLoS One. 2009; 4:e4984. [PubMed: 19319185]

32. Schmidt TM, Kofuji P. Differential cone pathway influence on intrinsically photosensitive retinal
ganglion cell subtypes. J Neurosci. 2010; 30:16262–16271. [PubMed: 21123572]

33. Dumitrescu ON, et al. Ectopic retinal ON bipolar cell synapses in the OFF inner plexiform layer:
contacts with dopaminergic amacrine cells and melanopsin ganglion cells. J Comp Neurol. 2009;
517:226–244. [PubMed: 19731338]

34. Grunert U, et al. Bipolar input to melanopsin containing ganglion cells in primate retina. Vis
Neurosci. 2011; 28:39–50. [PubMed: 20950505]

35. Hoshi H, et al. ON inputs to the OFF layer: bipolar cells that break the stratification rules of the
retina. J Neurosci. 2009; 29:8875–8883. [PubMed: 19605625]

36. Vugler AA, et al. Dopamine neurones form a discrete plexus with melanopsin cells in normal and
degenerating retina. Exp Neurol. 2007; 25:26–35. [PubMed: 17362933]

37. Matsuoka RL, et al. Transmembrane semaphorin signalling controls laminar stratification in the
mammalian retina. Nature. 2011; 470:259–263. [PubMed: 21270798]

38. Zhang DQ, et al. Intraretinal signaling by ganglion cell photoreceptors to dopaminergic amacrine
neurons. Proc Natl Acad Sci U S A. 2008; 105:14181–14186. [PubMed: 18779590]

39. Ostergaard J, et al. Synaptic contact between melanopsin-containing retinal ganglion cells and rod
bipolar cells. Invest Ophthalmol Vis Sci. 2007; 48:3812–3820. [PubMed: 17652756]

40. Lucas RJ, et al. Diminished pupillary light reflex at high irradiances in melanopsin-knockout mice.
Science. 2003; 299:245–247. [PubMed: 12522249]

41. Brown RL, Robinson PR. Melanopsin--shedding light on the elusive circadian photopigment.
Chronobiol Int. 2004; 21:189–204. [PubMed: 15332341]

42. Melyan Z, et al. Addition of human melanopsin renders mammalian cells photoresponsive. Nature.
2005; 433:741–745. [PubMed: 15674244]

43. Newman LA, et al. Melanopsin forms a functional short-wavelength photopigment. Biochemistry.
2003; 42:12734–12738. [PubMed: 14596587]

44. Panda S, et al. Illumination of the melanopsin signaling pathway. Science. 2005; 307:600–604.
[PubMed: 15681390]

45. Qiu X, et al. Induction of photosensitivity by heterologous expression of melanopsin. Nature.
2005; 433:745–749. [PubMed: 15674243]

Schmidt et al. Page 10

Trends Neurosci. Author manuscript; available in PMC 2012 November 1.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



46. Peirson S, Foster RG. Melanopsin: another way of signaling light. Neuron. 2006; 49:331–339.
[PubMed: 16446137]

47. Hartwick AT, et al. Light-evoked calcium responses of isolated melanopsin-expressing retinal
ganglion cells. J Neurosci. 2007; 27:13468–13480. [PubMed: 18057205]

48. Perez-Leighton CE, et al. Intrinsic phototransduction persists in melanopsin-expressing ganglion
cells lacking diacylglycerol-sensitive TRPC subunits. Eur J Neurosci. 2011; 33:856–867.
[PubMed: 21261756]

49. Sekaran S, et al. 2-Aminoethoxydiphenylborane is an acute inhibitor of directly photosensitive
retinal ganglion cell activity in vitro and in vivo. J Neurosci. 2007; 27:3981–3986. [PubMed:
17428972]

50. Warren EJ, et al. The light-activated signaling pathway in SCN-projecting rat retinal ganglion
cells. Eur J Neurosci. 2006; 23:2477–2487. [PubMed: 16706854]

51. Graham DM, et al. Melanopsin ganglion cells use a membrane-associated rhabdomeric
phototransduction cascade. J Neurophysiol. 2008; 99:2522–2532. [PubMed: 18305089]

52. Cabrera-Vera TM, et al. Insights into G protein structure, function, and regulation. Endocr Rev.
2003; 24:765–781. [PubMed: 14671004]

53. Clapham DE, et al. The TRP ion channel family. Nat Rev Neurosci. 2001; 2:387–396. [PubMed:
11389472]

54. Wang JS, Kefalov VJ. The cone-specific visual cycle. Prog Retin Eye Res. 2011; 30:115–128.
[PubMed: 21111842]

55. Arshavsky VY. Vision: the retinoid cycle in Drosophila. Curr Biol. 2010; 20:R96–98. [PubMed:
20144777]

56. Drouyer E, et al. Responses of suprachiasmatic nucleus neurons to light and dark adaptation:
relative contributions of melanopsin and rod-cone inputs. J Neurosci. 2007; 27:9623–9631.
[PubMed: 17804622]

57. Mure LS, et al. Melanopsin bistability: a fly’ eye technology in the human retina. PLoS One. 2009;
4:e5991. [PubMed: 19551136]

58. Mawad K, Van Gelder RN. Absence of long-wavelength photic potentiation of murine intrinsically
photosensitive retinal ganglion cell firing in vitro. J Biol Rhythms. 2008; 23:387–391. [PubMed:
18838602]

59. Wang X, et al. Requirement for an enzymatic visual cycle in Drosophila. Curr Biol. 2010; 20:93–
102. [PubMed: 20045325]

60. Walker MT, et al. Photochemistry of retinal chromophore in mouse melanopsin. Proc Natl Acad
Sci U S A. 2008; 105:8861–8865. [PubMed: 18579788]

61. Redmond TM, et al. Rpe65 is necessary for production of 11-cis-vitamin A in the retinal visual
cycle. Nat Genet. 1998; 20:344–351. [PubMed: 9843205]

62. Doyle SE, et al. Nonvisual light responses in the Rpe65 knockout mouse: rod loss restores
sensitivity to the melanopsin system. Proc Natl Acad Sci U S A. 2006; 103:10432–10437.
[PubMed: 16788070]

63. Fu Y, et al. Intrinsically photosensitive retinal ganglion cells detect light with a vitamin A-based
photopigment, melanopsin. Proc Natl Acad Sci U S A. 2005; 102:10339–10344. [PubMed:
16014418]

64. Tu DC, et al. Inner retinal photoreception independent of the visual retinoid cycle. Proc Natl Acad
Sci U S A. 2006; 103:10426–10431. [PubMed: 16788071]

65. McCall MA, et al. Morphological and physiological consequences of the selective elimination of
rod photoreceptors in transgenic mice. Exp Eye Res. 1996; 63:35–50. [PubMed: 8983962]

66. Harris WA, et al. Vitamin A deprivation and Drosophila photopigments. Nature. 1977; 266:648–
650. [PubMed: 404571]

67. Ozaki K, et al. Maturation of major Drosophila rhodopsin, ninaE, requires chromophore 3-
hydroxyretinal. Neuron. 1993; 10:1113–1119. [PubMed: 8318232]

68. Wang JS, et al. Intra-retinal visual cycle required for rapid and complete cone dark adaptation. Nat
Neurosci. 2009; 12:295–302. [PubMed: 19182795]

Schmidt et al. Page 11

Trends Neurosci. Author manuscript; available in PMC 2012 November 1.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



69. Wang JS, Kefalov VJ. An alternative pathway mediates the mouse and human cone visual cycle.
Curr Biol. 2009; 19:1665–1669. [PubMed: 19781940]

70. Prichard JR, et al. Fos immunoreactivity in rat subcortical visual shell in response to illuminance
changes. Neuroscience. 2002; 114:781–793. [PubMed: 12220578]

71. Johnson J, et al. Melanopsin-dependent light avoidance in neonatal mice. Proc Natl Acad Sci U S
A. 2010; 107:17374–17378. [PubMed: 20855606]

72. Routtenberg A, et al. Response of the infant rat to light prior to eyelid opening: mediation by the
superior colliculus. Dev Psychobiol. 1978; 11:469–478. [PubMed: 689296]

73. McNeill DS, et al. Development of melanopsin-based irradiance detecting circuitry. Neural Dev.
2011; 6:8. [PubMed: 21418557]

74. Lall GS, et al. Distinct contributions of rod, cone, and melanopsin photoreceptors to encoding
irradiance. Neuron. 2010; 66:417–428. [PubMed: 20471354]

75. Altimus CM, et al. Rod photoreceptors drive circadian photoentrainment across a wide range of
light intensities. Nat Neurosci. 2010; 13:1107–1112. [PubMed: 20711184]

76. Goz D, et al. Targeted destruction of photosensitive retinal ganglion cells with a saporin conjugate
alters the effects of light on mouse circadian rhythms. PLoS ONE. 2008; 3:e3153. [PubMed:
18773079]

77. Guler AD, et al. Melanopsin cells are the principal conduits for rod-cone input to non-image-
forming vision. Nature. 2008; 453:102–105. [PubMed: 18432195]

78. Hatori M, et al. Inducible ablation of melanopsin-expressing retinal ganglion cells reveals their
central role in non-image forming visual responses. PLoS One. 2008; 3:e2451. [PubMed:
18545654]

79. Borbely AA. A two process model of sleep regulation. Hum Neurobiol. 1982; 1:195–204.
[PubMed: 7185792]

80. Lupi D, et al. The acute light-induction of sleep is mediated by OPN4-based photoreception. Nat
Neurosci. 2008; 11:1068–1073. [PubMed: 19160505]

81. Tsai JW, et al. Melanopsin as a sleep modulator: circadian gating of the direct effects of light on
sleep and altered sleep homeostasis in Opn4(−/−) mice. PLoS Biol. 2009; 7:e1000125. [PubMed:
19513122]

82. Altimus CM, et al. Rods-cones and melanopsin detect light and dark to modulate sleep independent
of image formation. Proc Natl Acad Sci U S A. 2008; 105:19998–20003. [PubMed: 19060203]

83. Dijk DJ, Archer SN. Light, sleep, and circadian rhythms: together again. PLoS Biol. 2009;
7:e1000145. [PubMed: 19547745]

84. Roecklein KA, et al. A missense variant (P10L) of the melanopsin (OPN4) gene in seasonal
affective disorder. J Affect Disord. 2009; 114:279–285. [PubMed: 18804284]

85. Brown TM, et al. Melanopsin contributions to irradiance coding in the thalamo-cortical visual
system. PLoS Biol. 2010; 8:e1000558. [PubMed: 21151887]

86. Zaidi FH, et al. Short-wavelength light sensitivity of circadian, pupillary, and visual awareness in
humans lacking an outer retina. Curr Biol. 2007; 17:2122–2128. [PubMed: 18082405]

87. Renna JM, et al. Light acts through melanopsin to alter retinal waves and segregation of
retinogeniculate afferents. Nat Neurosci. 2011; 14:827–829. [PubMed: 21642974]

88. Noseda R, et al. A neural mechanism for exacerbation of headache by light. Nat Neurosci. 2010;
13:239–245. [PubMed: 20062053]

89. Chen SK, et al. Photoentrainment and pupillary light reflex are mediated by distinct populations of
ipRGCs. Nature. 2011 in press.

Schmidt et al. Page 12

Trends Neurosci. Author manuscript; available in PMC 2012 November 1.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



Figure 1.
Schematic diagram illustrating the connectivity and location of the five distinct
morphological subtypes (M1–M5) of ipRGCs and projections to their predominant targets in
the brain. The mammalian retina contains three nuclear layers (outer, inner and ganglion)
and two plexiform layers (outer and inner). Synaptic connections between photoreceptors
(rods and cones), horizontal and bipolar cells (BC) occur in the outer plexiform layer,
whereas synaptic connections between bipolar, amacrine and ganglion cells occur in the
inner plexiform layer (IPL). The outer nuclear layer contains the classical photoreceptors
rods and cones (shown in gray). The inner nuclear layer (INL) contains horizontal cells (not
shown), bipolar, and amacrine cells, of which only dopaminergic amacrine cells (DAC) are
shown. The ganglion cell layer contains conventional ganglion cells (not shown) and the
ipRGCs. For simplicity, M1 ipRGCs displaced to the INL [6] are not depicted in this
diagram. M1 ipRGCs stratify in the OFF sublamina (red); M2, M4, M5, stratify in the ON
sublamina (blue); and M3, stratify in the ON and OFF sublamina (purple) of the IPL of the
retina. M4 ipRGCs have the largest cell body size, and M1 cells have smaller body size than
M2–M4 cells [20, 24, 25]. The cell body size of M5 is not known (dotted line). The
proportion of ON and OFF stratification in M3 ipRGCs varies considerably between cells
[25]. Recent findings suggest that the M1 subtype consists of two distinct subpopulations
that are molecularly defined by the expression of the Brn3b transcription factor [89]. Red
dots indicate synaptic connections for which both functional and anatomical evidence exists
[22, 28, 32, 33, 35]. Blue dots indicate synaptic connections for which either functional or
anatomical evidence exists [24, 25, 38, 39]. ipRGC subtypes project to distinct non-image
and image-forming nuclei in the brain [9, 24]. M1cells predominantly project to non-image
forming centers such as the suprachiasmatic nucleus (SCN) to control circadian
photoentrainment and the shell of the olivary pretectal nucleus (OPN) to control the
pupillary light reflex. M1 innervation of brain targets could be further divided by Brn3b
expression with Brn3b-negative (Brn3b-) M1 ipRGCs predominantly projecting to the SCN
[89]. M3 brain targets are completely unknown at this time. M2, M4 and M5 are included
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together since no specific genetic marker exists for a single subtype. Collectively, they
project to image forming areas in the brain such as the lateral geniculate nucleus (LGN) and
the superior colliculus (SC), but also to the core of the OPN of which no specific function is
assigned to this brain region [24, 85]. Retrograde analysis confirms that M2 cells project
minimally to the SCN and strongly to the OPN [18].
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Figure 2.
A proposed pathway for chromophore regeneration in ipRGCs. This figure provides a
simplified summary of chromophore regeneration (the visual cycle) for vertebrate cones
[rods use only the retinal pigmented epithelium (RPE) pathway], Drosophila photoreceptors,
and a proposed pathway for ipRGCs. Photopigments of rods and cones composed of the
opsin and the chromophore (11-cis retinal; 11-CRAL) respond to light through the
absorption of photon energy by the 11-CRAL which is then converted to all trans retinal
(ATRAL) leading to the activation of the opsin’s G-protein pathway. ATRAL dissociates
from the opsin and is first converted to the alcohol form (ATROL) in the photoreceptors and
then transported to the RPE. In the RPE, the ATROL is converted back through an RPE65
dependent multistep process to 11-CRAL. Recent studies showed that cones also use Müller
glia to convert ATROL to 11-CROL, which is then converted to 11-CRAL within cones.
Dotted line indicates multiple steps that are not depicted in this figure for simplicity. Note
that only in Drosophila and ipRGCs, the trans form of the chromophore (3-OH-ATRAL and
ATRAL, respectively) can be converted back to the cis form (3-OH-11-CRAL and 11-
CRAL, respectively) in the photoreceptors by exposure to long wavelength light (orange
light for Drosophila photoreceptors and red light for ipRGCs). Recent discovery in
Drosophila revealed an alternative pathway that depends on pigment cells for chromophore
regeneration, where similar to vertebrate rods and cones, all trans form is converted to the
cis form outside the photoreceptor itself. The site of conversion from the alcohol to the cis
form is currently unknown, hence depicted by a question mark. We propose that ipRGCs
also use a chromophore regeneration pathway requiring the Müller glia, similar to cones.
Red lines indicate proposed steps for chromophore regeneration in ipRGCs and question
marks indicate that these pathways have not been demonstrated, although the dependence of
ipRGCs on RPE65 is well documented [62].
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Figure 3.
Schematic diagram illustrating the behavioral functions attributed to ipRGCs (M1 and non-
M1) and the relative contribution of conventional RGCs to various behaviors. White boxes
indicate functions that have been demonstrated to depend on a specific class of ipRGC and/
or RGC. Gray boxes indicate functions that are ipRGC dependent, but the relative
contribution of individual ipRGC subtypes has not been fully resolved. The role of M1-
Brn3b-negative ipRGCs for circadian photoentrainment and the M1-Brn3b-positive ipRGCs
for pupillary light reflex is the best documented [89]. The individual contribution of M2–M5
ipRGCs to specific functions is currently unknown and these subtypes are hence grouped
together as non-M1 ipRGCs. Conventional RGCs, secondarily through rods and cones,
influence higher cognitive functions, attention, pattern and color vision. Based on retinal
recordings and brain innervation patterns, non-M1 cells may contribute to higher cognitive
functions, pattern and color vision [24, 29, 85, 86]. Mood is known to be affected by light
(as in seasonal affective disorder [SAD]). However, the contributions of ipRGCs and
conventional RGCs to mood are not yet resolved, although an association between a mutant
variant of melanopsin and SAD was recently described [84]. Melanopsin phototransduction
is capable of relaying light signals to influence migraine photophobia in the absence of
classical vision, but the contribution of each subtype is currently unknown [88]. For both
sleep and alertness, melanopsin phototransduction is absolutely required for the light and
dark effects on both functions, but again the individual contribution of ipRGC subtypes is
unknown [82]. Finally, neonatal light avoidance requires melanopsin-based photoreception
[71]. Based on morphological analysis during development [73], the neonatal avoidance task
is most likely mediated by non-M1 ipRGCs, although this has not yet been shown directly.
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