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Clinical implications of the

melanopsin-based non—image-forming
visual system

ABSTRACT

Since the discovery of the non-image-forming visual system, tremendous research efforts have
been dedicated to understanding its mechanisms and functional roles. Original functions asso-
ciated with the melanopsin system include the photoentrainment of circadian sleep-wake
cycles and the pupillary light reflex. Recent findings, however, suggest a much broader involve-
ment of this system in an array of physiologic responses to light. This newfound insight into the
underlying function of the non-image-forming system has revealed the many connections to
human pathology and attendant disease states, including seasonal affective disorder, migraine,
glaucoma, inherited mitochondrial optic neuropathy, and sleep dysregulation of aging. In this
review, the authors discuss in detail the clinical implications of the melanopsin system.
Neurology® 2017;88:1282-1290

GLOSSARY

AD = Alzheimer disease; DAO = dominant optic atrophy; EWN = Edinger-Westphal nucleus; ICU = intensive care unit;
ipRGC = intrinsically photosensitive retinal ganglion cell; LGN = lateral geniculate nucleus; LHON = Leber hereditary optic
neuropathy; PLR = pupillary light reflex; SAD = seasonal affective disorder; SCN = suprachiasmatic nucleus.

The melanopsin signaling system plays a vital role in non—image-forming visual functions,
which are physiologic responses to light that do not require the construction of images by
the visual system. Since the discovery of the photopigment melanopsin in 1998, strides in
laboratory research have etched a modern framework of the system’s basic structure and func-
tion."” This sensory system has been linked to several important roles, among them photo-
entrainment of circadian rhythms, acute control of locomotor activity, sleep regulation,
suppression of melatonin biosynthesis, and the pupillary light reflex (PLR) (table).>** Addi-
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tional functions have emerged recently and include modulation of vision,*'* neonatal light

415 associative learning,'® metabolic regulation,'” and vascular development (table).'

aversion,

The basic functional unit of the non—image-forming visual system is the intrinsically pho-
tosensitive retinal ganglion cell (ipRGC). These cells express the melanopsin photopigment
(HUGO gene symbol OPN4), and thereby are directly photosensitive.'” ipRGCs comprise only
about 3,000 of the approximate 1.5 million retinal ganglion cells in the human retina; they are
sparsely distributed among the classically defined retinal ganglion cells that are involved in
vision.'>?*?! Interestingly, the ipRGC signal transduction cascade shares multiple similarities

223 which may hint at primordial neurobi-

with invertebrate rhabdomeric phototransduction,
ological origins. As such, it is not surprising that the newly proposed functions of the nonvisual
photoreceptive system are seemingly rooted in more primitive ones that have been conserved
over time and across species. The substantial progress in refining the elegance of the non—image-
forming visual system has afforded exciting avenues of investigation into pathophysiology and
treatment of disease.

The focus of this review is to detail the clinical implications of the non—image-forming visual
system. We discuss previously reported clinical associations and the historical underpinnings and

research that have brought these developments into light (table). In addition, we critically assess
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[ Table Clinical implications of the melanopsin signaling system and associated literature ]

Category

Description

Pupillary light response 1. Rod and cone photoreceptors, ipRGCs integral part of afferent PLR

Circadian rhythms

Mitochondrial optic
neuropathies

Glaucoma

Migraine photophobia

Sleep dysregulation

in aging

Other

[

[

=

4.

Cones mediate PLR under red light and melanopsin-expressing cells
under blue light

Non-image-forming system creates a more sustained PLR response

ipRGCs contribute to photoentrainment of circadian rhythms and
modulation of sleep cycles

Melanopsin system underlies inhibition of melatonin release

Link between SAD and circadian rhythm; increased risk with missense
mutation of Pro10Leu on OPN4 gene

. Seasonal symptoms and changes in sleep timing associated with

OPN4 mutation could contribute to pathogenesis of SAD

LHON and DAO affect classic retinal ganglion cells and selectively
spare melanopsin-expressing retinal ganglion cells

. LHON and DAO patients retained intact light perception and PLR

and have preserved ipRGC projections to pretectal area

ipRGC have elevated expression of cytochrome oxidase and express
pituitary adenylate cyclase-activating polypeptide

Secondary ipRGC atrophy in glaucoma as opposed to sparing

Cone and melanopsin mRNA reduced in glaucomatous rats
Glaucoma and dysfunctional ipRGC-mediated pupillary response
Correlation between abnormal circadian rhythms and glaucoma

Dura-sensitive neurons of posterior thalamus responsive to light
and project to sensory, visual, and association cortices

ipRGC involvement in photophobia of rod and cone KO mice
Increased photic blink reflex to blue light in light-sensitive patients
No difference in headaches with ipRGC stimulation

Decline in circadian rhythm regulation markers

Degeneration of SCN, decreased melatonin and receptor expression
Lack of short-wave light transmission
Degenerative retinal and optic nerve changes pertaining to ipRGCs

Image formation

Neonatal light avoidance
Associative learning

Metabolism

Literature

Tsujimura, 2010; Dacey, 2005; Lucas, 2003; Hattar, 2003;
Panda, 2003; Provencio, 2002; Lucas, 2001

Roecklein, 2012; Hatori, 2010; Anderson, 2009; Roecklein,
2009; Strong, 2009; Drouyer, 2007; Hattar, 2006; Hannibal,
2004; Gooley, 2003; Morin, 2003; Panda 2003; Berson,
2002; Hattar, 2002; Panda, 2002; Provencio, 2002; Lucas,
2001; Thapan, 2001; Lucas, 1999; Moore, 1983

La Morgia, 2011; Seki, 2011; Kawasaki, 2010; La Morgia,
2010; Carelli, 2004; Wakakura, 1995

Feigl, 2011; Perez-Rico, 2010; Cooper, 2008; Drouyer, 2008;
Jean Louis, 2008; Wang, 2008

Lueck, 2014; Kardon, 2012; Matynia, 2010; Noseda, 2010;
Semo, 2010

La Morgia, 2011; Chakravarthy, 2010; Turner, 2008; Wu,
2007; Cajochen, 2006; Johnson, 1987

Rao, 2013; Delwig, 2012; Panda, 2011; Warthen, 2011;
Hatori, 2010; Johnson, 2010; Keding, 2009; Dacey, 2005

Abbreviations: DAO = dominant optic atrophy; ipRGC = intrinsically photosensitive retinal ganglion cell; KO = knockout; LHON = Leber hereditary optic
neuropathy; PLR = pupillary light reflex; SAD = seasonal affective disorder; SCN = suprachiasmatic nucleus.

future areas of research of the melanopsin sys-
tem that may inform clinical care. Given its
diverse functions and apparent clinical role,
the modern researcher and clinician will ben-
efit from an understanding of the non—image-
forming visual system.

PUPILLARY LIGHT RESPONSE A primary function
of the melanopsin system bears special relevance to

clinicians. The PLR is a widely used diagnostic test
to assess brainstem function. This response is medi-
ated by an autonomic reflex arc that controls pupillary
constriction and dilation via the sphincter pupillae
(parasympathetic) and dilator pupillae (sympathetic)
iris muscles, respectively.?* Retinal inputs project to
the olivary pretectal nucleus in the midbrain and
journey through the Edinger-Westphal nucleus
(EWN)."#2¢ The EWN subsequently transmits

parasympathetic signals for pupillary constriction to
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the ciliary ganglion along the third cranial nerve, ulti-
mately innervating the sphincter pupillae (figure).
This reflex was described in the cat with electrical
stimulation in 1933%” and 1978 and in primates
with neuroanatomical tracing® and electrophysiology
in 1995% and 1997.%' Furthermore, Hattar et al.® in
2002 and Morin et al.** in 2003 showed ipRGC pro-
jections extending to the olivary pretectal nucleus in
mice and hamsters, respectively.

In 1927, Keeler” recognized that the PLR per-
sisted in visually blind mice lacking rods and cones,
suggesting that a yet-to-be-discovered, non-rod, non-
cone class of photoreceptors mediates this response.

1.6 in 2001 confirmed that mutant mice

Lucas et a
lacking both rod and cone photoreceptors retained

the PLR, albeit requiring higher levels of light to elicit

a standard response. In addition, Lucas et al.’”?* dem-
onstrated a peak spectral sensitivity of the PLR in the
blue wavelengths (\,.x = 479 nm). The subsequent
spectral characterization of ipRGCs, also showing
a peak sensitivity at 480 nm, strongly implicated
ipRGCs as subserving the PLR in blind mice.'?34%
Indeed, the critical role of ipRGCs in the PLR was
proven through the generation of mice lacking these
novel photoreceptive cells. These animals, despite
having a competent visual system, show no PLR
and exhibit a fully dilated pupil, even at ambient light
levels equivalent to sunlight at noon.'*343%
Interestingly, mice that lack only the melanopsin
photopigment (Opn4 ") but retain the ipRGCs that
would normally harbor this photopigment continue
to exhibit a robust PLR.!**% If these mice are

[ Figure Schematic of clinical implications of non-image-forming visual system
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crossed with Keeler’s rodless, coneless mice, generat-
ing offspring that lack rods, cones, and the melanop-
sin protein, the PLR is abolished in the progeny. The
abolished PLR in these mice lacking rods, cones, and
the melanopsin protein phenocopies the abolished
PLR in mice that possess a full complement of rods
and cones but lack ipRGCs.!??*%> Taken together,
these findings indicate that rods, cones, and ipRGCs
are the photoreceptive elements that initiate the PLR.

Importantly, these findings demonstrate that the
ipRGCs also serve as the sole conduit by which
rod- and cone-derived information feeds into the cen-
tral circuitry driving the PLR. Specifically, rod- and
cone-driven retinal circuits activate ipRGCs that pro-
ject to the olivary pretectal nucleus, ultimately medi-
ating the PLR. Therefore, ablating the ipRGCs also
negates the input of rods and cones. As such, even
visually competent mice that possess a full array of
visual photoreceptors fail to exhibit a PLR in the
absence of ipRGCs.*~%8

Analyses of the various animal models mentioned
above have revealed that the rods and cones are largely
responsible for the PLR at low (scotopic) and moder-
ate (mesopic) light levels, while the contribution of
the intrinsic photosensitivity of ipRGCs is not appar-
ent until very high (photopic) light levels are
achieved.>'*!*34 Even at scotopic light levels, how-
ever, the ipRGCs are necessary to convey rod-
initiated signals to the olivary pretectal nuclei. At
higher light levels, the rod and cone photoreceptors
desensitize through multiple processes including pho-
topigment bleaching and adaptation mechanisms. By
contrast, ipRGCs require high irradiances to depolar-
ize, and activation persists, even after the termination
of the stimulus.>*’ If ipRGCs are rendered insensitive
to light by knocking out melanopsin, then the pupil
constricts at high light levels, but never to the extent
observed in wild-type mice despite continued expo-
sure to high ambient light levels.>19-19:3435 Therefore,
ipRGCs convey rod- and cone-driven PLR at low and
moderate light levels while also functioning to main-
tain constriction of the iris at high illuminance,
thereby protecting the retina from photodamage.*’

CIRCADIAN RHYTHMS Since 2002, ipRGCs have
been shown to contribute to photoentrainment of cir-
cadian rhythms and modulation of sleep cycles.>*>”
Preliminary literature revealed that Opn4 knockout
mice had a subtle but significant impairment in cir-
cadian photoentrainment but ultimately could still
entrain.*"*? Subsequent studies indicated that mice
whose ipRGCs had been ablated, yet retained a fully
competent visual system, could not photoentrain,
lending credence to the prospect that rods, cones,
and ipRGC:s contribute to this pathway.?** ipRGCs

project to brain sites that are consistent with

a potential role in circadian rhythm modulation.
These projections primarily innervate the suprachias-
matic nucleus (SCN) via the retinohypothalamic tract
and the intergeniculate leaflet via the optic tract (fig-
ure).>** SCN ablation experiments in the 1980s*
demonstrated that the SCN was likely the site of
the master circadian clock. Subsequent transplant
studies conclusively proved this role.** In single-
cell recordings, SCN neurons were shown to be
modulated by illumination of the eyes.”* The
axons of ipRGCs are the cellular elements that
comprise the retinohypothalamic tract, a subset of
optic nerve axons that convey light information
from the eyes to the SCN. ipRGCs also send lesser
projections to extra-SCN sites, which previously have
been implicated in stabilizing circadian rhythms and
regulating sleep/wake cycles.*’ These sites include the
ventral  subparaventricular zone, intergeniculate
leaflet of the lateral geniculate nucleus, and the
ventrolateral preoptic nucleus.>**3%%% Other work
has demonstrated the melanopsin system’s role
underlying inhibition of melatonin release from the
pineal gland.*>*** Mice lacking rods and cones
remain capable of photosuppressing elevated nocturnal
melatonin levels; however, mice devoid of rods and
cones and null for melanopsin fail to photoregulate
melatonin biosynthesis.”>> In human studies, blue
wavelengths (446479 nm) that coincide with the
spectral range of melanopsin activation have proven to
be most effective in decreasing plasma melatonin when
compared to other wavelengths.”>>%5255¢

Recent evidence suggests loss of ipRGC function
as a possible mechanism for known circadian rhythm
dysfunction in Alzheimer disease (AD). In a 2016
study by La Morgia et al.,”” postmortem analysis of
retinas and optic nerves of patients with AD showed
histochemical evidence of ipRGC loss and ipRGC
morphologic abnormalities when compared to nor-
mal controls. The ipRGCs in these patients were
shown to be directly affected by amyloid deposition,
which is well-characterized in Alzheimer pathogene-
sis. Furthermore, clinical studies in the intensive care
unit (ICU) setting have shown that ill patients notice
changes in room lighting and that cycling of light
during day and night subjectively improves patient
mood and sleep and supports their natural circadian
thythms.*® Circadian regulation of not only sleep but
also cortisol release, immune modulation, the inflam-
matory reflex, and vitamin D absorption have all been
described and may contribute to improved outcomes
in ICU patients.® Current trials are underway to
study the effect of light cycling on overall ICU patient
outcomes.”’

Proper circadian rhythm function is necessary for
overall health and its dysfunction has been implicated
several psychiatric and

in cognitive loss in
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neurodegenerative disorders.®® As studies such as the
above arise and continue to link ipRGCs to circadian
thythm dysregulation in many disease states, the
importance of the melanopsin non-image-forming
visual system will continue to emerge in describing
disease pathogenesis.

SEASONAL AFFECTIVE DISORDER Given mela-
nopsin’s role in photoentrainment of circadian
thythms and other nonvisual photoresponses to light,
there was strong consideration for its potential
involvement in seasonal affective disorder (SAD).
SAD represents a common psychiatric disorder in
about 5% of the US population.<"* This disorder is
characterized by yeatly depressive episodes (usually in
the fall and winter) when there is a seasonal limitation
of sunlight. Outside of antidepressants and cognitive-
behavioral therapy, light therapy has been shown to
provide successful treatment for about half of SAD
cases. > Although the pathophysiology of SAD
remains unknown, numerous hypotheses have
pointed to dysregulated photoentrainment or
wintertime insensitivity to light, long before the
discovery of the non-image-forming visual
system. More specifically, the original hypothesis
held that SAD occurs when circadian rhythms are
out of phase with regular sleep-wake cycles (e.g.,
phase shift).> Another theory described the
depressive periods of SAD as secondary to

a longer duration of melatonin release.*

Finally,
a third hypothesis proposed that patients with
SAD do not have normal compensatory retinal
sensitivity for lack of light during the winter
season.>”’ Despite some evidence for aspects
of each of the above theories, none completely
accounts for SAD pathophysiology.

Once melanopsin and ipRGCs were shown to play
a critical role in circadian regulation, discovering a link
between melanopsin and SAD became an obvious
research pursuit. In 2009, it was reported that among
a cohort of 130 patients with SAD, those homozy-
gous for a missense proline-to-leucine polymorphism
(P10L) had a 5.6-fold increased risk of SAD when
compared to age-matched non-SAD controls.® Just
3 years later, it was reported that healthy individuals
with the P10L polymorphism had seasonal changes in
sleep timing, which were characterized by an earlier
bedtime during short days and a later bedtime during
longer days.” Although a direct mechanism arising
from this genotype has not been shown, these data
suggest that seasonal symptoms and changes in sleep
timing associated with the P10L melanopsin poly-
morphism could contribute to the pathogenesis of
SAD. Treatment of SAD with light therapy further
delineates a role for the non—image-forming system.
Several studies using light sources enriched in the blue

Neurology 88 March 28, 2017

wavelengths have suggested that wavelengths around
470 nm are responsible for the efficacious treatment
seen with bright light therapy in patients with
SAD.!! Further investigation into the melanopsin
photosensory system will help to unearth a clearer
picture of SAD pathogenesis and help guide its
treatment.

SLEEP DYSREGULATION IN AGING Retinal gan-
glion cell loss with aging has been reported in humans
and in animal models.®"*<'% Age-associated sleep
changes have also been  well-documented,
specifically with impaired non-REM sleep and
increased frequency of awakening.'> Only recently,
however, has a connection emerged between the two.
Several studies have shown disruption of circadian
thythms within aging populations. In 2006,
Cajochen et al.'® showed a decline in circadian
thythm regulation markers in the aging population.
The circadian phase markers used were core body
temperature, melatonin, and cortisol secretion as
well as sleep-wake cycle shortening. The underlying
mechanisms of these changes are still undetermined
but hormonal alterations associated with aging
provide a popular and plausible explanation. Several
groups reported a reduction in vasopressin and
vasoactive intestinal peptide expressing neurons
associated with degenerative changes of the SCN.<'”>
<18 Similarly, decreased melatonin production from
the pineal gland, along with melatonin receptor
expression, was also noted in older patients.<'”<'®
Another possibility is the lack of short-wave light
transmission as being associated with precataract
formation in the elderly."” Among these theories
rests an idea of degenerative retinal and optic nerve

131820 and more specifically as it pertains to

changes
ipRGCs."® In postmortem analyses of elderly
patients, La Morgia et al.*'® found an age-related
loss of ipRGCs. Going forward, further substantiated
ipRGC involvement in age-related sleep dysregulation
could aid in understanding and treating circadian
disorders in this population.

Two studies have shown a direct link between the
non-image-forming visual system and sleep circuitry,
suggesting further potential involvement of ipRGCs
in sleep pathology. Altimus et al.*' in 2008 demon-
strated that acute light directly modulates sleep in
mice through both rod-cone and melanopsin signal-
ing through ipRGCs. Furthermore, in a separate

e22

study, Lupi et al.** in 2008 elaborated this circuitry
and showed melanopsin-dependent activation of
sleep-promoting neurons in the ventrolateral preoptic
area and the superior colliculus. As melanopsin’s reg-
ulation of sleep is further elaborated, its role in the
mechanism of sleep dysregulation found in SAD,

aging, and other diseases will be understood.



INHERITED MITOCHONDRIAL OPTIC NEUROPA-
THIES Inherited mitochondrial optic neuropa-
thies, including Leber hereditary optic neuropathy
(LHON) and dominant optic atrophy (DAO), con-
stitute predominant causes of inherited vision loss.**
<7 Both conditions begin in the early decades of
life and progress invariably to diverse visual dysfunc-
tion of acuity and color perception of varying severi-
ty. ¥ These diseases manifest secondary to
mutations in genes for mitochondrial proteins. LHON
exhibits a mitochondrial inheritance pattern while
DAO is an autosomal disease.<*><*” Of note, both
LHON and DAO have been shown to affect classic
retinal ganglion cells and to selectively spare the
melanopsin-expressing retinal ganglion cells.*® La
Morgia et al.?"*'® showed that patents with LHON
and patients with DAO retained melatonin suppression
by light. In postmortem studies, patients with LHON
and patients with DAO had preserved ipRGC and axon
projections to the pretectal area. These findings echoed
prior observations wherein patients with LHON and

with  DAO light
perception®®® and PLR,*** particularly under blue

patients retained  intact
light.<?*<*" This sparing mechanism is currently
unknown, though speculation holds that ipRGCs
are “metabolically robust,” have elevated expression
of cytochrome c oxidase,”’ and express the

adenylate

of which

e32,e33

neuroprotective  peptide  pituitary
cyclase-activating  polypeptide, all
potentially play a role in their resilience.
LHON and DAO present a model for studying

ipRGC involvement in other optic neuropathies.

GLAUCOMA Glaucoma, the foremost optic neurop-
athy characterized by intraocular hypertension, has
been shown to initially affect arcuate retinal nerve fi-
bers and then reliably progress to retinal ganglion cell
perikarya. Unlike LHON and DAO, recent evidence
suggests secondary ipRGC atrophy in glaucoma as
opposed to sparing (figure).*** In 2008, Drouyer

et al.=?°

employed a rat model of chronic intraocular
hypertension and found that rats with elevated pres-
sures required more time to adjust to shifted light-
dark cycles and showed more variability in activity.
Further,

significantly reduced in glaucomatous rats. Wang
€36

cone and melanopsin  mRNA  was

et al.=*® used retrograde labeling to identify retinal
ganglion cells and melanopsin-containing retinal
ganglion cells from projections to the superior
colliculus. These authors illustrated a decreased
number of ipRGCs in comparison to normal
¢3¢ Furthermore, in humans, Beatrix et al.<*”

that
dysfunctional ipRGC-mediated pupillary response.

rats.

showed patients with glaucoma have

In a recent prospective case-controlled study, Perez-
Rico et al.*® compared patients with advanced

glaucoma to age-matched controls and showed
a significantly decreased melatonin suppression to
blue light in the glaucomatous group. Finally,

preliminary data from Cooper at al.®

suggest
a correlation between abnormal circadian rhythms
and advanced glaucoma. ipRGC destruction in
glaucoma provides an important model to study
ipRGC function and potentially provides insight into

symptomatic treatment of glaucoma in the future.

PHOTOPHOBIA IN MIGRAINE A more recent devel-
opment in the melanopsin system’s involvement in
human disease is that of photosensitivity in headache
and migraine. The original hypothesis stemmed from
observation that blind patients with intact light per-
ception exhibited worse photophobia and migraine
exacerbation when compared to their enucleated
counterparts.**** Since this observation, some ani-
mal studies have purportedly ratified this claim.

Assuming the trigeminovascular pathway**!

for
migraine pathophysiology, Noseda et al.*** sought
to identify the location and modulators of second-
order neurons in this path. These authors identified
dura-sensitive neurons in the rat posterior thalamic
nuclear group using single-cell recordings. These
neurons were shown to project to sensory, visual,
and association cortices and abutted axons
emanating from ipRGCs (figure). Most neurons of
the posterior thalamus that were active during
dural stimulation were also responsive to ocular
illumination, suggesting a modulatory role for the
projecting ipRGCs. Furthermore, preliminary data
from a different laboratory also suggested ipRGC
involvement in photophobia of rod- and cone-
deficient mice.®>*> Human studies, on the other
hand, have been less convincing. Kardon et al.**
loosely supported this thesis by demonstrating an
increased photic blink reflex to blue light as opposed
to red light in light-sensitive patients. Lueck et al.,**> on
the other hand, challenged this view in a prospective,
randomized controlled trial. These authors used
multfocal pupillographic objective perimetry with
blue and yellow light to examine pupillary response
and headache severity in patients with migraine. There
was no statistically significant difference in severity or
mean number of headaches with ipRGC stimulation.
They did, however, show a difference in pupillary
response as influenced by recent attacks but this does
not necessarily support the above hypothesis.** Insofar
as photophobia is such a common finding in patients
with migraine headaches, further research will serve to
elucidate a connection to the non—image-forming visual

system.

OTHER CLINICAL IMPLICATIONS Our understand-
ing of the cellular elements of the nonvisual system is
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relatively recent, and as such, several preliminary clin-
ical correlations have been postulated based on animal
studies and remote clinical observations. Recent evi-
dence suggests a role for the non-image-forming
system in vision proper.®!"*%=%# Several animal
studies have traced ipRGC innervation to the lateral
geniculate nucleus. In mouse studies, Ecker et al.*
used a Cre-dependent melanopsin reporter to map
ipRGC projections and reported that beyond the
already known innervations, these cells also
projected to the lateral geniculate nucleus (LGN) as
well as other, previously unknown hypothalamic
structures.'>** In 2005, Dacey et al.'"” described
a giant melanopsin-expressing ganglion cell in primate
retina. This cell is intrinsically photosensitive, exhibits
a complete dynamic range of irradiance coding, is
strongly activated by rods and cones, and projects to
the LGN." These studies provided preliminary
evidence of image-forming integration through the
non—image-forming system. Further investigation
addressing ipRGC’s involvement in and remodeling
of the visual system can help target future therapeutic
strategies for vision loss.

The melanopsin system also appears to play a role
in neonatal light avoidance. During development in
humans and rodents, melanopsin is expressed before
birth**” and the retinohypothalamic tract is already
elaborated and functional.**° Although the role of this
early expression and development is not completely
clear, this seems to be important in immediate post-
natal light avoidance. Johnston et al.’# in 2010 pro-
vided electrophysiologic evidence of light-induced
activity in the ipRGCs of P6 pups without any cross-
talk from the image-forming system. In this study,
they showed that P9 pups turn away upon introduc-
tion of light, presumably to find their way back to
their dark nest.'® In a similar experiment, the same
group subsequently showed that this mechanism was
in fact a response to light as an aversive stimulus and
activated regions in the posterior thalamus and central
amygdala (thought to be responsible for aversion)."
Finally, a study by Rao et al.'®clucidated the ipRGC’s
role (via light stimulation) in prenatal regression of
ocular hyaloid vasculature. Mice that were either null
for melanopsin or those dark-reared from late gesta-
tion showed persistent, overgrown hyaloid vascula-
ture within the eye postnatally. These prenatal and
immediately postnatal studies underscore the mela-
nopsin system’s importance not only in behavior
but also in normal ocular development. Further stud-
ies could contribute to our understanding of vascular
anomalies in the eye or brain'® and could shed further
light on childhood blindness and postnatal behavior.

Finally, a role for melanopsin has emerged in met-
abolic regulation. Typically, mice fed a ketogenic diet
exhibit a 5%-7% loss of body mass over the first
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week of the diet, eventually stabilizing at that reduced
body weight even if maintained on the diet. By con-
trast, melanopsin-null mice exhibit continued weight
loss, never exhibiting any stabilization of body mass,
even after 5 weeks on the ketogenic diet.'"” The mech-
anism leading to this phenotype remains unknown.
Although weight loss is greater in melanopsin-null
mice maintained in a red:dark light:dark cycle than
in wild-type controls, the weight loss phenotype
is also observed in mice maintained in constant
darkness.'”” These data suggest a potential role for
the non—image-forming system in the regulation of
metabolism and point toward a wide range of clinical
implications.

DISCUSSION As insights into the non-image-
forming visual system continue to accumulate, its
clinical role becomes abundantly clear. Since its
discovery, the melanopsin system has been
implicated in the pupillary light response, seasonal
affective disorder, sleep dysregulation of aging,
migraine, glaucoma, and inherited mitochondrial
optic neuropathy. Furthermore, molecular studies
and animal models have broadened these proposed
functions and have unearthed new possible roles for
the non—image-forming visual system in associative
learning, metabolic control, and image formation.
Over the last 13 years, knowledge of this system
and its clinical role has grown exponentially and
points to an encouraging path of inquiry ahead.
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