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ABSTRACT
Retinal photoreceptor cells contain a specialized outer segment (OS)
compartment that functions in the capture of light and its conversion
into electrical signals in a process known as phototransduction. In
rods, photoisomerization of 11-cis to all-trans retinal within rhodopsin
triggers a biochemical cascade culminating in the closure of cGMP-
gated channels and hyperpolarization of the cell. Biochemical
reactions return the cell to its ‘dark state’ and the visual cycle
converts all-trans retinal back to 11-cis retinal for rhodopsin
regeneration. OS are continuously renewed, with aged membrane
removed at the distal end by phagocytosis and newmembrane added
at the proximal end through OS disk morphogenesis linked to protein
trafficking. Themolecular basis for disk morphogenesis remains to be
defined in detail although several models have been proposed, and
molecular mechanisms underlying protein trafficking are under active

investigation. The aim of this Cell Science at a Glance article and the
accompanying poster is to highlight our current understanding of
photoreceptor structure, phototransduction, the visual cycle, OS
renewal, protein trafficking and retinal degenerative diseases.
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Introduction
Rod and cone photoreceptors are specialized neurons that function
in the initial step of vision. These light-sensitive cells lie at the
back of the retina adjacent to the retinal pigment epithelium
(RPE), a cell layer that is vital for the survival of photoreceptors.
Rod cells are highly sensitive to light and operate under dim
lighting conditions. Cone cells function under ambient and bright
lighting conditions, exhibit rapid responses to variations in light
intensity, and are responsible for color vision and high visual
acuity. The human retina contains 120 million rod cells and 6
million cone cells, with the latter concentrated in the central or
macula region of the retina.
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Both rods and cones are highly compartmentalized in structure
and function. They consist of five principal regions: outer segment
(OS), connecting cilium (CC), inner segment (IS), nuclear region
and synaptic region (see poster). The OS functions in the capture of
light and its conversion into electrical signals in a process known as
phototransduction. The CC connects the OS with the IS, allowing
for the trafficking of specific proteins to the OS. The IS contains the
metabolic and biosynthetic machinery of the cell including
the mitochondria, endoplasmic reticulum, Golgi complex,
lysosomes and other subcellular organelles. The nuclear region is
continuous with the inner segment and houses the nucleus. The
photoreceptor finally terminates in the synaptic region, which
consists of synaptic vesicles and a ribbon synapse for transmission
of the neurotransmitter glutamate from photoreceptors to bipolar
cells and other secondary neurons.
The OS of rod photoreceptors has been the focus of numerous

molecular, cellular, biochemical and physiological studies owing to
its unique structure, accessibility, ease of isolation, and importance
in the visual response, membrane renewal and retinal diseases. In
this Cell Science at a Glance article and poster, we provide an
overview of our current understanding of the molecular and cellular
organization of photoreceptors with emphasis on the mechanisms
underlying phototransduction, the visual cycle, OS structure and
morphogenesis, and protein trafficking. We also highlight key
proteins that have been associated with retinal degenerative
diseases.

Structural organization and protein composition of the rod
OS
The OS of the rod cell is a cylindrical structure consisting of a
plasma membrane (PM) that encloses an ordered stack of over 1000
closely spaced disks. The length and diameter of the OS varies for
different vertebrates. Mammalian rod OS typically have a length of
20–30 µm and a diameter of 1.2–2.0 µm (Gilliam et al., 2012;
Nickell et al., 2007). Each disk is a closed structure and consists of
two flattened membranes that are circumscribed by a hairpin rim
region (see poster). The photopigment rhodopsin, which comprises
>85% of the disk membrane protein, is arranged in the form of
higher-order oligomers in the disk lamellae at a density of
>25,000 rhodopsin molecules/µm2 (Fotiadis et al., 2003; Gunkel
et al., 2015; Liebman and Entine, 1974). The disk rim contains a
number of specialized membrane proteins, the Per2–Rom1 complex
consisting of the two tetraspanin membrane proteins Per2 (also
known as PRPH2) and Rom1 that generate the highly curved disk
rim (Clarke et al., 2000; Goldberg and Molday, 1996; Kevany et al.,
2013; Khattree et al., 2013), the retinal-specific ATP-binding
cassette transporter ABCA4 that facilitates the clearance of retinoids
from disk membranes (Illing et al., 1997; Molday et al., 2009; Quazi
and Molday, 2014; Sun et al., 1999; Weng et al., 1999), and
members of the guanylate cyclase family GC-1 and GC-2 (also
known as GUCY2D and GUCY2F respectively) that catalyze the
synthesis of cyclic guanosine monophosphate (cGMP) from GTP
(Karan et al., 2010, 2011; Nemet et al., 2015; Yang et al., 1995) (see
poster). Per2 is most crucial for OS biogenesis and structure because
deficiency in Per2, as found in rdsmice, results in the absence of rod
and cone OS (Arikawa et al., 1992; Connell et al., 1991; Sanyal and
Jansen, 1981; Travis et al., 1989), and mutations in the gene
encoding Per2 cause autosomal-dominant retinitis pigmentosa
(ADRP) and macular dystrophy in humans (Farrar et al., 1991;
Kajiwara et al., 1994, 1991; Wells et al., 1993). Proteomic analysis
and biochemical studies have further shown that disk membranes
also contain R9AP (also known as RGS9BP), which anchors the

GAP complex RGS9 and the long splice isoform of the type 5 G
protein β subunit (Gβ5) (RGS9–Gβ5) to the disk membrane, the
ATP8A2–CDC50A (also known as TMEM30A) complex that
functions as a phospholipid flippase, and progressive rod-cone
degeneration protein (PRCD), a small protein of unknown function
that is associated with progressive rod–cone degeneration (Coleman
et al., 2009; Kwok et al., 2008; Skiba et al., 2013). Disks also
contain membrane-associated proteins, including the trimeric G-
protein transducin, phosphodiesterase (PDE6), which is composed
of two large catalytic subunits (PDE6A and PDE6B) and two
regulatory subunits (PDE6C), and retinol dehydrogenase 8 (RDH8).
Glutamic-acid-rich proteins (GARPs) associate with the Per2
homotetramers and Per2–Rom1 heterotetramers at the rim region
of disk membranes (Körschen et al., 1999; Poetsch et al., 2001) (see
poster). The PM of rod OS contains substantial amounts of
rhodopsin (Molday and Molday, 1987; Nemet et al., 2015) as well
as the cyclic-nucleotide-gated (CNG) channel that consists of three
CNGA1 and one CNGB1 subunits, with the latter harboring an
N-terminal GARP domain, and the Na+–Ca2+–K+ exchanger
(NCKX1, also known as SLC24A1) (Colville and Molday, 1996;
Cook et al., 1989; Kaupp and Seifert, 2002; Reid et al., 1990; Zhong
et al., 2002). The CNG channel forms a complex with NCKX1 in
the PM (Bauer and Drechsler, 1992; Molday and Molday, 1998)
(see poster). Thin filaments have been observed by using electron
microscopy (EM) between disks and between the disk and PM
(Roof and Heuser, 1982). Protein-protein interactions between the
CNGB1 subunit of the CNG channel in the PM and Per2–Rom1
complex in the rim region of the disks are important in maintaining
the organization of the rod OS andmight represent the thin filaments
observed by EM (Gilliam et al., 2012; Poetsch et al., 2001; Ritter
et al., 2011; Zhang et al., 2009) (see poster). The proximity of the
CNG channel–NCKX1 complex to other key phototransduction
proteins such as PDE6, GCs, GCAP (guanylate-cyclase-activating
protein 1) has been proposed to enhance the efficiency of
phototransduction (Körschen et al., 1999; Nemet et al., 2015).
Recent studies have also shown that a subset of CNG channels
interact with the erythrocyte membrane protein band 4.1 (also
known as EPB41), although the importance of this interaction
remains to be investigated (Cheng and Molday, 2013). Cone
photoreceptors have a similar structural organization, although the
disks are continuous with the PM and the OS most often is of
conical shape (Mustafi et al., 2009). The genes encoding some
proteins, such as Per2, Rom1, GC-1, ABCA4, RDH8, RGS9, Gβ5,
R9AP (i.e. RGS9–Gβ5–R9AP) and PRCD, are expressed in both
rods and cones, whereas others, including those encoding opsins,
CNG channels, NCKXs, PDEs and transducins, are encoded by
homologous genes expressed in either rods or cones.

Phototransduction
Phototransduction in rods is initiated when light isomerizes the 11-
cis-retinal chromophore of rhodopsin to its all-trans isomer that
induces a conformational change (Arshavsky and Burns, 2012;
Lamb and Pugh, 2006; Luo et al., 2008; Palczewski, 2014). The
activated form of rhodopsin R* (also known as metarhodopsin II)
catalyzes the exchange of GDP for GTP on the α-subunit of the
trimeric G-protein transducin (comprising subunits α, β and γ; see
poster). The α-subunit of transducin with its bound GTP dissociates
from the βγ subunits and activates PDE6, a complex of one PDE6A,
one PDE6B and two PDE6G subunits, leading to the hydrolysis of
cGMP. Reduction in intracellular cGMP results in the closure of
CNG channels within the PM and cessation of Na+ and Ca2+ influx,
hyperpolarization of the rod cell and inhibition of glutamate release
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at the photoreceptor synapse. The closure of CNG channels
also results in a decrease in intracellular Ca2+ levels to below
50 nM as NCKX1 continues to efflux Ca2+ from the OS.
Quantitative studies indicate that photoisomerization of a single
rhodopsin molecule results in the activation of 16 transducin
proteins in mouse rods and of 60 in frog rods (Arshavsky and Burns,
2014). Further amplification is realized through PDE6-catalyzed
hydrolysis of 2000 and 72,000 cGMP molecules in mouse and frog,
respectively.
The photoreceptor cell is returned to its dark state through a series

of biochemical reactions (Lamb and Pugh, 2006; Pugh and Lamb,
1993) (see poster). Rhodopsin is phosphorylated by G-protein-
coupled receptor kinase (GRK1) and inactivated following the
binding of arrestin (Burns et al., 2006; Chen et al., 2012; Gurevich
et al., 2011; Wilden et al., 1986). PDE6 is returned to its dark
inactive state through the hydrolysis of GTP on the α-subunit of
transducin, a reaction that is facilitated by the GTPase-activating
protein (GAP) RGS9 (Arshavsky and Wensel, 2013). Cyclic GMP
levels are re-established following the activation of GC through the
Ca2+ sensors guanylate-cyclase-activating proteins (GCAPs) (Baehr
and Palczewski, 2007). When cGMP levels rise, CNG channels open
and return the photoreceptor to its dark, partially depolarized state. The
ubiquitous Ca2+ sensor calmodulin (CaM)modulates the sensitivity of
the channel for cGMP (Hsu and Molday, 1993). Phototransduction
in cones occurs through a similar mechanism. Finally, for the
regeneration of rhodopsin, all-trans retinal has to be converted back to
11-cis retinal. This occurs through a series of biochemical reactions
known as the visual or retinoid cycle, which take place in both rod OS
and RPE cells (Kiser et al., 2014; Saari, 2012).
Mutations within most of the phototransduction proteins have

been associated with retinal diseases. Mutations in the genes
encoding rhodopsin, CNGA1, CNGB1, PDE6A or PD6B cause
retinitis pigmentosa (RP), whereas mutations in the genes encoding
arrestin, rhodopsin kinase or NCKX1 cause congenital stationary
night blindness (CSNB). Furthermore, mutations in the genes
encoding cone CNG channel subunits CNGA3 and CNGB3, cone
PDEH or cone transducin (GNAT2) give rise to achromatopsia, and
mutations in the genes encoding in GC-1 have been linked to Leber
congenital amaurosis (LCA) and cone–rod dystrophy (CRD) (see
Box 1 and table within the poster).

Visual or retinoid cycle
In the conventional visual cycle, all-trans retinal released from
rhodopsin following photoexcitation is reduced to all-trans retinol
by RDH8 in disks (see poster). All-trans retinol is shuttled to RPE
cells by the interphotoreceptor retinoid-binding protein (IRBP)
where it is first converted to its retinyl esters by lecithin retinol acyl
transferase (LRAT), before being isomerized to 11-cis-retinol by
RPE65, oxidized to 11-cis-retinal by RDH5 and other RDHs,
and delivered back to photoreceptors by IRBP for the regeneration
of rhodopsin. However, a substantial fraction of all-trans retinal
that is released from rhodopsin reversibly reacts with
phosphatidylethanolamine (PE) to form the Schiff base adduct
N-retinylidene-PE (N-ret-PE). This retinoid compound can become
trapped on the luminal leaflet of disk membranes. ABCA4 actively
transports or flips N-ret-PE to the cytoplasmic leaflet of disk
membranes (Molday et al., 2009; Quazi et al., 2012) (see poster).
All-trans retinal produced through the reversible dissociation of
N-ret-PE is then reduced by RDH8 as part of the visual cycle.
Retinal can diffuse from photoreceptor OS to the IS and RPE cells.
Other RDH isozymes, including RDH12 and RDH10, protect these
cellular compartments against retinal toxicity. Recent studies have

shown that ABCA4 also plays a crucial role in the removal of excess
11-cis retinal that is not needed for the regeneration of rhodopsin
(Boyer et al., 2012). ABCA4 can flip the 11-cis isomer of N-ret-PE
from the luminal to the cytoplasmic leaflet of disks (Quazi and
Molday, 2014). This transport function, coupled with chemical
isomerization to all-trans-N-ret-PE, enables all-trans retinal to be
reduced to all-trans retinol by RDH8 for entry into the visual cycle.
This ensures that none of the 11-cis and all-trans retinal accumulate
in disks. If these compounds are not efficiently removed, they can
form toxic bisretinoid compounds, which accumulate in RPE cells
upon OS phagocytosis. High levels of bisretinoids within lipofuscin
deposits are found in individuals with Stargardt macular
degeneration linked to mutations in the gene encoding ABCA4 as
well as in Abca4-knockout mice (Allikmets et al., 1997; Mata et al.,
2000; Molday and Zhang, 2010; Sparrow et al., 2012). In addition to
the conventional visual cycle, cone photoreceptors use a modified

Box 1. Inherited retinal diseases
Inherited retinal diseases are a clinically and genetically heterogeneous
group of disorders that constitute a main cause of blindness in the world
(Bramall et al., 2010; Veleri et al., 2015). These disorders are typically
characterized by the progressive loss in vision resulting from mutations
of genes encoding proteins that are essential for photoreceptor
development, function or survival. Over 238 disease-linked genes
have now been identified (http://www.sph.uth.tmc.edu/Retnet/). The
two principal types of retinal degenerative disease (RDD) are retinitis
pigmentosa (RP) andmacular degeneration (MD). RP, with a prevalence
of 1 in 3500 people is typically characterized by the initial loss in night and
peripheral vision due to the degeneration of rods, followed by loss in
cone-mediated central vision that often leads to total blindness. RP can
be inherited as an autosomal-dominant (AD) RP, autosomal-recessive
(AR) RP or X-linked (XL) RP trait with ADRP accounting for 30-40% of
the cases, ARRP for 50-60% and XLRP for 5-15% (Hartong et al., 2006).
RP can be associated with other disorders, such as hearing loss (Ushers
syndrome) and cognitive impairment, polydactylism, hypogenitalism,
obesity and renal disease (Bardet-Biedl syndrome). MD is typically
associated with loss in central vision with variable preservation of
peripheral vision. Inherited forms of MD, often called macular
dystrophies, are divided into subgroups on the basis of their clinical
characteristics. Examples include Stargardt macular degeneration, Best
disease, Doyne honeycomb retinal dystrophy, Sorsby fundus dystrophy,
Bull’s eye maculopathy, and X-linked retinoschisis. Age-related macular
degeneration (AMD) is a leading cause of vision loss in the elderly.
Although not considered an inherited RDD, genetic variants that encode
complement factors and other proteins are known to increase one’s risk
of acquiring AMD (Fritsche et al., 2014). Other clinically defined inherited
RDDs include cone dystrophy (CD) characterized by cone degeneration,
cone-rod dystrophy (CRD) associated with cone degeneration followed
by rod degeneration, and Leber congenital amaurosis (LCA), an early-
onset RDD characterized by severe loss of vision at birth or within the first
year of life (den Hollander et al., 2008). Congenital stationary night
blindness (CSNB) is a group of nonprogressive retinal disorders
characterized by impaired night vision and associated with loss in rod
or both rod and cone function. Achromatopsia (ACHM) is a
nonprogressive cone disorder associated with partial or complete loss
in color vision. Inherited retinal diseases have been linked to mutations in
proteins that play crucial roles in processes such as phototransduction;
the visual cycle; outer segment (OS) structure and morphogenesis;
connecting cilium structure and transport, as well as in cellular functions
that include protein trafficking; protein folding and post-translational
modification; protein trafficking; RNA splicing and transcription;
nucleotide, carbohydrate and lipid metabolism; extracellular matrix
structure; ion transport; synaptic structure and neurotransmission; and
development. The molecular and cellular mechanisms by which
mutations in specific genes cause photoreceptor cell death are
currently under extensive investigation.
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visual cycle in which 11-cis retinal is resynthesized from all-trans
retinol through a series of reactions that take place in Müller cells
and cones (Mata et al., 2002). Most proteins that function in the
visual cycle have been associated with retinal degenerative diseases.
Mutations in the genes encoding LRAT and RPE65 have been
linked to LCA, mutations in the gene encoding IRBP are associated
with RP, and mutations in gene encoding RDH5 cause a rare form of
CSNB termed fundus albipunctatus (FA) (Travis et al., 2007).

OS – membrane turnover and relationship to non-motile cilia
Rod and coneOSare structurally homologous to non-motile cilia. The
CC, the only physical connection between OS and IS, is structurally
equivalent to the ciliary transition zone (Gilliam et al., 2012). Passing
through this 0.3-µmconnection is an axonemewith a 9+0arrangement
of tubulin doublets that is anchored via the basal body to the ciliary
rootlet, a structure that spans the length of the IS. The CC has been
imaged in three dimensions by using cryo-EM (Gilliam et al., 2012).
Most components of the CC are always present in other non-motile
cilia, although unique components, such as RPGRIP and a splice
variant of RPGR (Hong et al., 2001), are present. Profuse bi-
directional trafficking of soluble and transmembrane proteins occurs
through the CC. Owing to the high volume of transport (Besharse
et al., 1977), the OS serves as a default destination for membrane
proteins that lack localization information, for instance, due to
mutations (Agbaga et al., 2014; Baker et al., 2008; Tam et al., 2000),
with the relative degree of OS localization dependent on the rate of
disk membrane synthesis (Pearring et al., 2013).
OS are rapidly renewed to ensure maximum photosensitivity,

which requires 10 days in mice, rats and Xenopus laevis (Besharse
et al., 1977; Young, 1967), but 6 weeks in Rana pipiens.
Radiolabeling shows that disk synthesis occurs at the base of the OS
(Young and Droz, 1968). Older disks are displaced distally and
eventually shed in packets from the tip of the OS, where they are
phagocytosed by the RPE (Kevany and Palczewski, 2010; Young and
Bok, 1969). Because cone disks are not physically isolated, mixing of
newandold components of the diskmembrane occurs (Young, 1969);
however, disk renewal, similarly, involves incorporation of new
components as well as shedding and phagocytosis of a fraction of the
OS membranes (Anderson et al., 1978; Hogan et al., 1974).
Already several decades ago, it has been proposed that disks

originate as evaginations of the PM, which then develop a
specialized rim region and, eventually, seal off completely in rods
(Steinberg et al., 1980) (see poster). This model is well-supported
by several lines of evidence, including EM studies (Besharse et al.,
1977; Steinberg et al., 1980), incorporation of membrane-
impermeable dyes, such as Lucifer yellow, into basal disks
(Matsumoto and Besharse, 1985) and the presence of open
contiguous disks in cones, which evolutionarily precede rods
(Lamb et al., 2007). In contrast, more recently Sung and colleagues
have proposed that rod disks are never continuous with the PM
(Chuang et al., 2007) and originate from fusion of transport vesicles
that transit the CC (Chuang et al., 2015). However, this model of
disk synthesis, the evidence for which is limited to the output of a
single laboratory, has been discounted by two recent findings.
David Williams (Jules Stein Eye Institute, UCLA, CA) and co-
workers imaged nascent disks in three dimensions by electron
tomography, demonstrating both the presence of open disks and the
source of enclosed disk profiles in standard electron micrographs
(David Williams, personal communication). Ding et al. (2015)
demonstrated that nascent disks are accessible to membrane-
impermeable tannic acid, even in cases where 2D electron
micrographs indicate enclosure by a plasma membrane, and that

even short delays in fixation can generate vesicular structures.
Moreover, structural studies indicate that vesicles of the dimensions
observed could not pass through the basal body (Jin et al., 2010).

At least two membrane proteins are exclusively found at the site
of, and are likely to be involved in, disk synthesis within rods and
cones: prominin-1, which is also associated with membrane
evaginations in other cell types (Han et al., 2012; Maw et al.,
2000), and pcdh-21 (also known as CDHR1), a photoreceptor-
specific protocadherin (Rattner et al., 2001). These proteins form a
complex of unknown function (Yang et al., 2008) that also includes
the extracellular soluble protein eyes shut (EYS) (Nie et al., 2012).

Protein trafficking to the OS
Trafficking of several proteins between OS and IS has been examined
in some detail, including that of rhodopsin, Per2, arrestin, transducin,
guanylate cyclase and phosphodiesterase (Pearring et al., 2013).
Rhodopsin, the most abundant protein in rod OS, is a transmembrane
proteinwith aC-terminal ciliary targeting signal (Tamet al., 2000) that
is also present in cone opsins. The large unidirectional flow of
rhodopsin to the OS makes it a cargo of interest for ciliary trafficking
studies (Wang and Deretic, 2015). Rhodopsin trafficking involves
crossing an uncharacterized diffusion barrier that separates OS and IS
PM components (Jin et al., 2010). Vesicles transporting rhodopsin
fusewith the IS PM at a specialized convolution at the base of the CC,
termed the periciliary ridge complex (Papermaster et al., 1985; Peters
et al., 1983). This structure is hypertrophied in frog rods, but
analogous structures are present in mammalian photoreceptors and
other primary cilia. Small G-proteins are associated with membranes
that contain newly synthesized rhodopsin (Deretic et al., 1995); these
have also been implicated in rhodopsin trafficking following both
in vivo and in vitro investigations that demonstrated an inhibition of
trafficking by dominant-negative Rab8 (Moritz et al., 2001) and a
direct interaction of Arf4 and Rab11 with the ciliary targeting signal
(Deretic et al., 2005; Reish et al., 2014). Rab8 is also implicated
through association of the Rab8 effector rabin8 with the multiple-
protein complex comprised of seven Bardet–Biedl syndrome (BBS)
proteins, the BBSome, which constitutes a coat complex coat that is
involved in ciliary trafficking (Nachury et al., 2007), as well as the
presence of the Rab8 GEF RPGR in the CC (Murga-Zamalloa et al.,
2010). Other factors implicated in rhodopsin trafficking include the
t-SNARE syntaxin-3 (Mazelova et al., 2009b), the Rab11 effector
FIP3 (also known as IKBKG), the ArfGAPASAP1 (Mazelova et al.,
2009a), and cytoplasmic dynein (Tai et al., 1999). There is conflicting
evidence as towhether intraflagellar transport IFT –which ismediated
by kinesin-2 motor proteins – is involved, and kinesin-2 might be
more crucial for cone opsin transport (Avasthi et al., 2009; Bhowmick
et al., 2009; Insinna and Besharse, 2008; Jiang et al., 2015a,b; Keady
et al., 2011; Marszalek et al., 2000; Trivedi et al., 2012). A distinct
localization signal has also been identified inPer2 (Salinas et al., 2013;
Tam et al., 2004), which is transported by a pathway that bypasses the
Golgi complex (Fariss et al., 1997; Tian et al., 2014). Several proteins
require cofactors for OS trafficking, including GC – which requires
RD3 (Azadi et al., 2010), cone opsin (11-cis retinal) (Zhang et al.,
2008) and phosphodiesterase (UNC119) (Zhang et al., 2011).

The soluble proteins arrestin and transducin exhibit light-dependent
trafficking (Peterson et al., 2003; Sokolov et al., 2002; Whelan and
McGinnis, 1988). In response to light, arrestin migrates to rod OS,
whereas transducin translocates to IS. Retrograde transport of
transducin is linked to saturation of phosphodiesterase and does not
occur in cones unless they are genetically modified to express rod
opsin (Lobanova et al., 2010). Arrestin transport was originally
thought to be caused by its binding to phosphorylated rhodopsin.
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However, it is more likely to be an active transport mechanism that
ensures adequate quenching of phototransduction, possibly triggered
by a phospholipase C cascade (Orisme et al., 2010), as rhodopsin
phosphorylation is not required (Calvert et al., 2006; Mendez et al.,
2003; Strissel et al., 2006). Tubulin has been proposed to bind with
low affinity to arrestin in the IS (Nair et al., 2005).

Conclusions and perspectives
Considerable progress has been made in the characterization of
photoreceptor cells and their role in the initial step of the visual
process.Most of the rod and cone proteins that play crucial roles inOS
structure, phototransduction and the visual cycle have been identified
and characterized at molecular and cellular levels. The renewal of rod
and cone OS has also been elucidated in detail at cellular level.
However, themolecularmechanisms responsible forOSphagocytosis
by RPE and disk morphogenesis require more-detailed studies.
Additional studies are also needed to define themolecular and cellular
basis for protein trafficking and sortingwithin photoreceptors asmany
of the proposed mechanisms are controversial and lacking in detail.
Finally, further studies are needed to elucidate the molecular and
cellular mechanisms responsible for inherited retinal degenerative
diseases, and the biochemical pathways important for photoreceptor
survival and photoreceptor cell death. Information from these studies
is crucial for the development of rational therapeutic approaches to
slow or prevent vision loss in individuals who suffer from various
retinal diseases.
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A frameshift mutation in prominin (mouse)-like 1 causes human retinal
degeneration. Hum. Mol. Genet. 9, 27-34.

Mazelova, J., Astuto-Gribble, L., Inoue, H., Tam, B. M., Schonteich, E., Prekeris,
R., Moritz, O. L., Randazzo, P. A. and Deretic, D. (2009a). Ciliary targeting motif
VxPx directs assembly of a trafficking module through Arf4.EMBO J. 28, 183-192.

Mazelova, J., Ransom, N., Astuto-Gribble, L., Wilson, M. C. and Deretic, D.
(2009b). Syntaxin 3 and SNAP-25 pairing, regulated by omega-3
docosahexaenoic acid, controls the delivery of rhodopsin for the biogenesis of
cilia-derived sensory organelles, the rod outer segments. J. Cell Sci. 122,
2003-2013.

Mendez, A., Lem, J., Simon, M. and Chen, J. (2003). Light-dependent
translocation of arrestin in the absence of rhodopsin phosphorylation and
transducin signaling. J. Neurosci. 23, 3124-3129.

Molday, R. S. and Molday, L. L. (1987). Differences in the protein composition of
bovine retinal rod outer segment disk and plasma membranes isolated by a ricin-
gold-dextran density perturbation method. J. Cell Biol. 105, 2589-2601.

Molday, R. S. and Molday, L. L. (1998). Molecular properties of the cGMP-gated
channel of rod photoreceptors. Vis. Res. 38, 1315-1323.

Molday, R. S. and Zhang, K. (2010). Defective lipid transport and biosynthesis in
recessive and dominant Stargardt macular degeneration. Prog. Lipid Res. 49,
476-492.

Molday, R. S., Zhong, M. and Quazi, F. (2009). The role of the photoreceptor ABC
transporter ABCA4 in lipid transport and Stargardt macular degeneration.
Biochim. Biophys. Acta 1791, 573-583.

Moritz, O. L., Tam, B. M., Hurd, L. L., Peranen, J., Deretic, D. and Papermaster,
D. S. (2001). Mutant rab8 Impairs docking and fusion of rhodopsin-bearing post-
Golgi membranes and causes cell death of transgenic Xenopus rods. Mol. Biol.
Cell 12, 2341-2351.

Murga-Zamalloa, C. A., Atkins, S. J., Peranen, J., Swaroop, A. and Khanna, H.
(2010). Interaction of retinitis pigmentosa GTPase regulator (RPGR) with RAB8A
GTPase: implications for cilia dysfunction and photoreceptor degeneration. Hum.
Mol. Genet. 19, 3591-3598.

Mustafi, D., Engel, A. H. and Palczewski, K. (2009). Structure of cone
photoreceptors. Prog. Retin. Eye Res. 28, 289-302.

Nachury,M. V., Loktev, A. V., Zhang,Q.,Westlake, C. J., Peränen, J., Merdes, A.,
Slusarski, D. C., Scheller, R. H., Bazan, J. F., Sheffield, V. C. et al. (2007).
A core complex of BBS proteins cooperates with the GTPase Rab8 to promote
ciliary membrane biogenesis. Cell 129, 1201-1213.

Nair, K. S., Hanson, S. M., Mendez, A., Gurevich, E. V., Kennedy, M. J.,
Shestopalov, V. I., Vishnivetskiy, S. A., Chen, J., Hurley, J. B., Gurevich, V. V.
et al. (2005). Light-dependent redistribution of arrestin in vertebrate rods is an
energy-independent process governed by protein-protein interactions.Neuron 46,
555-567.

4044

CELL SCIENCE AT A GLANCE Journal of Cell Science (2015) 128, 4039-4045 doi:10.1242/jcs.175687

Jo
u
rn
al

o
f
Ce

ll
Sc
ie
n
ce

http://dx.doi.org/10.1038/354478a0
http://dx.doi.org/10.1038/354478a0
http://dx.doi.org/10.1038/354478a0
http://dx.doi.org/10.1038/354478a0
http://dx.doi.org/10.1038/421127a
http://dx.doi.org/10.1038/421127a
http://dx.doi.org/10.1038/421127a
http://dx.doi.org/10.1146/annurev-genom-090413-025610
http://dx.doi.org/10.1146/annurev-genom-090413-025610
http://dx.doi.org/10.1146/annurev-genom-090413-025610
http://dx.doi.org/10.1016/j.cell.2012.10.038
http://dx.doi.org/10.1016/j.cell.2012.10.038
http://dx.doi.org/10.1016/j.cell.2012.10.038
http://dx.doi.org/10.1021/bi960259n
http://dx.doi.org/10.1021/bi960259n
http://dx.doi.org/10.1021/bi960259n
http://dx.doi.org/10.1016/j.str.2015.01.015
http://dx.doi.org/10.1016/j.str.2015.01.015
http://dx.doi.org/10.1016/j.str.2015.01.015
http://dx.doi.org/10.1016/j.str.2015.01.015
http://dx.doi.org/10.1016/j.preteyeres.2011.07.002
http://dx.doi.org/10.1016/j.preteyeres.2011.07.002
http://dx.doi.org/10.1016/j.preteyeres.2011.07.002
http://dx.doi.org/10.1167/iovs.11-8635
http://dx.doi.org/10.1167/iovs.11-8635
http://dx.doi.org/10.1167/iovs.11-8635
http://dx.doi.org/10.1016/S0140-6736(06)69740-7
http://dx.doi.org/10.1016/S0140-6736(06)69740-7
http://dx.doi.org/10.1038/252305a0
http://dx.doi.org/10.1038/252305a0
http://dx.doi.org/10.1074/jbc.M009351200
http://dx.doi.org/10.1074/jbc.M009351200
http://dx.doi.org/10.1074/jbc.M009351200
http://dx.doi.org/10.1074/jbc.M009351200
http://dx.doi.org/10.1038/361076a0
http://dx.doi.org/10.1038/361076a0
http://dx.doi.org/10.1074/jbc.272.15.10303
http://dx.doi.org/10.1074/jbc.272.15.10303
http://dx.doi.org/10.1074/jbc.272.15.10303
http://dx.doi.org/10.1002/dvdy.21554
http://dx.doi.org/10.1002/dvdy.21554
http://dx.doi.org/10.1096/fj.15-275677.
http://dx.doi.org/10.1096/fj.15-275677.
http://dx.doi.org/10.1096/fj.15-275677.
http://dx.doi.org/10.1096/fj.15-275677.
http://dx.doi.org/10.1074/jbc.M115.638437
http://dx.doi.org/10.1074/jbc.M115.638437
http://dx.doi.org/10.1074/jbc.M115.638437
http://dx.doi.org/10.1074/jbc.M115.638437
http://dx.doi.org/10.1016/j.cell.2010.05.015
http://dx.doi.org/10.1016/j.cell.2010.05.015
http://dx.doi.org/10.1016/j.cell.2010.05.015
http://dx.doi.org/10.1038/354480a0
http://dx.doi.org/10.1038/354480a0
http://dx.doi.org/10.1038/354480a0
http://dx.doi.org/10.1126/science.8202715
http://dx.doi.org/10.1126/science.8202715
http://dx.doi.org/10.1126/science.8202715
http://dx.doi.org/10.1007/s11010-009-0322-z
http://dx.doi.org/10.1007/s11010-009-0322-z
http://dx.doi.org/10.1007/s11010-009-0322-z
http://dx.doi.org/10.1016/j.visres.2011.09.001
http://dx.doi.org/10.1016/j.visres.2011.09.001
http://dx.doi.org/10.1016/j.visres.2011.09.001
http://dx.doi.org/10.1152/physrev.00008.2002
http://dx.doi.org/10.1152/physrev.00008.2002
http://dx.doi.org/10.1091/mbc.E10-09-0792
http://dx.doi.org/10.1091/mbc.E10-09-0792
http://dx.doi.org/10.1091/mbc.E10-09-0792
http://dx.doi.org/10.1152/physiol.00038.2009
http://dx.doi.org/10.1152/physiol.00038.2009
http://dx.doi.org/10.1074/jbc.M113.520700
http://dx.doi.org/10.1074/jbc.M113.520700
http://dx.doi.org/10.1074/jbc.M113.520700
http://dx.doi.org/10.1074/jbc.M113.520700
http://dx.doi.org/10.1242/jcs.126888
http://dx.doi.org/10.1242/jcs.126888
http://dx.doi.org/10.1242/jcs.126888
http://dx.doi.org/10.1242/jcs.126888
http://dx.doi.org/10.1021/cr400107q
http://dx.doi.org/10.1021/cr400107q
http://dx.doi.org/10.1038/23468
http://dx.doi.org/10.1038/23468
http://dx.doi.org/10.1038/23468
http://dx.doi.org/10.1038/23468
http://dx.doi.org/10.1074/mcp.M700571-MCP200
http://dx.doi.org/10.1074/mcp.M700571-MCP200
http://dx.doi.org/10.1074/mcp.M700571-MCP200
http://dx.doi.org/10.1074/mcp.M700571-MCP200
http://dx.doi.org/10.1167/iovs.06-0849
http://dx.doi.org/10.1167/iovs.06-0849
http://dx.doi.org/10.1167/iovs.06-0849
http://dx.doi.org/10.1038/nrn2283
http://dx.doi.org/10.1038/nrn2283
http://dx.doi.org/10.1126/science.185.4149.457
http://dx.doi.org/10.1126/science.185.4149.457
http://dx.doi.org/10.1523/JNEUROSCI.0613-10.2010
http://dx.doi.org/10.1523/JNEUROSCI.0613-10.2010
http://dx.doi.org/10.1523/JNEUROSCI.0613-10.2010
http://dx.doi.org/10.1523/JNEUROSCI.0613-10.2010
http://dx.doi.org/10.1073/pnas.0708405105
http://dx.doi.org/10.1073/pnas.0708405105
http://dx.doi.org/10.1016/S0092-8674(00)00023-4
http://dx.doi.org/10.1016/S0092-8674(00)00023-4
http://dx.doi.org/10.1016/S0092-8674(00)00023-4
http://dx.doi.org/10.1073/pnas.130110497
http://dx.doi.org/10.1073/pnas.130110497
http://dx.doi.org/10.1073/pnas.130110497
http://dx.doi.org/10.1016/S0896-6273(02)00912-1
http://dx.doi.org/10.1016/S0896-6273(02)00912-1
http://dx.doi.org/10.1016/S0896-6273(02)00912-1
http://dx.doi.org/10.1093/hmg/9.1.27
http://dx.doi.org/10.1093/hmg/9.1.27
http://dx.doi.org/10.1093/hmg/9.1.27
http://dx.doi.org/10.1093/hmg/9.1.27
http://dx.doi.org/10.1038/emboj.2008.267
http://dx.doi.org/10.1038/emboj.2008.267
http://dx.doi.org/10.1038/emboj.2008.267
http://dx.doi.org/10.1242/jcs.039982
http://dx.doi.org/10.1242/jcs.039982
http://dx.doi.org/10.1242/jcs.039982
http://dx.doi.org/10.1242/jcs.039982
http://dx.doi.org/10.1242/jcs.039982
http://dx.doi.org/10.1083/jcb.105.6.2589
http://dx.doi.org/10.1083/jcb.105.6.2589
http://dx.doi.org/10.1083/jcb.105.6.2589
http://dx.doi.org/10.1016/S0042-6989(97)00409-4
http://dx.doi.org/10.1016/S0042-6989(97)00409-4
http://dx.doi.org/10.1016/j.plipres.2010.07.002
http://dx.doi.org/10.1016/j.plipres.2010.07.002
http://dx.doi.org/10.1016/j.plipres.2010.07.002
http://dx.doi.org/10.1016/j.bbalip.2009.02.004
http://dx.doi.org/10.1016/j.bbalip.2009.02.004
http://dx.doi.org/10.1016/j.bbalip.2009.02.004
http://dx.doi.org/10.1091/mbc.12.8.2341
http://dx.doi.org/10.1091/mbc.12.8.2341
http://dx.doi.org/10.1091/mbc.12.8.2341
http://dx.doi.org/10.1091/mbc.12.8.2341
http://dx.doi.org/10.1093/hmg/ddq275
http://dx.doi.org/10.1093/hmg/ddq275
http://dx.doi.org/10.1093/hmg/ddq275
http://dx.doi.org/10.1093/hmg/ddq275
http://dx.doi.org/10.1016/j.preteyeres.2009.05.003
http://dx.doi.org/10.1016/j.preteyeres.2009.05.003
http://dx.doi.org/10.1016/j.cell.2007.03.053
http://dx.doi.org/10.1016/j.cell.2007.03.053
http://dx.doi.org/10.1016/j.cell.2007.03.053
http://dx.doi.org/10.1016/j.cell.2007.03.053
http://dx.doi.org/10.1016/j.neuron.2005.03.023
http://dx.doi.org/10.1016/j.neuron.2005.03.023
http://dx.doi.org/10.1016/j.neuron.2005.03.023
http://dx.doi.org/10.1016/j.neuron.2005.03.023
http://dx.doi.org/10.1016/j.neuron.2005.03.023


Nemet, I., Tian, G. and Imanishi, Y. (2015). Organization of cGMP sensing
structures on the rod photoreceptor outer segment plasma membrane. Channels
8, 528-535.

Nickell, S., Park, P. S.-H., Baumeister, W. and Palczewski, K. (2007). Three-
dimensional architecture of murine rod outer segments determined by
cryoelectron tomography. J. Cell Biol. 177, 917-925.

Nie, J., Mahato, S., Mustill, W., Tipping, C., Bhattacharya, S. S. and Zelhof, A. C.
(2012). Cross species analysis of Prominin reveals a conserved cellular role in
invertebrate and vertebrate photoreceptor cells. Dev. Biol. 371, 312-320.

Orisme, W., Li, J., Goldmann, T., Bolch, S., Wolfrum, U. and Smith, W. C. (2010).
Light-dependent translocation of arrestin in rod photoreceptors is signaled through
a phospholipase C cascade and requires ATP. Cell Signal. 22, 447-456.

Palczewski, K. (2014). Chemistry and biology of the initial steps in vision: the
Friedenwald lecture. Invest. Ophthalmol. Vis. Sci. 55, 6651-6672.

Papermaster, D. S., Schneider, B. G. and Besharse, J. C. (1985). Vesicular
transport of newly synthesized opsin from theGolgi apparatus toward the rod outer
segment. Ultrastructural immunocytochemical and autoradiographic evidence in
Xenopus retinas. Invest. Ophthalmol. Vis. Sci. 26, 1386-1404.

Pearring, J. N., Salinas, R. Y., Baker, S. A. and Arshavsky, V. Y. (2013). Protein
sorting, targeting and trafficking in photoreceptor cells. Prog. Retin. Eye Res. 36,
24-51.

Peters, K. R., Palade, G. E., Schneider, B. G. and Papermaster, D. S. (1983). Fine
structure of a periciliary ridge complex of frog retinal rod cells revealed by ultrahigh
resolution scanning electron microscopy. J. Cell Biol. 96, 265-276.

Peterson, J. J., Tam, B. M., Moritz, O. L., Shelamer, C. L., Dugger, D. R.,
McDowell, J. H., Hargrave, P. A., Papermaster, D. S. and Smith, W. C. (2003).
Arrestin migrates in photoreceptors in response to light: a study of arrestin
localization using an arrestin-GFP fusion protein in transgenic frogs. Exp. Eye
Res. 76, 553-563.

Poetsch, A., Molday, L. L. andMolday, R. S. (2001). The cGMP-gated channel and
related glutamic acid-rich proteins interact with peripherin-2 at the rim region of rod
photoreceptor disc membranes. J. Biol. Chem. 276, 48009-48016.

Pugh, E. N., Jr. and Lamb, T. D. (1993). Amplification and kinetics of the activation
steps in phototransduction. Biochim. Biophys. Acta 1141, 111-149.

Quazi, F. and Molday, R. S. (2014). ATP-binding cassette transporter ABCA4 and
chemical isomerization protect photoreceptor cells from the toxic accumulation of
excess 11-cis-retinal. Proc. Natl. Acad. Sci. USA 111, 5024-5029.

Quazi, F., Lenevich, S. and Molday, R. S. (2012). ABCA4 is an N-retinylidene-
phosphatidylethanolamine and phosphatidylethanolamine importer. Nat.
Commun. 3, 925.

Rattner, A., Smallwood, P. M., Williams, J., Cooke, C., Savchenko, A.,
Lyubarsky, A., Pugh, E. N. and Nathans, J. (2001). A photoreceptor-specific
cadherin is essential for the structural integrity of the outer segment and for
photoreceptor survival. Neuron 32, 775-786.

Reid, D. M., Friedel, U., Molday, R. S. and Cook, N. J. (1990). Identification of the
sodium-calcium exchanger as the major ricin-binding glycoprotein of bovine rod
outer segments and its localization to the plasma membrane. Biochemistry 29,
1601-1607.

Reish, N. J., Boitet, E. R., Bales, K. L. and Gross, A. K. (2014). Nucleotide bound
to rab11a controls localization in rod cells but not interaction with rhodopsin.
J. Neurosci. 34, 14854-14863.

Ritter, L. M., Khattree, N., Tam, B., Moritz, O. L., Schmitz, F. and Goldberg,
A. F. X. (2011). In situ visualization of protein interactions in sensory neurons:
glutamic acid-rich proteins (GARPs) play differential roles for photoreceptor outer
segment scaffolding. J. Neurosci. 31, 11231-11243.

Roof, D. J. and Heuser, J. E. (1982). Surfaces of rod photoreceptor disk
membranes: integral membrane components. J. Cell Biol. 95, 487-500.

Saari, J. C. (2012). Vitamin A metabolism in rod and cone visual cycles. Annu. Rev.
Nutr. 32, 125-145.

Salinas, R. Y., Baker, S. A., Gospe, S. M., III and Arshavsky, V. Y. (2013). A single
valine residue plays an essential role in peripherin/rds targeting to photoreceptor
outer segments. PLoS ONE 8, e54292.

Sanyal, S. and Jansen, H. G. (1981). Absence of receptor outer segments in the
retina of rds mutant mice. Neurosci. Lett. 21, 23-26.

Skiba, N. P., Spencer, W. J., Salinas, R. Y., Lieu, E. C., Thompson, J. W. and
Arshavsky, V. Y. (2013). Proteomic identification of unique photoreceptor disc
components reveals the presence of PRCD, a protein linked to retinal
degeneration. J. Proteome Res. 12, 3010-3018.

Sokolov, M., Lyubarsky, A. L., Strissel, K. J., Savchenko, A. B., Govardovskii,
V. I., Pugh, E. N., Jr. and Arshavsky, V. Y. (2002). Massive light-driven
translocation of transducin between the two major compartments of rod cells: a
novel mechanism of light adaptation. Neuron 34, 95-106.

Sparrow, J. R., Gregory-Roberts, E., Yamamoto, K., Blonska, A., Ghosh, S. K.,
Ueda, K. and Zhou, J. (2012). The bisretinoids of retinal pigment epithelium.
Prog. Retin. Eye Res. 31, 121-135.

Steinberg, R. H., Fisher, S. K. andAnderson, D. H. (1980). Discmorphogenesis in
vertebrate photoreceptors. J. Comp. Neurol. 190, 501-518.

Strissel, K. J., Sokolov, M., Trieu, L. H. and Arshavsky, V. Y. (2006). Arrestin
translocation is induced at a critical threshold of visual signaling and is
superstoichiometric to bleached rhodopsin. J. Neurosci. 26, 1146-1153.

Sun, H., Molday, R. S. and Nathans, J. (1999). Retinal stimulates ATP hydrolysis
by purified and reconstituted ABCR, the photoreceptor-specific ATP-binding
cassette transporter responsible for Stargardt disease. J. Biol. Chem. 274,
8269-8281.

Tai, A. W., Chuang, J.-Z., Bode, C., Wolfrum, U. and Sung, C.-H. (1999).
Rhodopsin’s carboxy-terminal cytoplasmic tail acts as a membrane receptor for
cytoplasmic dynein by binding to the dynein light chain Tctex-1. Cell 97, 877-887.

Tam, B. M., Moritz, O. L., Hurd, L. B. and Papermaster, D. S. (2000). Identification
of an outer segment targeting signal in the COOH terminus of rhodopsin using
transgenic Xenopus laevis. J. Cell Biol. 151, 1369-1380.

Tam, B. M., Moritz, O. L. and Papermaster, D. S. (2004). The C terminus of
peripherin/rds participates in rod outer segment targeting and alignment of disk
incisures. Mol. Biol. Cell 15, 2027-2037.

Tian, G., Ropelewski, P., Nemet, I., Lee, R., Lodowski, K. H. and Imanishi, Y.
(2014). An unconventional secretory pathway mediates the cilia targeting of
peripherin/rds. J. Neurosci. 34, 992-1006.

Travis, G. H., Brennan, M. B., Danielson, P. E., Kozak, C. A. and Sutcliffe, J. G.
(1989). Identification of a photoreceptor-specific mRNA encoded by the gene
responsible for retinal degeneration slow (rds). Nature 338, 70-73.

Travis, G. H., Golczak, M., Moise, A. R. and Palczewski, K. (2007). Diseases
caused by defects in the visual cycle: retinoids as potential therapeutic agents.
Annu. Rev. Pharmacol. Toxicol. 47, 469-512.

Trivedi, D., Colin, E., Louie, C. M. and Williams, D. S. (2012). Live-cell imaging
evidence for the ciliary transport of rod photoreceptor opsin by heterotrimeric
kinesin-2. J. Neurosci. 32, 10587-10593.

Veleri, S., Lazar, C. H., Chang, B., Sieving, P. A., Banin, E. and Swaroop, A.
(2015). Biology and therapy of inherited retinal degenerative disease: insights
from mouse models. Dis. Model. Mech. 8, 109-129.

Wang, J. and Deretic, D. (2015). The Arf and Rab11 effector FIP3 acts
synergistically with ASAP1 to direct Rabin8 in ciliary receptor targeting. J. Cell
Sci. 128, 1375-1385.

Wells, J., Wroblewski, J., Keen, J., Inglehearn, C., Jubb, C., Eckstein, A., Jay,
M., Arden, G., Bhattacharya, S., Fitzke, F. et al. (1993). Mutations in the human
retinal degeneration slow (RDS) gene can cause either retinitis pigmentosa or
macular dystrophy. Nat. Genet. 3, 213-218.

Weng, J., Mata, N. L., Azarian, S. M., Tzekov, R. T., Birch, D. G. and Travis, G. H.
(1999). Insights into the function of Rim protein in photoreceptors and etiology of
Stargardt’s disease from the phenotype in abcr knockout mice. Cell 98, 13-23.

Whelan, J. P. and McGinnis, J. F. (1988). Light-dependent subcellular movement
of photoreceptor proteins. J. Neurosci. Res. 20, 263-270.

Wilden, U., Hall, S. W. and Kuhn, H. (1986). Phosphodiesterase activation by
photoexcited rhodopsin is quenchedwhen rhodopsin is phosphorylated and binds
the intrinsic 48-kDa protein of rod outer segments. Proc. Natl. Acad. Sci. USA 83,
1174-1178.

Yang, R. B., Foster, D. C., Garbers, D. L. and Fulle, H. J. (1995). Two membrane
forms of guanylyl cyclase found in the eye. Proc. Natl. Acad. Sci. USA 92,
602-606.

Yang, Z., Chen, Y., Lillo, C., Chien, J., Yu, Z., Michaelides, M., Klein, M., Howes,
K. A., Li, Y., Kaminoh, Y. et al. (2008). Mutant prominin 1 found in patients with
macular degeneration disrupts photoreceptor disk morphogenesis in mice. J. Clin.
Invest. 118, 2908-2916.

Young, R.W. (1967). The renewal of photoreceptor cell outer segments. J. Cell Biol.
33, 61-72.

Young, R. W. (1969). A difference between rods and cones in the renewal of outer
segment protein. Invest. Ophthalmol. 8, 222-231.

Young, R. W. and Bok, D. (1969). Participation of the retinal pigment epithelium in
the rod outer segment renewal process. J. Cell Biol. 42, 392-403.

Young, R. W. and Droz, B. (1968). The renewal of protein in retinal rods and cones.
J. Cell Biol. 39, 169-184.

Zhang, H., Fan, J., Li, S., Karan, S., Rohrer, B., Palczewski, K., Frederick, J. M.,
Crouch, R. K. and Baehr, W. (2008). Trafficking of membrane-associated
proteins to cone photoreceptor outer segments requires the chromophore 11-cis-
retinal. J. Neurosci. 28, 4008-4014.

Zhang, Y., Molday, L. L., Molday, R. S., Sarfare, S. S.,Woodruff, M. L., Fain, G. L.,
Kraft, T. W. and Pittler, S. J. (2009). Knockout of GARPs and the beta-subunit of
the rod cGMP-gated channel disrupts disk morphogenesis and rod outer segment
structural integrity. J. Cell Sci. 122, 1192-1200.

Zhang, H., Constantine, R., Vorobiev, S., Chen, Y., Seetharaman, J., Huang,
Y. J., Xiao, R., Montelione, G. T., Gerstner, C. D., Davis, M. W. et al. (2011).
UNC119 is required for G protein trafficking in sensory neurons.Nat. Neurosci. 14,
874-880.

Zhong, H., Molday, L. L., Molday, R. S. and Yau, K.-W. (2002). The heteromeric
cyclic nucleotide-gated channel adopts a 3A:1B stoichiometry. Nature 420,
193-198.

4045

CELL SCIENCE AT A GLANCE Journal of Cell Science (2015) 128, 4039-4045 doi:10.1242/jcs.175687

Jo
u
rn
al

o
f
Ce

ll
Sc
ie
n
ce

http://dx.doi.org/10.4161/19336950.2014.973776
http://dx.doi.org/10.4161/19336950.2014.973776
http://dx.doi.org/10.4161/19336950.2014.973776
http://dx.doi.org/10.1083/jcb.200612010
http://dx.doi.org/10.1083/jcb.200612010
http://dx.doi.org/10.1083/jcb.200612010
http://dx.doi.org/10.1016/j.ydbio.2012.08.024
http://dx.doi.org/10.1016/j.ydbio.2012.08.024
http://dx.doi.org/10.1016/j.ydbio.2012.08.024
http://dx.doi.org/10.1016/j.cellsig.2009.10.016
http://dx.doi.org/10.1016/j.cellsig.2009.10.016
http://dx.doi.org/10.1016/j.cellsig.2009.10.016
http://dx.doi.org/10.1167/iovs.14-15502
http://dx.doi.org/10.1167/iovs.14-15502
http://dx.doi.org/10.1016/j.preteyeres.2013.03.002
http://dx.doi.org/10.1016/j.preteyeres.2013.03.002
http://dx.doi.org/10.1016/j.preteyeres.2013.03.002
http://dx.doi.org/10.1083/jcb.96.1.265
http://dx.doi.org/10.1083/jcb.96.1.265
http://dx.doi.org/10.1083/jcb.96.1.265
http://dx.doi.org/10.1016/S0014-4835(03)00032-0
http://dx.doi.org/10.1016/S0014-4835(03)00032-0
http://dx.doi.org/10.1016/S0014-4835(03)00032-0
http://dx.doi.org/10.1016/S0014-4835(03)00032-0
http://dx.doi.org/10.1016/S0014-4835(03)00032-0
http://dx.doi.org/10.1016/0005-2728(93)90038-H
http://dx.doi.org/10.1016/0005-2728(93)90038-H
http://dx.doi.org/10.1073/pnas.1400780111
http://dx.doi.org/10.1073/pnas.1400780111
http://dx.doi.org/10.1073/pnas.1400780111
http://dx.doi.org/10.1038/ncomms1927
http://dx.doi.org/10.1038/ncomms1927
http://dx.doi.org/10.1038/ncomms1927
http://dx.doi.org/10.1016/S0896-6273(01)00531-1
http://dx.doi.org/10.1016/S0896-6273(01)00531-1
http://dx.doi.org/10.1016/S0896-6273(01)00531-1
http://dx.doi.org/10.1016/S0896-6273(01)00531-1
http://dx.doi.org/10.1021/bi00458a035
http://dx.doi.org/10.1021/bi00458a035
http://dx.doi.org/10.1021/bi00458a035
http://dx.doi.org/10.1021/bi00458a035
http://dx.doi.org/10.1523/JNEUROSCI.1943-14.2014
http://dx.doi.org/10.1523/JNEUROSCI.1943-14.2014
http://dx.doi.org/10.1523/JNEUROSCI.1943-14.2014
http://dx.doi.org/10.1523/JNEUROSCI.2875-11.2011
http://dx.doi.org/10.1523/JNEUROSCI.2875-11.2011
http://dx.doi.org/10.1523/JNEUROSCI.2875-11.2011
http://dx.doi.org/10.1523/JNEUROSCI.2875-11.2011
http://dx.doi.org/10.1083/jcb.95.2.487
http://dx.doi.org/10.1083/jcb.95.2.487
http://dx.doi.org/10.1146/annurev-nutr-071811-150748
http://dx.doi.org/10.1146/annurev-nutr-071811-150748
http://dx.doi.org/10.1371/journal.pone.0054292
http://dx.doi.org/10.1371/journal.pone.0054292
http://dx.doi.org/10.1371/journal.pone.0054292
http://dx.doi.org/10.1016/0304-3940(81)90051-3
http://dx.doi.org/10.1016/0304-3940(81)90051-3
http://dx.doi.org/10.1021/pr4003678
http://dx.doi.org/10.1021/pr4003678
http://dx.doi.org/10.1021/pr4003678
http://dx.doi.org/10.1021/pr4003678
http://dx.doi.org/10.1016/S0896-6273(02)00636-0
http://dx.doi.org/10.1016/S0896-6273(02)00636-0
http://dx.doi.org/10.1016/S0896-6273(02)00636-0
http://dx.doi.org/10.1016/S0896-6273(02)00636-0
http://dx.doi.org/10.1016/j.preteyeres.2011.12.001
http://dx.doi.org/10.1016/j.preteyeres.2011.12.001
http://dx.doi.org/10.1016/j.preteyeres.2011.12.001
http://dx.doi.org/10.1002/cne.901900307
http://dx.doi.org/10.1002/cne.901900307
http://dx.doi.org/10.1523/JNEUROSCI.4289-05.2006
http://dx.doi.org/10.1523/JNEUROSCI.4289-05.2006
http://dx.doi.org/10.1523/JNEUROSCI.4289-05.2006
http://dx.doi.org/10.1074/jbc.274.12.8269
http://dx.doi.org/10.1074/jbc.274.12.8269
http://dx.doi.org/10.1074/jbc.274.12.8269
http://dx.doi.org/10.1074/jbc.274.12.8269
http://dx.doi.org/10.1016/S0092-8674(00)80800-4
http://dx.doi.org/10.1016/S0092-8674(00)80800-4
http://dx.doi.org/10.1016/S0092-8674(00)80800-4
http://dx.doi.org/10.1083/jcb.151.7.1369
http://dx.doi.org/10.1083/jcb.151.7.1369
http://dx.doi.org/10.1083/jcb.151.7.1369
http://dx.doi.org/10.1091/mbc.E03-09-0650
http://dx.doi.org/10.1091/mbc.E03-09-0650
http://dx.doi.org/10.1091/mbc.E03-09-0650
http://dx.doi.org/10.1523/JNEUROSCI.3437-13.2014
http://dx.doi.org/10.1523/JNEUROSCI.3437-13.2014
http://dx.doi.org/10.1523/JNEUROSCI.3437-13.2014
http://dx.doi.org/10.1038/338070a0
http://dx.doi.org/10.1038/338070a0
http://dx.doi.org/10.1038/338070a0
http://dx.doi.org/10.1146/annurev.pharmtox.47.120505.105225
http://dx.doi.org/10.1146/annurev.pharmtox.47.120505.105225
http://dx.doi.org/10.1146/annurev.pharmtox.47.120505.105225
http://dx.doi.org/10.1523/JNEUROSCI.0015-12.2012
http://dx.doi.org/10.1523/JNEUROSCI.0015-12.2012
http://dx.doi.org/10.1523/JNEUROSCI.0015-12.2012
http://dx.doi.org/10.1242/dmm.017913
http://dx.doi.org/10.1242/dmm.017913
http://dx.doi.org/10.1242/dmm.017913
http://dx.doi.org/10.1242/jcs.162925
http://dx.doi.org/10.1242/jcs.162925
http://dx.doi.org/10.1242/jcs.162925
http://dx.doi.org/10.1038/ng0393-213
http://dx.doi.org/10.1038/ng0393-213
http://dx.doi.org/10.1038/ng0393-213
http://dx.doi.org/10.1038/ng0393-213
http://dx.doi.org/10.1016/S0092-8674(00)80602-9
http://dx.doi.org/10.1016/S0092-8674(00)80602-9
http://dx.doi.org/10.1016/S0092-8674(00)80602-9
http://dx.doi.org/10.1002/jnr.490200216
http://dx.doi.org/10.1002/jnr.490200216
http://dx.doi.org/10.1073/pnas.83.5.1174
http://dx.doi.org/10.1073/pnas.83.5.1174
http://dx.doi.org/10.1073/pnas.83.5.1174
http://dx.doi.org/10.1073/pnas.83.5.1174
http://dx.doi.org/10.1073/pnas.92.2.602
http://dx.doi.org/10.1073/pnas.92.2.602
http://dx.doi.org/10.1073/pnas.92.2.602
http://dx.doi.org/10.1172/jci35891
http://dx.doi.org/10.1172/jci35891
http://dx.doi.org/10.1172/jci35891
http://dx.doi.org/10.1172/jci35891
http://dx.doi.org/10.1083/jcb.33.1.61
http://dx.doi.org/10.1083/jcb.33.1.61
http://dx.doi.org/10.1083/jcb.42.2.392
http://dx.doi.org/10.1083/jcb.42.2.392
http://dx.doi.org/10.1083/jcb.39.1.169
http://dx.doi.org/10.1083/jcb.39.1.169
http://dx.doi.org/10.1523/JNEUROSCI.0317-08.2008
http://dx.doi.org/10.1523/JNEUROSCI.0317-08.2008
http://dx.doi.org/10.1523/JNEUROSCI.0317-08.2008
http://dx.doi.org/10.1523/JNEUROSCI.0317-08.2008
http://dx.doi.org/10.1242/jcs.042531
http://dx.doi.org/10.1242/jcs.042531
http://dx.doi.org/10.1242/jcs.042531
http://dx.doi.org/10.1242/jcs.042531
http://dx.doi.org/10.1038/nn.2835
http://dx.doi.org/10.1038/nn.2835
http://dx.doi.org/10.1038/nn.2835
http://dx.doi.org/10.1038/nn.2835
http://dx.doi.org/10.1038/nature01201
http://dx.doi.org/10.1038/nature01201
http://dx.doi.org/10.1038/nature01201


<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles false
  /AutoRotatePages /None
  /Binding /Left
  /CalGrayProfile (Dot Gain 20%)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (U.S. Web Coated \050SWOP\051 v2)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Error
  /CompatibilityLevel 1.3
  /CompressObjects /Tags
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /DetectCurves 0.1000
  /ColorConversionStrategy /LeaveColorUnchanged
  /DoThumbnails false
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams true
  /MaxSubsetPct 100
  /Optimize false
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage false
  /PreserveDICMYKValues true
  /PreserveEPSInfo false
  /PreserveFlatness true
  /PreserveHalftoneInfo false
  /PreserveOPIComments false
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts true
  /TransferFunctionInfo /Remove
  /UCRandBGInfo /Remove
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages true
  /ColorImageMinResolution 150
  /ColorImageMinResolutionPolicy /OK
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 200
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.32000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.40
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /ColorImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /CropGrayImages true
  /GrayImageMinResolution 150
  /GrayImageMinResolutionPolicy /OK
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 200
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.32000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.40
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /CropMonoImages true
  /MonoImageMinResolution 400
  /MonoImageMinResolutionPolicy /OK
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 600
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.00000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError false
  /PDFXTrimBoxToMediaBoxOffset [
    34.69606
    34.27087
    34.69606
    34.27087
  ]
  /PDFXSetBleedBoxToMediaBox false
  /PDFXBleedBoxToTrimBoxOffset [
    8.50394
    8.50394
    8.50394
    8.50394
  ]
  /PDFXOutputIntentProfile (None)
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /CreateJDFFile false
  /Description <<
    /CHS <FEFF4f7f75288fd94e9b8bbe5b9a521b5efa7684002000410064006f006200650020005000440046002065876863900275284e8e9ad88d2891cf76845370524d53705237300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c676562535f00521b5efa768400200050004400460020658768633002>
    /CHT <FEFF4f7f752890194e9b8a2d7f6e5efa7acb7684002000410064006f006200650020005000440046002065874ef69069752865bc9ad854c18cea76845370524d5370523786557406300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c4f86958b555f5df25efa7acb76840020005000440046002065874ef63002>
    /DAN <>
    /DEU <>
    /ESP <>
    /FRA <>
    /ITA <>
    /JPN <FEFF9ad854c18cea306a30d730ea30d730ec30b951fa529b7528002000410064006f0062006500200050004400460020658766f8306e4f5c6210306b4f7f75283057307e305930023053306e8a2d5b9a30674f5c62103055308c305f0020005000440046002030d530a130a430eb306f3001004100630072006f0062006100740020304a30883073002000410064006f00620065002000520065006100640065007200200035002e003000204ee5964d3067958b304f30533068304c3067304d307e305930023053306e8a2d5b9a306b306f30d530a930f330c8306e57cb30818fbc307f304c5fc59808306730593002>
    /KOR <FEFFc7740020c124c815c7440020c0acc6a9d558c5ec0020ace0d488c9c80020c2dcd5d80020c778c1c4c5d00020ac00c7a50020c801d569d55c002000410064006f0062006500200050004400460020bb38c11cb97c0020c791c131d569b2c8b2e4002e0020c774b807ac8c0020c791c131b41c00200050004400460020bb38c11cb2940020004100630072006f0062006100740020bc0f002000410064006f00620065002000520065006100640065007200200035002e00300020c774c0c1c5d0c11c0020c5f40020c2180020c788c2b5b2c8b2e4002e>
    /NLD (Gebruik deze instellingen om Adobe PDF-documenten te maken die zijn geoptimaliseerd voor prepress-afdrukken van hoge kwaliteit. De gemaakte PDF-documenten kunnen worden geopend met Acrobat en Adobe Reader 5.0 en hoger.)
    /NOR <>
    /PTB <>
    /SUO <>
    /SVE <>
    /ENU (Use these settings to create Adobe PDF documents best suited for high-quality prepress printing.  Created PDF documents can be opened with Acrobat and Adobe Reader 5.0 and later.)
  >>
  /Namespace [
    (Adobe)
    (Common)
    (1.0)
  ]
  /OtherNamespaces [
    <<
      /AsReaderSpreads false
      /CropImagesToFrames true
      /ErrorControl /WarnAndContinue
      /FlattenerIgnoreSpreadOverrides false
      /IncludeGuidesGrids false
      /IncludeNonPrinting false
      /IncludeSlug false
      /Namespace [
        (Adobe)
        (InDesign)
        (4.0)
      ]
      /OmitPlacedBitmaps false
      /OmitPlacedEPS false
      /OmitPlacedPDF false
      /SimulateOverprint /Legacy
    >>
    <<
      /AddBleedMarks false
      /AddColorBars false
      /AddCropMarks false
      /AddPageInfo false
      /AddRegMarks false
      /ConvertColors /ConvertToCMYK
      /DestinationProfileName ()
      /DestinationProfileSelector /DocumentCMYK
      /Downsample16BitImages true
      /FlattenerPreset <<
        /PresetSelector /MediumResolution
      >>
      /FormElements false
      /GenerateStructure false
      /IncludeBookmarks false
      /IncludeHyperlinks false
      /IncludeInteractive false
      /IncludeLayers false
      /IncludeProfiles false
      /MultimediaHandling /UseObjectSettings
      /Namespace [
        (Adobe)
        (CreativeSuite)
        (2.0)
      ]
      /PDFXOutputIntentProfileSelector /DocumentCMYK
      /PreserveEditing true
      /UntaggedCMYKHandling /LeaveUntagged
      /UntaggedRGBHandling /UseDocumentProfile
      /UseDocumentBleed false
    >>
  ]
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [612.000 792.000]
>> setpagedevice


