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Abstract

Physiology and Development of Inner Retinal Photoreception

Timothy J. Sexton

Chair of the Supervisory Committee
Russell Van Gelder, M.D., Ph.D.
Department of Ophthalmology

Melanopsin is the photopigment in intrinsically photosensitive retina ganglion cells
(ipRGCs). Melanopsin endows ipRGCs with a photo-response that can act independently
or be summed directly with input from rods and cones, with ipRGCs acting as the conduit
for all non-visual photic information. ipRGCs project primarily to the suprachiasmatic
nuclei and the olivary pretectal nuclei, subserving circadian entrainment to lighting cycle
and the pupillary light response respectively. Here I examined at 3 aspects of in situ
melanopsin function in whole retina: 1) the melanopsin photocycle, 2) ipRGC recovery
from light and 3) mechanisms of melanopsin adaptation. First, I found that melanopsin is
resistant to bleaching by visible light. Conversely, ultraviolet light (UV) can
substantially bleach melanopsin. Using UV bleaching and retinoid supplementation
techniques, cis-retinal was determined to be the in vivo chromophore preference of apo-
melanopsin. Neither all-trans-retinal nor the Miiller glial photocycle product, cis-retinol,

can restore ipRGC function after UV bleaching. Melanopsin is resistant to chemical



bleaching with hydroxylamine both in light and in darkness, a characteristic of bistable
pigments. In sum, these experiments are consistent with the hypothesis that melanopsin
is a bistable pigment requiring 11-cis-retinal to bind the apo-form to constitute a
functional photopigment. Secondly, I found the ability of ipRGCs to recover from short
and long light exposures decreases over the course of development from postnatal (P) day
8 to P30. A concurrent decrease in photosensitivity is observed over the same period as
measured by on-latency, maximal firing rate, off-latency and total spike count during
light exposure in response to a 1-min duration, 480 nm light stimulus. The age dependent
decrease in recovery cannot be reversed with exogenous 9-cis-retinal supplementation but
can partially be overcome with a 10-fold increase in light intensity, i.e., ipRGCs did not
bleach but adapted to light. This observation suggests that adaptation mechanisms but
not photocycle mechanisms change in ipRGCs over time. The most dramatic difference
is found in the ability of P8 Type 1 ipRGCs to recover nearly completely from a 1-hr 480
nm light exposure within 20-min of incubation in the dark. At all ages studied, all other
ipRGC subtypes recover to more modest levels of 60% or less of the pre-exposure levels
over the course of a 1-hour dark incubation period. Finally, I found that the G-protein
related kinase 2 (GRK2) plays a small role in melanopsin inactivation. I thus
investigated whether the age dependent changes in adaptation were regulated by GRK?2
by knocking out GRK2 specifically in melanopsin expressing cells. Previous in vitro
work indicated GRK2 was responsible for melanopsin inactivation. However, in the
mutant only small increases in the response decay constant and in the off-latencies were
found, indicating that GRK2 is either not the primary, or not the only kinase responsible

for melanopsin phosphorylation.
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Preface

Melanopsin is the photopigment of the intrinsically photosensitive retinal ganglion cells
(ipRGCs), the mammalian eye’s third photoreceptor after rods and cones. ipRGCs control the
pupillary light response (PLR) and entrain the body’s master circadian clock to day length. A
drug to modulate melanopsin function is an enticing goal. This idea was first proposed to me by
my advisor Russell Van Gelder, with the description of “sunshine in a bottle.” Coming from a
background in the molecular and cellular biology of psychiatric disease, I understood such a
drug’s potential to help treat diseases including major depression, bipolar disorder, and in
particular seasonal affective disorder (SAD). In nearly every psychiatric disease circadian
rhythms and sleep are disturbed. While SAD is a unique form of depression in which routine
anti-depressant treatment is largely ineffective, the idea of studying what seemed to be a direct
biological underpinning for the disorder in the form of ipRGCs was intriguing. These cells
respond best to the blue spectrum, the same wavelengths that most effectively treat SAD. The
possibility of a clearer etiology was refreshing after a decade of working on the serotonin
hypothesis of depression, which became ever more convoluted as we learned of serotonergic
subsystems that had opposite effects in different parts of the brain using the same molecular and
cellular machinery.

To find such a drug and understand the disease etiology it mitigates, many puzzles must be
solved. We have known of melanopsin for only a little over a decade; and, while an enormous
amount of work has been done, in that time much about melanopsin’s function remain undefined.
Questions about its most basic biochemical mechanisms such as its photocycle would need to be

more clearly delimited to help develop something akin to “sunshine in a bottle.” Chapter 2 aims



to help in our understanding of the melanopsin photocycle, starting with the basic question of
what melanopsin’s in vivo chromophore preference is. Heterologous expression systems have
shown that the chromophore 11-cis-retinal is necessary for melanopsin’s light response. They
also showed that the retinaldehyde isomer all-frans-retinal could produce a comparatively small
light response. These findings, along with melanopsin’s phylogenetic position, suggested that
melanopsin was a bistable pigment. Here I addressed the same questions for the first time for in
situ melanopsin in intact retina.

The vast majority of work in the lab had been done with early post-natal P8-P10 mice. For
purposes of direct comparison with past work, and because recordable ipRGCs are most
abundant at those ages, in Chapter 2 I used P8-P10 animals for bleaching and supplementation
experiments to determine melanopsin’s chromophore preference. Bleaching ipRGCs with
visible light (centered at melanopsin’s maximal absorption peak of 480 nm) was ineffective in
depleting activity in ipRGCs. Instead, UV light exposure centered at 365 nm was used to reduce
firing to a minimum by directly activating melanopsin and breaking down endogenous retinoids
that could be used as a source of new chromophore. In addition to testing the question of
melanopsin’s bistability in situ, I examined the ability ipRGCs to use the Miiller glial cell based
photocycle, which produces the alcohol 11-cis-retinol. This photocycle is used by the cones, and
is the only other known photocycle in the retina. It also appeared to be a good candidate source
of chromophore since Miiller glial cells form synaptic-like connections with ipRGCs that allow
synaptic jumping virus to move from ipRGCs to Miiller cells. Such close approximation has not
been observed between Miiller cells and other retinal ganglion cells(Viney et al., 2007). While |
found evidence for ipRGC’s use of 9-cis-retinal, an analog of 11-cis-retinal, to reconstitute

bleached activity, I could not demonstrate efficacy for retinol. As a complement to UV



bleaching, I also attempted bleaching in situ melanopsin with the chemical hydroxylamine, both
in the dark and in the light to simulate conditions under which cone opsin and rhodopsin can be
bleached respectively. Hydroxylamine does not bleach ipRGCs, which is a characteristic of
rhabdomeric photoreceptors and their bistable opsins, suggesting that melanopsin is a bistable
pigment, but one requiring 11-cis-retinal for initial chromophore binding.

Following up on the bleaching and supplementation studies of Chapter 2, I attempted to
repeat the studies in isolated ipRGCs whose activity would be monitored via patch clamping.
Finding a faithful marker for ipRGCs for in vitro isolation proved frustrating. To learn patch
clamping while searching for a suitable marker, my first “assignment” was to look at ipRGC
light pulse integration time in intact retina. Defining integration over very short intervals would
help in understanding more about the kinetics of melanopsin activation and inactivation. From
this information, molecular mechanisms of could be postulated and tested. However, leaky
genetic markers available for melanopsin expression made these experiments impractical.
Concurrently, I looked at integration times using MEA recording as I had done for the earlier
bleaching and supplementation work. Primarily these experiments investigated the possibility of
very long integration times for sub-threshold light to produce cell firing in both young and older
animals. Unfortunately, others published those results before I was able to complete my
analysis. From my data, however, I found distinct difference in ipRGC light responses in older
and younger animals. At the same time, studies were published demonstrating melanopsin’s
involvement in post-natal retinal development, including the time period in which I saw light
response differences. The experiments in Chapter 3 aim to describe the developmental changes
of ipRGC responses. Understanding changes over time and defining adaptation times more

clearly would also help when isolated ipRGCs could be obtained technically. It would provide a



benchmark against which isolated cell responses could be measured. To that end I not only
characterized changes in light response dynamics at different ages but also recovery from short
and long light exposures.

I demonstrated that developmental differences in ipRGCs ability to recover from light
exposure appeared to be a function of age-dependent changes in adaptation and not in the
photocycle. As recovery changes with time, this gives means for understanding mechanisms.
Adaptation changes could be at any of the steps downstream of melanopsin activation and
probably at many. I began at the most proximal point of GPCR inactivation mechanisms,
phosphorylation. Data from in vitro studies suggested GRK2 controlled melanopsin inactivation
via phosphorylation. I used a GRK2 knockout animal to look at the inactivation kinetics of
melanopsin mediated firing in ipRGCs. However, only modest changes to firing inactivation
were observed, suggesting GRK2 plays only a small role or that compensatory changes occurred

in the knockout to normalize cell function. These studies are described in Chapter 4.



Chapter 1: Introduction: Melanopsin and mechanisms of non-visual ocular
photoreception

This chapter was published previously

Sexton, T., Buhr, E., & van Gelder, R. N. (2012). Melanopsin and Mechanisms of Non-
visual Ocular Photoreception. Journal of Biological Chemistry, 287(3), 1649—1656.

Summary

In addition to rods and cones, the mammalian eye contains a third class of photoreceptor, the
intrinsically photosensitive retinal ganglion cell (ipRGC). ipRGCs are heterogeneous irradiance-
encoding neurons that primarily project to non-visual areas of the brain. Characteristics of
ipRGC light responses differ significantly from rod and cone responses, including depolarization
to light, slow on- and off-latencies, and relatively low light sensitivity. All ipRGCs use
melanopsin (Opn4) as their photopigment. Melanopsin resembles invertebrate rhabdomeric
photopigments more than vertebrate ciliary pigments, and uses a G, signaling pathway in
contrast to the G; pathway used by rods and cones. ipRGCs can recycle chromophore in the
absence of retinal pigment epithelium, and are highly resistant to vitamin A depletion. This
suggests melanopsin employs a bistable sequential photon absorption mechanism typical of

rhabdomeric opsins.



ipRGCs discovery

In 1927, Clyde Keeler noted that the blind rodless mouse retained pupillary light responses
(PLR) despite apparent degradation of all rod and cone photoreceptors (Keeler, 1927). Over 50
years later, Ebihara and colleagues similarly noted that mice with the same outer retinal
degeneration mutation (now called rd/) continue to synchronize their circadian rhythms to light-
dark cycles despite apparent visual blindness (Ebihara and Tsuji, 1980). Extensive experiments
by Foster and colleagues in the 1990s demonstrated that preservation of light entrainment of the
circadian clock was not a unique phenomenon to the »d/ mutation, but was observed after the
introduction of synthetic outer retinal degeneration gene constructs (Freedman et al., 1999).
However, circadian entrainment to light was lost in both anophthalmic mice lacking eyes
(Laemle and Ottenweller, 1998) as well as those blind from optic nerve hypoplasia (Math5-/-)
(Wee et al., 2002). These results demonstrated that a photoreceptive cell must be preserved in

eyes of animals with complete outer retinal degeneration.

In 2002, Berson and colleagues used a retrograde tracing technique to identify retinal
ganglion cells projecting specifically to the master circadian pacemaker, the suprachiasmatic
nucleus (SCN) of the hypothalamus (Berson et al., 2002). Patch clamp recording of these cells
revealed they were intrinsically photosensitive; these cells have subsequently been called
intrinsically photosensitive retinal ganglion cells (ipRGC) or alternately photosensitive retinal
ganglion cells (pRGC) (we will use the former term in this review). ipRGCs constitute 2-3% of
retinal ganglion cells, and project in the mouse brain primarily to non-visual centers including
the SCN, the olivary pretectal nucleus (OPN, locus of the PLR), and the intergeniculate leaflets

of the geniculate nuclei (IGL) (Hattar et al., 2002; Hattar et al., 2006).



The identity of the photopigment subserving the ipRGC became a critical question. Two
candidates were postulated: melanopsin and cryptochrome. Melanopsin (Opn4) was discovered
in 1998 by Provencio and Rollag, who identified this novel opsin from the dermal melanophores
of Xenopus (Provencio et al., 1998). The mammalian homologue was found to be expressed in a
small subset of retinal ganglion cells (Provencio et al., 2000; Provencio et al., 2002).
Cryptochrome is a flavin-based photopigment which subserves circadian entrainment in
Arabidopsis and Drosophila (Oztiirk et al., 2007). There are two mammalian cryptochrome
homologues (Cryl and Cry2), which are also expressed in the inner retina (Thompson et al.,
2004). Interestingly, knockouts of either Opn4 or Cryl,;Cry2 in mice do not prevent circadian or
diurnal entrainment to light-dark cycles, nor eliminate the pupillary light response (Panda et al.,
2002; Ruby et al., 2002; Lucas et al., 2003). However, when Opn4 knockout mice are combined
with homozygous rdI mutation (Panda et al., 2003) (or equivalently compounded with Gnat!
and Cng3a mutations to eliminate outer retinal photoreceptive function (Hattar et al., 2003)),
mice lose all circadian entrainment and pupillary light response, while these phenomena are at
least partially preserved in Cryptochrome null mice with retinal degeneration (Van Gelder, 2003).
These results demonstrated that melanopsin is necessary and sufficient for inner retinal

photoreception.

Subtypes of ipRGCs and neural connections

Subsequent work has confirmed that the ipRGC population and the melanopsin-expressing
cell population are identical (Gooley et al., 2001; Hattar et al., 2002). Initially, the melanopsin

containing ganglion cells were believed to be a homogenous cell population carrying photic



information to the SCN, OPN, and IGL. However, further analysis of anatomic and functional
properties of genetically labeled ipRGCs has revealed deeper complexity, with the identification
of distinct subtypes of ipRGCs (Figure 1) (Tu et al., 2005; Baver et al., 2008). The SCN receives
input primarily from “M1” ipRGCs, which are characterized anatomically by dendritic
arborization in the outer sublamina of the inner plexiform layer of the retina (IPL) (Baver et al.,
2008). The OPN receives innervation from both M1 cells and “M2” cells, whose dendritic fields
are found in the inner sublamina of the IPL (Baver et al., 2008). M1 cells primarily utilize
melanopsin-dependent intrinsic photosensitivity, while M2 cells appear to rely more on

conveyance of light information from upstream rods and cones (Schmidt and Kofuji, 2009).

More sophisticated, genetically-based anatomic tracing tools have recently uncovered a more
diverse assortment of ipRGC subtypes. By combining mice expressing Cre recombinase under
the control of the Opn4 promoter and Cre-activated reporters such as GFP or alkaline
phosphatase, Ecker and colleagues were able to identify cells which express melanopsin at low
levels or transiently (both of which are undetectable by immunostain or 3-galactosidase) (Ecker
etal., 2010). This revealed approximately 2000 melanopsin labeled cells in each mouse retina
compared to the roughly 600-800 M1 cells detected by analysis of p-galactosidase in Opn4'“"**
mice (Hattar et al., 2002; Ecker et al., 2010). The family of ipRGCs has now been expanded to
include the previously described M1 and M2 cells, as well as bistratified M3 cells which are
functionally similar to M2 cells (Berson et al., 2010; Schmidt and Kofuji, 2011) and M4 cells
which are characterized by their large soma size and dendritic field (Ecker et al., 2010) (as well
as perhaps a rare M5 classification). Using this distinction, Ecker, et al. showed that M2-4 cells

send processes to diverse brain regions including areas involved in visual processing such as the

dorsal and ventral subregions of the lateral geniculate nucleus (in addition to the aforementioned



IGL) and the superior colliculus (Ecker et al., 2010). Intriguingly, these melanopsin RGCs
function in visual circuits and cause cellular activity in the visual cortex of two different types of
“melanopsin only” mice lacking conventional photoreceptors (Brown et al., 2010; Ecker et al.,
2010). M2-MS5 cells show much weaker intrinsic photoresponses than M1 cells, and may
function in vivo primarily as conduits for outer retinal-derived light signals (see below) (Ecker et

al., 2010).

Using additional molecular genetic labeling tools, Chen, et al. (Chen et al., 2011) found a
further subdivision in projections among M1 cells. Brn3b is a marker for retinal ganglion cells,
but is not expressed in all ipRGCs (Badea et al., 2009; Chen et al., 2011). Brn3b-positive M1
ipRGCs cells make up the majority of projections to the OPN whereas Brn3b-negative M1 cells
project mainly to the SCN. In keeping with this anatomical distinction, mice in which Brn3b
positive ipRGCs have been ablated using a targeted diphtheria toxin show severely reduced PLR
but normal photo-entrainment and masking in light:dark cycles (Chen et al., 2011). The full

diversity of ipRGC types continues to expand (Figure 1).

Redundant and unique ipRGC photoreceptor functions in behavior and physiology

As noted above, mice lacking melanopsin continue to show PLRs and circadian entrainment,
as do mice lacking rods and cones (Panda et al., 2002; Ruby et al., 2002; Lucas et al., 2003).
Two models could explain this redundancy. First, ipRGCs could receive outer retinal input from
rod- and cone-based pathways and pass this signaling on to downstream brain nuclei, such as the
SCN and OPN, signaling in series. Alternatively, non-ipRGC ganglion cells could transduce

outer retinal signals to these brain regions in parallel with ipRGCs. Analysis of mice in which



ipRGCs were ablated using diphtheria toxin (Giiler et al., 2008; Hatori et al., 2008) or using toxic
antibodies (Goz et al., 2008) showed complete loss of circadian entrainment and PLR, consistent
with the serial model in which all non-visual signaling is transduced by ipRGCs. Because rods
and cones provide input to ipRGCs, the contributions of these outer photoreceptors and the
intrinsic photosensitivity of melanopsin can sum under normal conditions to affect behavior.
Mice carrying null alleles of melanopsin still entrain to light:dark cycles, but show reduced
behavioral phase shifts in response to brief light pulses and reduced circadian period lengthening
in response to constant light (Panda et al., 2002). Conversely, mice with melanopsin as their
only photoreceptors entrain to light:dark cycles and phase shift to bright light pulses
indistinguishably from wild-types (Freedman et al., 1999; Panda et al., 2003). Melanopsin
appears to exert its unique influence on behavior at bright light intensities or exposures of long
duration. For example, the PLR response of mice without melanopsin appears normal at low
light intensities and for short durations; however, at high light intensities the response is reduced
and at long durations of high intensity the pupil begins to escape constriction (Lucas et al., 2003;
Zhu et al., 2007). Similarly, negative masking, or the suppression of behavioral activity by light
exposure, is also lost over several-hour-long light durations in Opn4” mice (Mrosovsky and
Hattar, 2003). Being nocturnal, mice and rats naturally confine the majority of their sleep during
the light portion of a light:dark cycle. However, short bouts of sleep are induced during the night
if light is presented at an inappropriate phase (Benca et al., 1998). In mice lacking melanopsin,
this acute light-mediated sleep induction is lost (Altimus et al., 2008; Lupi et al., 2008; Tsai et al.,
2009). These effects on circadian entrainment and sleep in melanopsin deficient animals may
give insight into the higher incidence of seasonal affective disorder (SAD) among humans who

carry a particular allele of the melanopsin gene (Roecklein et al., 2009).

10



Although a lack of melanopsin is associated with the deficiencies discussed above, the
influence of rod and cone photoreception on ipRGCs should not be understated. Photo-
entrainment, PLRs, and other non-visual light-mediated behaviors function normally at low light
intensities without melanopsin (Hattar et al., 2003; Panda et al., 2003; Giiler et al., 2008).
Distinct responses from outer photoreceptors and melanopsin can be observed at the level of the
SCN (Brown et al., 2011). At scotopic light intensities rods alone are sufficient for photo-
entrainment, and even at photopic light levels at which rods cannot support pattern vision they
signal through cones to support entrainment (Altimus et al., 2010). Cones can also mediate
circadian phase shifting, but with short light exposures. Mice lacking cones sensitive to middle
wavelength light exhibit reduced phase shifting in response to pulses of green light for 15-min or
shorter, but behave similarly to wild-type animals when exposed to light of shorter wavelength
or longer pulses of middle wavelength light (Dollet et al., 2010). To spectrally separate cone
input from other photoreceptors, Lall ef al. utilized mice in which the mouse middle wavelength
cones were replaced with human long wavelength sensitive cones (Lall et al., 2010). In these
mice long durations of long wavelength light yields weak phase shifts, but the same number of
photons delivered as discontinuous 15-min pulses produces phase shifts similar in magnitude to
those observed in response to melanopsin/rod stimulating wavelengths of light. It is likely that in
an animal with functional rods, cones, and melanopsin all three photoreceptors play a role in
photic entrainment, PLR, and masking, but exert their strongest influence at specific wavelengths,

intensities, and stimulus durations.
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Role of melanopsin during retinal development

Melanopsin is expressed early in retinal development, at about embryonic day 10 (E10).
Melanopsin-containing ganglion cells are light responsive from birth (Tarttelin et al., 2003;
Fahrenkrug et al., 2004; Sekaran et al., 2005; Tu et al., 2005), making them the first light-
sensitive cells functional in the newborn retina. At birth the projections from the ipRGCs sit
poised at the ventral surface of the SCN and begin sending projections into the SCN between
postnatal day 1 (P1) and P4 (Mufioz Llamosas et al., 2000; Sekaran et al., 2005; McNeill et al.,
2011). Additionally, the number of melanopsin-containing ganglion cells decreases dramatically

between PO and P19 (Tu et al., 2005).

Rod and cone circuitry to RGCs is not functional until at least P10 in mice (Ratto et al., 1991;
Bakall et al., 2003; Tian and Copenhagen, 2003). Might the early expression of melanopsin in
ipRGCs have functional significance during development? Negative phototaxis, or an avoidance
of bright light is observed in mouse pups as early as P6 and is dependent on the presence of
melanopsin (Johnson et al., 2010). Melanopsin also contributes to the light-mediated segregation
of ipsi- and contralateral retinogeniculate projections during visual development (Renna et al.,
2011). This contribution to segregation of retinal efferents coincides with a melanopsin-
dependent enhancement of waves of retinal activity observed in early postnatal development

(Renna et al., 2011).

12



Physiology of ipRGC photosensitivity

Currently, two melanopsin gene families are recognized (Bellingham et al., 2006). The
originally identified gene from Xenopus represents one family found in all vertebrates except
mammals, and is designated Opn4x. The second gene family, Opn4m, occurs in all vertebrates
surveyed but is the only melanopsin gene found in mammals. Comparison of the phylogenetic
position of the two families indicates that they split at a very early point in vertebrate evolution.
Both melanopsin families share greater sequence similarity to the opsins found in invertebrate
rhabdomeric photoreceptors than vertebrate ciliary photoreceptors, displaying 39% and 30%
sequence similarity, respectively (Provencio et al., 1998) (Figure 2A). Specific similarities to
rhabdomeric opsins include the presence of an aromatic versus acidic counter ion, balancing the
charge of the Schiff base linkage between the opsin and retinal, and the insertion of a
rhabdomeric-like sequence in a portion of the third cytoplasmic loop associated with G-protein

specificity (Figure 2B) (Provencio et al., 1998).

As the phylogenetic position suggests, melanopsin and ipRGC function is different from
cilliary photoreceptor function. Whereas light causes a graded hyperpolarization in rods and
cones, light leads to depolarization and the production of action potentials in ipRGCs. The exact
mechanism by which this is accomplished is still not well understood, but likely resembles the
steps occurring in rhabdomeric photoreceptors, where opsins, such as those found in Drosophila
photoreceptors, are coupled to a G¢/phospholipase C (PLC) second messenger cascade that
induces depolarizing currents in the cell by activation of transient receptor potential (TRP) and
TRP-like channels (Hardie and Raghu, 2001; Hardie, 2011). This contrasts with the mechanism
of ciliary opsin, such as in mammalian rhodopsin, which couple to a Guansdaucin/phosphodiesterase

(PDE) cascade that leads to hyperpolarizing currents via a cyclic-nucleotide-gated ion channel

13



(Palczewski, 2006).

The definitive second messenger cascade of melanopsin has not been established but does
appear to utilize G4 family signaling. When melanopsin is expressed in heterologous expression
systems, general disruption of G-protein signaling interferes with melanopsin-dependent light
responses (Melyan et al., 2005; Qiu et al., 2005). Additionally, G, inhibitors and antibodies as
well as PLC inhibitors reduce light responses (Panda et al., 2005; Qiu et al., 2005) but Gj/,
inhibitors do not (Melyan et al., 2005). In ipRGCs, the light response has been shown to occur in
isolated ipRGC membranes, where G4 and PLC inhibitors but not other G-protein inhibitors alter
the light response (Graham et al., 2008) suggesting that melanopsin uses a Gq family (Gg/11/14)

pathway.

The channel(s) activated to produce the membrane depolarization remain to be determined.
TRP channels have been suggested as the effector channels, as they are the mammalian
homologue of invertebrate TRP channels activated by rhabdomeric opsins (Hardie and Postma,
2008). In particular TRPC 6 and 7 are of interest as they are localized to ipRGCs (Warren et al.,
2006; Hartwick et al., 2007). However, light-dependent ipRGC activity is preserved in mice
lacking either TRPC3, 6, or 7 (Perez-Leighton et al., 2011). It is only when both TRPC6 and
TRPC7 are knockout that the ipRGC light response is dramatically reduced but not absolutely

abolished(Xue et al., 2011).

Compared with rhodopsin, melanopsin appears to be expressed at low levels in ipRGCs,
estimated to be 1/10,000 rhodopsin density (Do et al., 2009). The sum effect of the low pigment
density, long-lasting meta-state, and Go/PLC signaling are light responses that, compared with

rods and cones, are very slow in onset, relatively insensitive, and very slow to inactivate (Tu et
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al., 2005). Latencies from lights-on to ipRGC firing can be several seconds, while off-latencies
can be up to tens of seconds from lights-off. Latency is directly related to the light intensity, as
are the cells’ maximal and steady state firing rates, with high intensity lights leading to shorter
on-times, longer off-times and higher firing rates (Berson, 2003; Tu et al., 2005). Irradiance
response relationships recorded with multi-electrode array techniques show threshold
sensitivities of 1 x 10" to 1 x 10" photons/cm?/s for individual ipRGCs, with peak sensitivity at
480 nm and an action spectrum consistent with the Dartnell nomogram for opsin photoreception
(Tu et al., 2005). The proportionality of response times and firing rates to light intensity is
consistent with the concept that ipRGCs are irradiance detectors rather than photoreceptors

subserving vision.

Mechanisms of melanopsin pigment regeneration

Ciliary opsins require regeneration of chromophore in a second cell type (Figure 3A). The
dominant retinal recycling mechanism in the mammalian retina is located in the retinal pigment
epithelium (RPE). There, all-frans-retinal is converted back to 11-cis-retinal by a series of
enzymes including lecithin:retinol acyltransferase (LRAT) and the rate-limiting enzyme, RPE65
(Kiser et al., 2011). The 11-cis-retinal is then returned to photoreceptors. Initial reports
indicated that ipRGC function was dependent upon the retinal epithelium (RPE)-based
photocycle (Fu et al., 2005; Doyle et al., 2006). Knock-outs of the genes for those two critical
enzymes in the RPE photocycle mentioned, Rpe65 and Lrat, yields a 100-fold less sensitive PLR
compared with wild-type. However, ipRGC sensitivity, measured in isolated retina on

multielectrode arrays is unchanged in Rpe65 and Lrat knockout mice (Tu et al., 2006). In
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addition, acute poisoning of the RPE photocycle with all-¢rans-retinylamine does not alter PLR
sensitivity in mice in which ipRGCs are the only functioning photoreceptor (Tu et al., 2006).
Retinoid depleted outer retina seems to inhibit inner retina activity but the RPE photocycle itself

is not necessary for ipRGC function.

A major biochemical difference between ciliary and rhapdomeric opsins is the mechanism of
chromophore regeneration. After a ciliary opsin absorbs a photon of light, 11-cis-retinal is
isomerized into all-frans-retinal and released from the opsin protein (Palczewski, 2006).
Regeneration of the chromophore then requires its transport to a second cell type with the
enzymatic machinery to re-isomerize the trans- to 11-cis-retinal (Figure 3A) (Kiser et al., 2011).
In rhabdomeric opsins, all-trans-retinal is not released from the opsin. Instead, the opsin absorbs
a second photon at a specific reversing wavelength and re-isomerizes all-trans- to 11-cis-retinal
(Figure 3B). These opsins are thus 'bistable' and feature an activated form, or meta-state, of the
opsin that is thermally stable for seconds to minutes (whereas the meta-state of vertebrate ciliary
opsins is extremely labile, lasting only milliseconds (Hillman et al., 1983; Hardie and Raghu,
2001)). Bistable pigments may have a secondary method of chromophore regeneration that
relies upon other isomerases that are light dependent (Seki, 1984; Robles et al., 1995) and
located with in the cell or light independent and take place in a second cell type (Wang et al.,
2010) (Figure 3B). If melanopsin is indeed rhapdomeric-like, such a bistable mechanism could
help explain the remarkable resistance of ipRGC function to systemic vitamin A depletion
(Thompson et al., 2001). The question of melanopsin bistability has been most thoroughly
investigated in heterologous cellular expression systems. In these systems, light responses are
dependent upon the addition of retinoid, with 11-cis and 9-cis-retinal producing the most robust

responses. Use of all-trans-retinal produces a response one-tenth to one-quarter that found with

16



cis-retinal, but this response increases with long exposure to high levels of light at wavelengths
greater than 540 nm, or with the co-expression of arrestin with melanopsin and the use of white
light (Melyan et al., 2005; Panda et al., 2005). However it is unclear if light exposure is directly
isomerizing all-trans-retinal bound to melanopsin or is photoconverting all-trans-retinal free in
solution into cis-conformations that then bind to apo-melanopsin. Attempts to demonstrate
long-wavelength photoreversal in vivo have had mixed and conflicting results. Mure et al.

(Mure et al., 2007) demonstrated that pre-exposure of mice to long-wavelength light (630 nm)
potentiated cell firing responses in the SCN in response to blue light (480 nm), suggesting in vivo
photoreversal. Presumably this was through increased ipRGC activity, as no potentiation in SCN
activity in melanopsin null animals was observed. However, attempts to replicate this result
studying ipRGC firing in isolated retina by MEA and an identical light protocol found no

changes in ipRGC activity (Mawad and Van Gelder, 2008).

However, even a mechanism of bistability does not fully explain the behavior of melanopsin.
Routinely, after a 1-min 480 nm light exposure in vitro, full ipRGC activity is seen after 5-min of
dark incubation (Tu et al., 2005). Restoration of activity in the dark is not consistent with a
purely bistable pigment, and requires a mechanism whereby all-trans-retinal in the dark is
converted back to 11-cis-retinal. Such a mechanism is suggested by the work of Terakita et al.,
(Terakita et al., 2008). Using purified, recombinant Amphioxus melanopsin, this group showed
restoration of the activated melanopsin absorption spectrum towards the pre-exposure spectrum
after a 5-min dark incubation. With a subsequent exposure to orange light, the absorbance
spectrum fully returned to its pre-exposure appearance. Therefore multiple mechanisms of

chromophore regeneration are possible (Figure 4A)

A second retinal photocycle has been described for cone photopigment recycling.
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Characterized initially in the cone-dominant chicken retina and localized to the Miiller glial cells,
this cycle has been found recently in mouse and primate retina (Wang et al., 2009; Wang and
Kefalov, 2009). This pathway works in parallel to the RPE photocycle to supply cones with
chromophore. This mechanism provides cones with the alcohol 11-cis-retinol, which cones (but
not rods) are capable of converting to 11-cis-retinal (Wang and Kefalov, 2011). Miiller glial
cells have closer contacts with ipRGCs than with other RGCs (Viney et al., 2007). Therefore it
is possible that ipRGCs make use of the Miiller glial photocycle, although this has not been

demonstrated to date (Figure 4B).

Melanopsin purification

A major impediment to the study of mammalian melanopsin has been its scarcity. While
Amphioxus melanopsin has been purified and studied in vitro (Koyanagi and Terakita, 2008;
Terakita et al., 2008; Gomez et al., 2009), the paucity of melanopsin-expressing cells in the
mammal (i.e. 2000 cells in the murine retina) makes purification from in vivo sources unfeasible.
Heterologous expression systems for opsins are fraught with issues of proper protein folding and
secondary modifications that could alter characteristics such as absorption spectra (Newman et
al., 2003; Melyan et al., 2005). For example, heterologously-expressed and purified mammalian
melanopsin in one study had a peak absorption spectrum between 420 nm and 440 nm,
approximately 50 nm blue-shifted compared with in vivo sensitivity (Newman et al., 2003).
Only one study, Walker et al., (Walker et al., 2008) has been able to partially characterize native
mammalian melanopsin in situ by a process of immuno-magnetic enrichment of ipRGCs from

multiple retinas. HPLC analysis of the melanopsin purified from dark-adapted retinas showed
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only 11-cis-retinal present, while ipRGCs exposed to a brief flash of 480 nm light contained
predominately all-trans-retinal with small amounts of 11-cis-retinal. In addition this group
found some evidence for the production of two photoproducts in the difference spectrum of
illuminated, solubilized melanopsin and the subsequent acid-trapping of the illuminated pigment.
However changes in the difference spectrum were very small, presumably because of limited

starting material and the scarcity of ipRGC:s.

Frontiers of melanopsin research

Understanding the molecular mechanisms of non-visual ocular photoreception assumes
increased importance as melanopsin begins to be used as a means to confer light sensitivity on
cells. Lin ef al. were able to confer widespread photosensitivity to blind retinas by virally-
mediated transduction of melanopsin (Lin et al., 2008), restoring some visual function to blind
mice with this process. Ye et al. have recently utilized melanopsin to create an opto-genetic
system capable of secreting glucagon-like peptide 1 in response to light in synthetic implants for

the treatment of diabetes (Ye et al., 2011).

Given that ipRGCs were definitively identified less than 10 years ago, tremendous progress
has occurred in understanding this important pathway in a relatively short time. Several
important questions, however, await answer in the years ahead. The functional redundancy of
rod/cone 'through-signaling' and intrinsic photosensitivity still remains incompletely
characterized. What selective pressures have retained melanopsin in this system when its
function can be largely subsumed by outer retinal photoreceptors? The exact signal transduction

mechanism for melanopsin also remains unclear, in particular the identities of effector cation
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channels in ipRGCs. The photocycle of melanopsin remains poorly characterized. It is clearly
independent of retinal pigment epithelial function, but whether it is cell autonomous (as
heterologous expression experiments would suggest) or relies on a second cell type for
chromophore recycling remains to be determined. And of course, ultimate understanding of
mechanisms of melanopsin-based photoreception await purification of the pigment and
determination of its three-dimensional structure and native chromophore dynamics, which awaits
development of scalable heterologous expression systems that faithfully produce functional

pigment.
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Figure 1
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Figure 1. ipRGC subtypes. An illustration of the morphologic and molecularly defined
subtypes of ipRGCs (M1-MS5, and M1 Brn3b transcription factor positive and negative)
with neural projections including the suprachiasmatic nucleus (SCN), olivary pretectal
nucleus (OPN), lateral geniculate nucleus (LGN), and the intergeniculate leaflet (IGL) of
the geniculate nucleus

21



Figure 2
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Figure 2. Melanopsin’s structural relationship to other opsins. A) Dendrogram of
melanopsin’s relatedness (Opn4m and Opn4x) to other members of the opsin family
demonstrating melanopsin’s close relationship to rhapdomeric opsins. B) 2-D diagram of
human melanopsin based on the structures of bovine rhodopsin (Hargrave and McDowell,
1992; Palczewski et al., 2000) and squid rhodopsin (Murakami and Kouyama, 2008).
Amino acids in white are commonly used in sequence comparisons within and between
species. Highlighted amino acids include the retinal attachment site in orange, K300, the
two proposed Schiff base counterions in black, Y106 and E175 and a rhabdomeric-like
G-protein specificity sequence in black, A268-K276. C-terminal and N-terminal
structures of rhodpsins are not understood as well as the core transmembrane domain.
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Figure 3
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Figure 3. A summary of chromophore recycling steps. Illustrated are steps for A)
ciliary and B) rhabdomeric photoreceptor photocycles. Difference between a sequential
bistable mechanism of chromophore regeneration seen in rhabdomeric photoreceptors
and the thermally unstable activation of opsins in ciliary photoreceptors are illustrated. A
blue lambda indicates light activation of opsin from ground- to meta-state and conversion
of the retinoid from the cis to trans conformation. A red lambda indicates the sequential
absorption of a photon at a second wavelength that converts the meta-state to the ground-
state and reisomerizes the retinoid back to the cis conformation. Note, rhabdomeric
photoreceptors often use alternate retinoids such as 11-cis-3-hydroxy-retinal (3-OH-11-
cis-retinal) in Drosophila used in the example above.
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Figure 4
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Figure 4. Potential models for cell-autonomous and non-autonomous melanopsin
chromophore recycling. A) Three potential models for cell-autonomous chromophore
recycling, including photo-reversal, intrinsic dark isomerase, and second isomerase
mechanisms. These mechanisms are not mutually exclusive. B) Model for non-
autonomous pigment recycling using Miiller glial-based recycling. X indicates block to
LRAT or RPE65, neither of which disrupt ipRGC function. Anatomic structures shown
include the retinal pigment epithelium (RPE), photoreceptor layer (PRL), outer nuclear
layer (ONL), outer plexiform layer (OPL), inner nuclear layer (INL), inner plexiform
layer (IPL), ganglion cell layer (GCL), and the optic fiber layer (OFL).
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Chapter 2: Resistance of melanopsin to light and chemical bleaching in vivo

This chapter was published previously

Sexton, T. J., Golczak, M., Palczewski, K., & van Gelder, R. N. (2012).
Melanopsin is highly resistant to light and chemical bleaching in vivo. Journal of
Biological Chemistry, 287(25), 20888—20897.

Abstract

Melanopsin is the photopigment of mammalian intrinsically photosensitive retinal
ganglion cells (ipRGCs), where it contributes to light entrainment of circadian rhythms,
and to the pupillary light response. Previous work has shown the melanopsin photocycle
is independent of that used by rhodopsin (Tu et al., 2006). Here we determined the
ability of apo-melanopsin, formed by ex vivo ultraviolet (UV) light bleaching, to use
selected chromophores. We found that 9-cis-retinal, but not all-trans-retinal or 9-cis-
retinol, is able to restore light-dependent ipRGC activity after bleaching. Melanopsin
was highly resistant to both visible-spectrum photic bleaching and chemical bleaching
with hydroxylamine under conditions that fully bleach rod and cone photoreceptor cells.
These results suggest that the melanopsin photocycle can function independently of both
rod and cone photocycles, and that apo-melanopsin has a strong preference for binding
cis-retinal to generate functional pigment. The data support a model in which retinal is
continuously covalently bound to melanopsin and may function through a reversible,

bistable mechanism.
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Introduction

In addition to rods and cones, mammalian retinas contain a population of intrinsically
photosensitive retinal ganglion cells (ipRGCs) (Peirson and Foster, 2006; Guler et al.,
2007; Do and Yau, 2010). These photoreceptive cells are found in a small subpopulation
of ganglion cell neurons that primarily project to areas of the brain involved in circadian
rhythm orchestration and pupillary light responses (Chen et al., 2011). Unlike rods and
cones, which employ rhodopsin and cone pigments for phototransduction, ipRGCs use
melanopsin (Hattar et al., 2003; Panda et al., 2003; Tu et al., 2005). All opsins utilize cis
to trans isomerization of the retinaldehyde chromophore as the primary photoreceptive
event, and must regenerate the cis chromophore to regain photosensitivity. Although
photocycles for chromophore regeneration of rhodopsin and, to a lesser extent, cone
opsins, are well understood (Kuksa et al., 2003), the mechanisms of melanopsin pigment
regeneration are less well studied (Fu et al., 2005; Nickle and Robinson, 2007; Walker et
al., 2008). Previous work demonstrated that melanopsin can function independent of the
retinal pigmented epithelium-based photocycle that forms the basis for all rod and most
cone pigment regeneration (Tu et al., 2006). The bleaching characteristics of melanopsin

in situ have not been systematically studied to date
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Methods
Tissue preparation

C57Bl/6 mice (Jackson Laboratories, Bar Harbor, ME) were used as the wildtype
strain. Melanopsin knockout mice (Opn4”") were bred in a mixed 129/C57/Bl6
background (Panda et al., 2002). For analysis of ipRGC responses, multi-electrode array
recordings were obtained from wildtype animals at ages P8-P10 or P13-16 (Tu et al.,
2005). Opn4”™ P13-16 mice were used to record rod- on cone-driven responses. Mice
were maintained in a 12:12 hr light-dark cycle. All experiments were performed in
accordance with Association for Research in Vision and Ophthalmology guidelines for

animal studies, under an approved animal study protocol at the University of Washington.

All procedures were performed under dim red light illumination. Mice were
euthanized by CO; narcosis and cervical dislocation. Isolated mouse retinas were cut into
squares and positioned with the vitreal face in contact with a multielectrode array (MEA)
(Multi Channel Systems, Reutlingen, Germany) and superperfused (2 ml/min) with a
bicarbonate-buffered physiologic solution (125 mM NacCl, 2.5 mM KCI, 1 mM MgCl,,
1.25 mM NaH,PO,4, 20 mM glucose, 26 mM NaHCOs, 2 mM CacCl,, 500 uM glutamine)
oxygenated with 95% 0,/5% CO; to obtain a pH of 7.4. The temperature of both
perfusate and tissue chamber was maintained at 33.0°C. For ipRGC recordings from
wildtype P8-10 mouse retinas, spontaneous retinal waves (Wong et al., 2000) (as well as
any input from rod and cone photoreceptors), were suppressed by using glutamatergic [50
uM d(2)-2-amino-5-phosphonopentanoic acid (d-AP5); 20 uM d(-)-2-amino-4-

phosphonobutyric acid (d-AP4), 10 uM CNQX] and cholinergic (5 nM epibatidine)
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inhibitors (Tocris Biosciences, Ellisville, MO). For ipRGC recordings from wildtype
P13-16 mouse retinas only glutamatergic blockade was used [100 uM d(2)-2-amino-5-
phosphonopentanoic acid (d-AP5); 50 uM d(-)-2-amino-4-phosphonobutyric acid (d-
AP4), 40 M CNQX]. Signals from Opn4”” mouse retinas were recorded without

pharmacological intervention.

Multi-electrode recordings

Electrophysiologic recordings were performed using planar arrays of 60 electrodes
(30 um diameter, 200 um inter-electrode spacing; Multi Channel Systems, Reutlingen,
Germany). Raw electrical signals were amplified, filtered, and digitized through an A/D
card (National Instruments, Austin, TX), written to disk and analyzed off-line, as

described previously (Holy et al., 2000).

Retinas were stimulated with a Xenon light source (Sutter Instruments, Novato, CA)
fed through a liquid light guide and diffusing filter (Thorlabs Inc., Newton, NJ).
Intensities and wavelengths of light were adjusted via neutral density and narrow band-
pass 480 nm interference filters (full width, half max, 10 nm)(Thorlabs, Inc., Newton,
NJ) and calibrated with a radiometer (Advanced Photonics International, Fairfield, CT).
Light stimuli were delivered and monitored by a computer-controlled shutter (Vincent
Associates, Rochester, NY). UV light was provided by an Optimax 365 UV flashlight
(Spectronics Corporation) mounted 10 cm above the tissue. The Optimax contains a
single high-output UV LED with a narrow spectrum centered at 365 nm. At 10 cm, the

device delivered 9.19x10"° photons cm™ s (IR 16) as measured by radiometry.
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Retinoids

Both 9-cis-retinal and all-trans-retinal were purchased from Sigma (St. Louis, MO).
Retinals were dissolved in acetonitrile, aliquoted and dried under argon. 9-cis-Retinol
was generated by reduction of 9-cis-retinal (Garwin and Saari, 2000). Briefly 2 mg of 9-
cis-retinal was suspended in acetonitrile and incubated with 20 mg sodium borohydride
for 15 min. Reaction products were extracted and analyzed by UV spectrophotometry
and HPLC and dried under argon. All retinoids were resuspended in ethanol for

determinations of concentration and experimental use.

UV retinal depletion and retinoid treatment

Irradiance response curves were determined for each wildtype P8-10 mouse retina by
using 480 nm light at IR 13.6, 12.6, and 11.6 (4.0x10", 4.0x10'%, 4.0x10"" photons cm™
s respectively). Retinas were exposed to 365 nm UV light for 15 min, allowed to
recover for 10 min, and then tested regularly at IR 13.6 over 2 hours post-UV light
treatment. Retinas with responses recorded immediately after irradiation that were not at
or below 2% of pre-UV treatment were excluded from analysis. Retinas used for
retinoid replenishing experiments were treated in the same manner up to the 10-min post-
UV light test. Thereafter, retinas were superperfused for 30 min with a mixture of the
test retinoid in a non-carbogenated HEPES/bicarbonate-buffered physiologic solution (10

mM HEPES, pH 7.4, 125 mM Nac(l, 2.5 mM KCl, 1 mM MgCl,, 1.25 mM NaH,PO4, 12
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mM glucose, 26 mM NaHCOs3, 2 mM CaCl,, 500 uM glutamine) with 1% ethanol as a
carrier mixed with carbogen bubbled bicarbonate-buffered physiologic solution ata 1:1
ratio just prior to tissue delivery. Retinas were returned to the bicarbonate-buffered
physiologic solution and tested for light evoked activity (480 nm light at IR 13.6) 60 min
and 90 min post-UV light treatment. Results were analyzed by two-way ANOVA for
time and retinoid treatment and corrected for multiple comparisons with the Bonferonni

method.

HPLC analysis of retinoids

To validate the UV depletion protocol, 8 whole retinas from p8-10 wildtype mice
were treated with UV light and snap-frozen on dry ice. Whole control retinas from the
other eye of the same animals were removed and immediately frozen on dry ice. Samples
were suspended in 1 ml of 12 mM phosphate buffer, 137 mM NaCl, 2.7 mM KCI, 20 mM
NH,O0H, 50% methanol (v/v) and homogenized in a glass-glass Dounce homogenizer.
After 20 min incubation in room temperature, homogenates were extracted with 4 ml of
hexane. Organic phases were collected, dried down by vacuum centrifugation and
redissolved in 0.2 ml of hexane. Retinoids were separated on a normal phase HPLC
column (5-um ZORBAX SIL, 4.6 x 250 mm, Agilent Technology) by a step gradient of
ethyl acetate in hexane (0.5% for 15 min and 6% from 15 to 60 min at 1.4 ml/min flow
rate). Retinoids were detected at 325 and 360 nm by using a diode array detector and
identified based on their elution times and characteristic UV/Vis spectra.

Retinylaldehydes and retinol were quantified based on standard curves that correlated
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integrated peak areas calculated from chromatograms with known amounts of synthetic

standards injected onto the column.

Hydroxylamine treatments

Hydroxylamine, obtained from Sigma (St. Loius, MO), was dissolved in a
bicarbonate-buffered physiologic solution and neutralized with Tris-base to pH 7.4.
Retinas were superperfused with neutralized hydroxylamine bubbled with carbogen with
or without 480 nm light exposure (IR 13.6). Concentrations for hydroxylamine-only
treatments were 10 mM and 30 mM whereas those for hydroxylamine-light co-treatment
were 10 mM, 30 mM and 60 mM. Retinas were returned to bicarbonate-buffered
physiologic solution and tested with IR 13.6 at 10 and 60 min post-hydroxylamine

treatment.

Results

Melanopsin is resistant to long-term bleaching by visible light

To determine whether melanopsin can be photobleached by visible light in situ, we
exposed retinas from P8-10 wildtype mice, under glutamatergic and cholinergic blockade,
to saturating light (480 nm, IR 13.6) for 1 hour. Retinal ganglion cell activity was
measured by multi-electrode array recording (Tu et al., 2005). As rod and cone signaling

is not established by P10, only melanopsin-dependent ipRGC cell firing is observed
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under these conditions (Tu et al., 2005). During dissection, the retinal pigmented
epithelium remains firmly attached to the sclera and is therefore absent from the retinal
preparation. As controls, retinas from slightly older P13-16 melanopsin-deficient mice
(Opn4”"), which demonstrate only rod and cone-dependent retinal ganglion cell firing,
were exposed to the identical lighting regimen. Following the one-hour light exposure,
light-dependent ipRGC firing activity was still present, but had decreased to 7% of its
initial activity (Figures 1A and 1B). In Opn4” retina, all light-dependent ganglion cell
firing activity was abolished at the end of the one-hour light exposure. Following a ten
minute dark recovery period, 65% of baseline light-dependent ipRGC activity was
restored in P8-10 wildtype retinas, whereas no activity was detected in rod- and cone-
driven ganglion cells of Opn4” retina (Figure 1B). This result demonstrates that
melanopsin chromophore is substantially regenerated under conditions that fully bleached

rod and cone chromophore.

Melanopsin is bleached for extended periods by intense 365 nm UV light

As bright visible light did not bleach melanopsin, we used intense UV light at 365 nm
instead to degrade endogenous retinoids (Tu et al., 2004). Treatment of retinas with 15
min of UV light reduced light-dependent ipRGC firing to <2% of maximal pre-UV light
evoked spiking 10 min after exposure. This was followed by recovery to a stable level of
~25% of maximal pre-UV light-induced activity over the course of one hour in the dark.
Non-ipRGC activity from Opn4” retinas exposed to the same UV treatment did not show

any significant recovery (Figure 2A). HPLC analysis of retinoid composition extracted
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from 8 whole, untreated retinas revealed the presence of 80 pmols of 11-cis-retinal per
retina (~5 pmol retinoids per mg of protein) whereas immediately after UV treatment,
retinoid levels were below the HPLC-detectible limit of ~2 pmols per retina (Figures 3A
and 3B). Retinoids could not be detected at the 90-min recovery time point (Figure 3C).
This does not exclude the presence of trace amounts of retinoid still available to form
minute amounts of functional pigment, as is suggested by the small, transient RGC
response in UV treated Opn4”~ animals. This activity also may be uncorrelated
spontaneous firing that cannot be suppressed as Opn4” retinas are not recorded under

synaptic blockade.

UV-bleached melanopsin reconstitutes with cis-retinal but not all-frans-retinal

To test the in situ preference of bleached melanopsin for cis-retinal vs. all-trans-
retinal, we UV-bleached retinas using the method described above, followed by treatment
with cis or trans-retinaldehyde. Treatment of UV-light exposed retinas with 100 uM 9-
cis-retinal reconstituted retinal light-induced spiking activity to 110% of pre-UV levels
(Figure 2B) (ANOVA P<0.005, Bonferroni corrected) whereas 20 uM 9-cis-retinal failed
to reconstitute light-dependent signaling over levels observed with the vehicle control
(Figure S1A). Treatment with 100 uM all-trans-retinal failed to increase activity above
control levels (Figure 2B) as did both higher (200 uM) and lower (20 uM) concentrations
(Figure S1B). Indeed, 200 uM all-trans-retinal treatment decreased activity levels under
what we view as toxic effects as is suggested by evidence for oxidative phosphorylation

decoupling and other toxic effects with high retinoid concentrations in cell culture.
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Exposure of all-trans-retinal-supplemented retinas to high intensity white light (to
facilitate possible photoconversion of trans to cis-retinal) also failed to reconstitute

subsequent photosensitivity above levels achieved by vehicle alone (data not shown).

Figure 2C shows the distribution of rescued individual cell firing activity in response
to light 90 min post-UV light exposure following treatment with vehicle and 100 uM
retinoids. These histograms demonstrate that only 9-cis-retinal shifted the distribution of
cell responses away from the depleted post-UV state (seen with vehicle treatment), back
towards the baseline “pre-UV” distribution centered near a 100% response. Interestingly,
a few cells in the 9-cis-retinal treatment had a dramatically increased response to light
compared with pre-bleach levels, as was noted in patch clamp study of ipRGC by Do et.

al (Do et al., 2009).

HPLC analysis of retinoid-treated retinas showed adequate penetration of
exogenously applied retinoids (Figure 3D, 3E) reaching or exceeding pre-treatment levels
at ~44 pmol mg™' retina (n=4 retinas) for 9-cis-retinal treatment and ~10 pmol retinoid
mg' retina for all-frans-retinal (n=7 retinas). Binding with 200 uM all-trans-retinal
treatment was ~6 pmol mg”' (n=3 retinas). No retinoids were detected after the 20 pM

cis- or trans-retinoid treatments.

ipRGCs are unable to utilize 9-cis-retinol in their photoresponse

A second photocycle present in the retina is found in Miiller glial cells, which

produce 11-cis-retinol. Cones, but not rods, can use the cis-retinol product of this
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photocycle (Wang and Kefalov, 2011). To test if ipRGCs can utilize this photocycle,
UV-bleached retinas were treated with several concentrations of 9-cis-retinol.
Photosensitivity was not reconstituted following 100 uM or several lower concentrations
of this retinoid (Figure 2B and Supp. Figure 1C). Moreover, 100 uM 9-cis-retinol
treatment also appeared to decrease significantly the ability of cells to respond to light
below that of cells treated with vehicle only (Figure 2C), whereas lower concentrations of
9-cis-retinol lessened this effect (Figure S1C). In contrast to cis- and trans-retinaldehyde,

uptake of 9-cis-retinol was not detected by HPLC analysis (data not shown).

Melanopsin in situ resists hydroxylamine bleach

Hydroxylamine is used to chemically bleach opsins (Wald et al., 1955). This small
molecule interferes with formation of the protonated Schiff-base between retinaldehyde
and the lysine side chain of the opsin binding site, by substituting for the lysine side chain.
The products of this reaction are apo-opsin and retinyloxime. Cone opsins are bleached
by exposure to hydroxylamine in the dark, presumably because the chromophore is
exposed to the external milieu in the opsin ground-state (Wald et al., 1955; Abrahamson
etal., 1974). In the case of rhodopsin in rods, light is required for activation to
metarhodopsin II before hydroxylamine accesses and attacks the Schiff base, as 11-cis-
retinal is protected from the local environment by the rhodopsin molecule ground-state
(Dartnall, 1968; Brin and Ripps, 1977; Leibrock and Lamb, 1997). Hydroxylamine can
also prevent regeneration of the opsin-retinal molecule by sequestering cis-retinal and all-

trans-retinal as retinal oximes after light bleaching (Wald and Brown, 1950). Compared
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to rod and cone opsins, bistable pigments of invertebrate rhabdomeric photoreceptors are
highly resistant to hydroxylamine bleaching, even after light exposure (Hubbard and St

George, 1958).

To test if melanopsin is susceptible to hydroxylamine bleaching in the dark, wildtype
P13-16 retinas under glutamatergic blockade (i.e., ipRGCs only) were treated for 15 min
with hydroxylamine concentrations previously used to bleach cones (Bowmaker and
Loew, 1976; Nemargut and Wang, 2009) without light exposure. For direct comparison
with cone opsin-based activity, P13-16 Opn4™ retinas (i.e., with RGC firing from rods
and cones only) were treated identically but without glutamatergic blockade. Following
10 mM hydroxylamine treatment, non-ipRGC spiking activity in Opn4”" retinas was
transiently abolished at 10 min post-treatment but recovered by 60 min, whereas ipRGC
activity was unaltered at both time points (Figure 4A). With 30 mM hydroxylamine
treatment, activity in Opn4” retinas was abolished at 60 min whereas ipRGC activity in

wildtype retinas was reduced only to ~50% of pre-treatment levels (Figure 4B).

To test if melanopsin susceptibility to hydroxylamine is increased by light exposure,
wild-type P8-10 retinas under glutamatergic blockade were treated for 15 min with
hydroxylamine, at similar concentrations as those used previously, along with concurrent
480 nm light, at a level that saturates ipRGC firing (IR 13.6). For comparison, similar
retinas were treated with hydroxylamine in the dark. At 60 min following 10 mM /light
co-treatment, ipRGC activity decreased only mildly, as also occurred in the dark (Figure
4C). But following 30 mM/light co-treatment, activity again decreased slightly but less
than in darkness alone. Similar moderate levels of activity were seen following 60 mM

hydroxylamine treatment in either light or dark. These results suggest that light increases

39



the apparent susceptibility of melanopsin to hydroxylamine only slightly if at all. Of note,
10 min following 30 and 60 mM hydroxylamine treatment with or without light, the
ability of all ganglion cells to fire in response to elevated KCI was reduced or eliminated.
However, firing ability recovered to normal levels by 60 min (data not shown) with a
concurrent return of light-induced activity in ipRGCs. This indicates that hydroxylamine
exerts some non-specific effects. Despite this caveat, our data indicate that melanopsin
chromophore is substantially reconstituted under several conditions that lead to bleaching

of rod- and cone pigments.

Discussion

Melanopsin shares greater sequence similarity to opsins commonly found in
invertebrate rhabdomeric photoreceptors than to vertebrate ciliary opsins, displaying only
30% sequence similarity with other mammalian ciliary (rod and cone) opsins but about
40% sequence similarity with rhabdomeric cephalopod rhodopsin (Provencio et al., 1998;
Bellingham et al., 2002). This suggests that melanopsin functions more like rhabdomeric
opsins, which have long-lasting meta states and regenerate chromophore via sequential
photon absorption. When ciliary opsins absorb a photon of light, 11-cis-retinal is
isomerized into all-frans-retinal and released from the opsin protein (Palczewski, 2006).
A separate isomerase then reconverts esterified trans-retinal to cis-retinol (Palczewski,
2006; Kiser et al., 2011). In rhabdomeric opsins, all-frans-retinal is not released from the
opsin, but instead absorbs a second photon and is re-isomerized to 11-cis-retinal. This is

possible because rhabdomeric pigments have stable meta-states that last for seconds to
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minutes, whereas vertebrate meta-states last only milliseconds (Hillman et al., 1983;

Hardie and Postma, 2007). Rhabdomeric opsins are thus considered bistable molecules.

Suggestions of melanopsin bistability have been supported by heterologous
expression experiments. Panda et al. (Panda et al., 2005) found that expressing mouse
melanopsin in Xenopus oocytes conferred white light sensitivity that was dependent upon
the addition of 9-cis-retinal to these cells. Addition of all-frans-retinal had only 10% the
effect of 9-cis-retinal, suggesting that melanopsin has a preference for the cis-
chromophore. Co-expressing arrestin with melanopsin increased the latter’s activity by
12-fold after 9-cis-retinal incubation. Depending upon the arrestin co-expressed,
melanopsin’s all-trans-retinal-dependent light activity increased 10 to 30-fold,
approaching that conferred by 9-cis-retinal, perhaps through arrestin’s stabilizing the
meta-states. Melyan ef al. (Melyan et al., 2005) found that human melanopsin expressed
in Neuro2A cells also conferred an intensity-dependent light response to these cells.
Again, this response required pre-incubation with 9-cis-retinal. Incubation with all-trans-
retinal produced a response about 25% of the magnitude observed with 9-cis-retinal.
When cells were incubated with all-trans-retinal and illuminated with 540 nm light for 10
min, the photoresponse increased 3-fold over that following all-trans-retinal incubation

alone. Taken together, these results suggest melanopsin is capable of bistable functioning.
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Melanopsin photosensitivity is reconstituted by cis-retinal chromophore after UV

bleaching in situ

In the current studies, prolonged 480 nm light exposure reduced light-activated
ipRGC activity. This could result from either adaptation of melanopsin signaling (Wong
et al., 2005) or bleaching of pigment. However, light-driven ipRGC activity recovered
substantially within minutes (Figure 1), suggesting either rapid chromophore regeneration
or reversal of adaptation. To obtain a more definitive bleaching paradigm, high intensity
UV light was employed to bleach melanopsin by degrading endogenous retinoids. UV
light exposure for 15 min lowered ipRGC firing to a stable 25% of maximal pre-bleach
activity and reduced endogenous retinoids to below our HPLC detectable limits of 0.1
pmol (Stecher and Palczewski, 2000). Exposure to more than 15 min of UV light led to
substantial tissue mortality (data not shown). Residual ipRGC activity found after
treatment likely represents a very small quantity of cis-retinal resistant to destruction by
UV light, suggesting either that melanopsin has very high affinity for trace amounts of
the remaining intact chromophore, or may itself help to shield some cis-chromophore
from UV-mediated destruction. It is remarkable that any activity remained with such low
retinoid levels as all rod and cone activity was abolished under the same bleaching

conditions (Figure 2).

Following bleaching, reconstitution of ipRGC activity by addition of exogenous
retinoid was successful only with 100 uM 9-cis-retinal. No restoration of light-
dependent activity above baseline was seen following any tested concentration of all-
trans-retinal. HPLC-measured levels of post-reconstitution retinoids were higher

following 9-cis-retinal rescue than after all-frans-retinal, likely because of cis-specific
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binding mechanisms in rod and cone photoreceptors. Despite this lower level of all-
trans-retinal, the amount found in retinas after exogenous supplementation was
equivalent to pre-bleached levels of total endogenous retinoids. Therefore adequate
penetration of the retina by passive diffusion of retinoids was likely achieved, suggesting
that melanopsin in ipRGCs in situ has a functional preference for the cis over the trans
conformation of retinal. This preference presumably extends from 9-cis-retinal to 11-cis-
retinal. (9-cis-retinal was used in these experiments because of the large quantities
needed and its stability during long periods of constant perfusion of retinas with

multielectrode arrays (MEAs) that made use of 11-cis-retinal practically unfeasible).

ipRGCs function independently of the Miiller glial based photocycle

Melanopsin has previously been shown to function independently of the retinal
pigment epithelium-based photocycle (Tu et al., 2006). The only other known
photocycle present in the retina is found in Miiller glial cells. But instead of producing
11-cis-retinal, the Miiller glial cell-based photocycle converts all-trans-retinol produced
by photoreceptors into 11-cis-retinol that is then transported to cones, which have the
capacity to oxidize the alcohol to the 11-cis-retinal required to bind cone opsin (for
review see (Wang and Kefalov, 2011)). As we were unable to restore light activated
activity to ipRGCs after the exogenous addition of 9-cis-retinol at several concentrations
(Fig S1C), we conclude that ipRGC function is independent of this cone-specific

photocycle. Thus, there would appear to be at least three functional photocycles in the
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murine retina. Neither the RPE-based rod/cone nor the Miiller-based cone photocycle is

needed to regenerate chromophore in ipRGC.

Melanopsin displays bistable-like pigment behavior in response to in situ

hydroxylamine treatment

Hydroxylamine treatment constitutes a classic method for photospectrometric
analysis of opsins. Here we used it in live tissue to chemically bleach native
photopigments in situ (Brin and Ripps, 1977; Leibrock and Lamb, 1997). We observed
only minimal to moderate bleaching of melanopsin by low concentrations hydroxylamine,
either in the dark or with concurrent light exposure. This contrasts with the complete
transient or sustained rod and cone opsin bleaching following hydroxylamine treatment
under the same conditions. Although 60 mM hydroxylamine treatment led to a
consistently moderate to large loss of light-sensitivity in ipRGCs, and 30 mM
hydroxylamine showed inconsistently sized losses, we believe these changes were mostly
due to off-target effects as they coincided with decreased RGC firing in response to high
K" concentrations. Above 50 mM, hydroxylamine has been shown to cause significant
disruptions in G-protein coupled receptor phosphorylation and Gq o palmitoylation-
mediated membrane localization (Pepperberg, 1992; Pepperberg et al., 1995). These and
potentially other non-specific effects of hydroxylamine could lead to the apparent loss of
light-sensitivity seen here as well as the inability of all ganglion cells to fire in response

to an increased KCl concentration.
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Our results suggest that melanopsin’s chromophore is protected from the external
milieu and not readily available for hydroxylamine binding in either its ground state or its
signaling meta-state. This is a characteristic of bistable pigments, which do not easily
release chromophore, (i.e. octopus rhodopsin (Hubbard and St George, 1958)). This
finding may also explain the remarkable preservation of ipRGC signaling in animals that

have been severely depleted of Vitamin A (Thompson et al., 2004)

All bistable pigments have been shown to ‘photoreverse’ at a different wavelength
(usually red shifted) from the activation wavelength. This reversal re-isomerizes all-
trans-retinal to 11-cis-retinal. In vitro work by Melyan et al. (Melyan et al., 2005)
showed that melanopsin expressed in cell culture appeared to convert exogenously added
all-trans to 11-cis-retinal after prolonged exposure to bright light above 540 nm (Melyan
et al., 2005). This reversal was assessed by an increase in the light evoked current above
what could be evoked with all-trans-retinal in the dark. Similarly, Mure et al. (Mure et
al., 2007) showed that animals pre-exposed to 630 nm light had potentiated firing of
suprachiasmatic neurons in vivo in response to 480 nm light, presumably through
increased ipRGC activity. However, Mawad and Van Gelder (Mawad and Van Gelder,
2008) found no potentiation of ipRGCs in whole retina studied ex vivo by using multi-
electrode array recording under the identical lighting protocol, suggesting the potentiation
seen by Mure et al. relied on non-ipRGC- or non-melanopsin-based mechanisms
(Mawad and Van Gelder, 2008). Thus it is unclear whether ipRGCs in situ have a

distinct red-shifted photoreversal mechanism.

Heterologously expressed melanopsin from the protochordate Amphioxus does appear

to have a red-shifted photoreversal mechanism (Koyanagi et al., 2005; Terakita et al.,
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2008). Difference spectra of recombinant Amphioxus melanopsin purified from HEK293
cells and exposed to alternating blue and orange light, indicate a reversal wavelength near
515 nm. This constitutes a red shift of 30 nm from the forward activation wavelength.
Red shift magnitudes vary greatly among rhabdomeric opsins from different species,
ranging from 7 nm in squid to 100 nm in fly (Hubbard and St George, 1958; Vought et al.,
2000). Even opsins from quite closely related species such as squid and octopus do not
have similar red shift magnitudes, (i.e. 7 nm and 35 nm, respectively (Hubbard and St
George, 1958; Koutalos et al., 1989)). It is possible that murine melanopsin may function
as a bistable pigment but with a reversal wavelength spectrum that overlaps so closely
with the forward activation spectrum that the two cannot be functionally separated

(Figure 5).

Photoreversal, even if operative, does not fully explain the behavior of melanopsin,
however. As shown in Figure 1, melanopsin photosensitivity is reconstituted
substantially in the dark. Thus, a mechanism must exist whereby all-trans-retinal in the
dark is converted back to cis-retinal. Restoration of activity in the dark is not consistent
with a purely bistable pigment that does not release its chromophore. Such a mechanism
is suggested by the work of Terakita et al. (Terakita et al., 2008). Using purified,
recombinant Amphioxus melanopsin, this group showed a blue shift of the activated
melanopsin spectrum towards the pre-exposure spectrum after a 5-min dark incubation.
It is possible that melanopsin acts as a dark isomerase itself, by using stored energy in
this protein to convert the trans- to cis-chromophore. Such thermal relaxation has been
established as a second, but slower, mechanism of chromophore regeneration to

photoreversal in bacterial and archeabacterial opsins (Chow et al., 2011). Alternatively,
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the melanopsin photocycle could mirror the cephalopod photocycle in which a second
photoisomerase, similar to retinochrome (Ozaki et al., 1983), recycles all-tra<ns1:XMLFault xmlns:ns1="http://cxf.apache.org/bindings/xformat"><ns1:faultstring xmlns:ns1="http://cxf.apache.org/bindings/xformat">java.lang.OutOfMemoryError: Java heap space</ns1:faultstring></ns1:XMLFault>