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Abstract

Vision mediating photoreceptor cells are specialised light-sensitive neurons in the outer layer of
the vertebrate retina. The human retina contains approximately 130 million of such photoreceptors
which enable images of the external environment to be captured at high-resolution and high-
sensitivity (Forrester et al., 2003). Rod and cone photoreceptor subtypes are further specialised for
sensing light in low and high illumination, respectively. To enable visual function, these
photoreceptors have developed specialised morphological domains for the detection of light (outer
segments), for changing cell shape (inner segments) and for synaptic communication with
neighbouring retinal neurons (synaptic terminals). Furthermore, rod and cone subtypes have
developed unique morphological variations of these specialised features. Here we review the
major aspects of vertebrate photoreceptor morphology and key genetic mechanisms that drive their
formation. These mechanisms are necessary for cell differentiation as well as function. Their
defects lead to cell death.

INTRODUCTION

Sensory neurons are frequently integrated into epithelial structures. While some sensory
cells are present on the body surface, others are embedded in epithelia that line internal
cavities. This is the case of vertebrate auditory hair cells, for example. Although the lumenal
location of vertebrate photoreceptors is less obvious, these cells too differentiate from the
epithelial wall of the embryonic optic vesicle. Another common feature of sensory cells is
that they detect signals via the apical cell surface domain. To facilitate this function, cells
frequently differentiate elaborate apical features. Certain nematode sensory neurons, for
example, form apical extensions that resemble tree branches, combs, or spatulas (Ward et
al., 1975; Perkins et al., 1986). These structures are supported by a microtubule
cytoskeleton. In contrast to that, vertebrate auditory hair cells as well as Drosophila
photoreceptors differentiate bundles of finger-like protrusions supported by actin filaments
(Hudspeth, 1989; Knust, 2007). In this review, we will focus on the vertebrate
photoreceptor, a sophisticated light detector that features equally sophisticated morphology.

MORPHOLOGICAL FEATURES OF THE PHOTORECEPTOR CELL

Vertebrate photoreceptors are tightly aligned parallel to each other in a cell layer that
occupies the outer portion of the retina. An isolated photoreceptor has elongated shape and
features several morphologically distinct regions. From the apical to the basal terminus,
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these are: the outer segment, the inner segment, the nuclear region, and the synapse (Fig. 1).
Below, we discuss each region in detail.

The outer segment

A unique characteristic of visual photoreceptor morphology is the photosensitive outer
segment. Counter intuitively, rod and cone outer segments are located at the end of
photoreceptors furthest away from light entering the pupil, juxtaposed with the retinal
pigment epithelium (RPE). Outer segments are enriched in phototransduction proteins
including light-sensitive G-protein coupled receptors (GPCR), comprising of a
transmembrane opsin protein and the chromophore 11-cis-retinal (a vitamin A metabolite).
The compartmentalisation of the phototransduction machinery in the outer segment provides
efficiencies in maximising visual sensitivity and in providing localised control over
phototransduction. For example, visual sensitivity is regulated by selectively moving
downstream components of phototransduction e.g. transducin, recoverin and arrestin
between outer and inner segments or inner segments and synaptic regions (Calvert et al.,
2006).

The outer segment forms as a protrusion of the apical cell surface which differentiates into
an extensive array of photosensitive membranes (discs in rods and lamellae in cones)
(Steinberg et al., 1980; Arikawa et al., 1992). Its structure is supported by an array of
microtubules that extend from a basal body located at apical-most region of the inner
segment (Fig. 2D, E). At the base of the outer segment, a narrow constriction surrounding
the ciliary axoneme defines the boundary between the inner and outer segments, and is
referred to as the connecting cilium. It is a very active transport route of new outer segment
membranes and proteins. A continuous transport of material into the outer segment is
necessary to support the renewal of opsin-laden discs/lamellae, a proceess essential for
retinal function as shed discs/lamellae are continuously phagocytosed by the RPE apically
(Young, 1967; Young, 1971). The disks/lamellae are structurally subdivided into disk
surfaces and disk rims. Disk surfaces are the large flat parallel layers of disk membrane,
whereas disk rims are the curved membranes that form the edge of the discs.

Despite gross similarities, rod and cone outer segments differ in shape, structure and renewal
process. Indeed, the basis for rod and cone photoreceptor terminology arises from the rod-
like or cone-like shape these outer segment stacks adopt, respectively (Fig. 2D, E). In rod
outer segments of some higher vertebrates, multiple indentations of the disk membrane and
the plasma membrane occur along the length of the outer segment. These specialised
indentations are known as incisures and mark the site of a cytoskeletal system containing
longitudinal microtubules linked by filaments to the adjacent membranes (Eckmiller, 2000;
Eckmiller, 2004) (Fig. 2D). The incisures develop from infolds of the disk rim and surface,
and commence formation before rim completion (see below). In rods, the disc membranes
are separated from the plasma membrane and stacked internally (Fig. 2B, D, F, G), whereas
in cones the layers of lamellae are contiguous with the cell membrane and exposed to the
extracellular environment (Fig. 2C, E).

The mechanism by which new disks/lamellae are added to outer segments is not clearly
understood, and at least two models have been proposed to explain it. According to the
“evagination” model, the morphogenesis of new disk surfaces and rims involves separate
steps and regions of the membrane (Steinberg et al., 1980). Basal evaginations from the
inner face of the ciliary plasma membrane produce nascent disk membranes that are exposed
to the extracellular space, so called “open disks” (Fig. 2G). Then disk rims develop between
the lower (basal) membrane of an existing evagination and the upper (apical) membrane of
the adjacent, nascent membrane evagination (Fig. 2G). The rims grow around the
circumferences of adjacent discs, such that the apical and basal surfaces of a single
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evagination become surfaces of adjacent discs. In contrast to that, the proponents of the
“fusion” model stipulate that rod discs form via regulated fusion of opsin-laden,
membranous vesicles (Obata and Usukura, 1992; Chuang et al., 2007) (Fig. 2I). In this
scenario, vesicles concentrated at the base of the outer segment assemble into membranous
disks. The vesicles may originate via endocytosis of the outer segment basal membrane and/
or are trafficked from the inner segment (Chuang et al., 2007) (Fig. 21). Thus, vesicle fusion
mediates the incorporation of opsin into disks and disk formation. One of the key differences
between the models is the absence of “open disks” at the basal end of rod outer segments in
the “fusion” maodel. It has been suggested in the literature that the evidence for both the
“evagination” and “fusion” model may involve technical artefacts (Chuang et al., 2007;
Kleinman and Ambati, 2008; Yang et al., 2008). Intuitively, technical artefacts that disrupt
rod outer segment membranes resulting in “open disks” seem more likely. However, nascent
outer segment membranes that grow as extracellular evaginations are not simply artefacts, as
many vertebrate cones feature extensive membrane lamellae open on the non-ciliary face. It
is not clear at present whether only one of these models is correct or both describe
mechanisms that function in parallel in the basal region of the photoreceptor cell.

What is the basis for the differences in outer segment shape/structure and are they
functionally significant? Differences in the extent of rim formation basally and the ability to
produce basal membrane invaginations are proposed to account for the distinct shape and
structure of rod and cone outer segments (Eckmiller, 1987). In rod outer segments, disk rim
formation initiates at the ciliary side and extends completely around the circumference of the
adjacent membranes such that they become pinched off as internal disks separated from the
plasma membrane (Fig 2F-H). In cone outer segments, rim development is typically
incomplete such that cone membrane lamellae do not “pinch away” to separate from a
plasma membrane and as a result the cone membrane is continuous and exposed to the
extracellular environment (Eckmiller, 1987).

As mentioned above morphogenesis of outer segments is a dynamic process with disks/
lamellae being shed apically and new ones added basally. The ability of rod outer segments
to retain their cylindrical shape in this context is believed to relate to complete rim formation
such that newly formed disks extend the full width of the outer segment and become isolated
stacks that are pushed apically to replace the shed discs. Cone outer segments also add
membrane folds basally, but the width of the membranes at the tip of the cone is much
shorter than at the base. The generation and retention of cone-shape is proposed to be
mediated by unique invaginations (arrows in Fig. 2C) along the outer segment that remodel
the membrane lamellae decreasing their width and forming the cone taper (Eckmiller, 1987).

Surrounding photoreceptor inner and outer segments is an extracellular matrix referred to as
the retinal interphotoreceptor matrix (IPM) (Mieziewska, 1996). The IPM in mammalian
retinas is subdivided into rod and cone-specific compartments, which can be distinguished
based on the presence of peanut agglutinin-binding glycoconjugates in cones, and wheat
germ agglutinin (WGA)-binding glycoconjugates in rods (Sameshima et al., 1987). Cone
matrix sheaths are unique domains of the IPM largely composed of chondroitin 6-sulfate
proteoglycan. They are thought to mediate retinal attachment to the RPE (Johnson and
Hageman, 1991).

The inner segment

The inner segment corresponds to the photoreceptor domain stretching from the connecting
cilium (separating outer and inner segments) to the outer limiting membrane (Fig. 1, OLM).
It contains a myoid area with prominent Golgi-apparatus (also rich in contractile
microtubules in some lower vertebrates) (Troutt and Burnside, 1988), and an ellipsoid area
rich in mitochondria that help fulfil the metabolic requirements of photoreceptors (Fig. 3F).

Dev Dyn. Author manuscript; available in PMC 2010 September 1.



1duasnuey Joyiny vd-HIN 1duasnuey Joyiny vd-HIN

1duasnuey Joyiny vd-HIN

Kennedy and Malicki

Page 4

The OLM is itself an important structural feature that divides photoreceptors into apical and
basal domains. Although called a “membrane”, it actually consists of junctional complexes
between photoreceptors and adjacent Muller glia (Williams et al., 1990). In addition to
providing structural support, the OLM has been proposed to act as a semi-permeable barrier,
preventing the diffusion of extracellular matrix components surrounding outer and inner
segments, as well as a barrier for the diffusion of proteins within the lipid bilayer of the
photoreceptor cell membrane itself (Williams et al., 1990).

In lower vertebrates, photoreceptor inner segment morphology undergoes extensive length
remodelling in response to changes in ambient lighting and circadian rhythms. In darkness,
the myoid regions of cones and rods elongate and contract, respectively. This positions rod
outer segments close to the outer limiting membrane and cone outer segments closer to the
RPE pigment granules (Ali, 1971). The reverse “retinomotor movements” occur in light. In
addition to diurnal light regulation, retinomotor movements exhibit circadian regulation.
When placed in constant darkness photoreceptor elongation and retraction occur at the
“expected” light on and off phases (Pierce and Besharse, 1985; Pierce and Besharse, 1988;
Menger et al., 2005). Melatonin is a neuromodulator secreted from the pineal under
circadian regulation, with highest expression during the dark phase. In agreement with that,
melatonin induces cone elongation (Pierce and Besharse, 1985). Other neuromodulators
include adenosine and GABA which induce cone elongation (Pierce and Besharse, 1988;
Rey and Burnside, 1999) and dopamine which induces cone contraction (Pierce and
Besharse, 1985; Dearry et al., 1990). Cone myoid elongation is microtubule-dependent and
contraction is actin-dependent, whereas rod elongation and contraction are actin-based
(Warren and Brunside, 1978; O’Connor and Burnside, 1981; O’Connor and Burnside, 1982;
Burnside et al., 1983). Interestingly, retinomotor movements appear to require functionally
mature photoreceptors (Hodel et al., 2006). They are proposed to optimally position rod and
cone photoreceptor outer segments to maximise light capture in scotopic and photopic
environments.

The sequestration of mitochondria to the inner segment ellipsoid is a morphological
adaptation proposed to bring them closer to the choroidal blood supply for more efficient
sourcing of oxygen (Stone et al., 2008). Mitochondria are also clustered in the axon
terminals of species with an intraretinal vasculature, which brings them closer to this inner
retinal blood supply (Stone et al., 2008).

The nuclear region

The nucleus is positioned between the synaptic terminus and the inner segment (Figs. 1, and
4). It is a bulky organelle, which occupies a substantial portion of cell volume. In many
species, cone and rod nuclei have somewhat different shapes, stain differently in histological
preparations, and segregate to different sublaminae of the outer nuclear layer. In the mouse
and zebrafish, rod nuclei tend to be located basally (vitreally) relative to these of cones
(Carter-Dawson and LaVail, 1979;Branchek and Bremiller, 1984). It has also been noted
that mouse nuclei tend to form apico-basal columns (Carter-Dawson and LaVail, 1979). The
Golgi apparatus localizes apically to the nucleus while endoplasmic reticulum is found both
apically and basally (Mercurio and Holtzman, 1982).

The synapse

Photoreceptors synapse with bipolar and horizontal cells at the outer plexiform layer of the
retina. Similar to mechanosensory hair cells, photoreceptors utilise the ribbon synapse (Fig.
5), a specialised morphological adaptation of conventional chemical synapses, to
communicate with downstream targets (tom Dieck and Brandstatter, 2006). The ribbon
synapse is a presynaptic electron-dense “plate”, perpendicular to the plasma membrane, and
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surrounded by a large pool of synaptic vesicles (Fig 5B). It extends from the synaptic active
zone into the presynaptic cytoplasm (Lenzi and von Gersdorff, 2001;Sterling and Matthews,
2005;tom Dieck and Brandstatter, 2006).

Again, cone and rod photoreceptors have developed distinct structural variations of the
ribbon synapse (Sterling and Matthews, 2005; tom Dieck and Brandstatter, 2006). The
synaptic end is called a pedicle in cones and a spherule in rods. Typically, rod basal ends
branch into many small terminals, each containing a single ribbon enveloping a “tetrad” of
two lateral AMPA receptor-regulated horizontal cell processes and two or more central
mGIuR6 receptor-regulated bipolar cell dendrites (Fig. 5C) (Sterling and Matthews, 2005;
tom Dieck and Brandstatter, 2006). Cones, in general, have larger terminals containing
multiple ribbons and more vesicle docking sites than rod ribbon synapses (Fig 5E). The cone
ribbons synapses are associated with “triads” consisting of two lateral AMPA-positive
horizontal cell dendrites and one or more central, mGIluR6-positive, bipolar cell dendrites
(Fig. 5D). Cone but not rod terminals also synapse with tips of additional mGIuR1/5/6/7-
regulated bipolar cells via distinct basal contacts at characteristic distances from the triad.
Further away from the ribbon synapse, even more glutamate receptor-positive clusters which
arise from horizontal cell processes are observed. It is proposed that the ability of glutamate
released from cone ribbon synapses to couple with these additional cell types enables higher
order signalling (Sterling and Matthews, 2005). Functionally the ribbon synapse structure
enables much higher rates of exocytosis of glutaminergic vesicles and more tightly
controlled release of glutamate, than conventional synapses (Sterling and Matthews, 2005;
tom Dieck and Brandstatter, 2006). Thus, ribbon synapses enable photoreceptors (especially
cones) to transmit graded signals, fine-tuning information relating to a wide range of light
intensities in “real time”.

In teleost cones, but not rods, the number of synaptic ribbons decreases at night. The
decrease is circadian, regulated by intracellular calcium, and coincides with enhanced
transmitter release (Vollrath and Spiwoks-Becker, 1996). Recent findings indicate that
ribbons of mammalian rods also undergo significant morphological transformations in
response to diurnal changes in light, although these alterations are not circadian in nature
(Spiwoks-Becker et al., 2004). In the dark, rod ribbons are large and smooth, but small and
“club-shaped” during light. These differences have been proposed to arise from
phototransduction-mediated changes in intracellular calcium. Thus, rod ribbons may traffic
fewer vesicles in light than in dark as a means of adaptation.

Morphogenesis from Progenitor Cells

The striking morphological features of vertebrate photoreceptors described above develop
from differentiating retinal progenitor cells, which are characterized by a very different
epithelilal morphology. An important attribute of a differentiating photoreceptor is that it
remains connected via cell junctions to the surrounding cells (Hinds and Hinds, 1979;
Schmitt and Dowling, 1999). These cell junctions appear to persist throughout development
and adulthood as the outer limiting membrane. Morphogenetic changes to photoreceptor
progenitors have been described in several species (Hinds and Hinds, 1979; Schmitt and
Dowling, 1999; Martinez-Navarrete et al., 2008; Stone et al., 2008). In zebrafish, for
example, initially short inner segments containing connecting cilia at the apical end are
observed to extend towards the ventricular surface. These inner segments also contain rough
endoplasmic reticulum, ribosomes and mitochondria. Subsequently, outer segments and
synaptic termini can be distinguished, although synaptic ribbons have not yet formed
(Schmitt and Dowling, 1999). The inner segments enlarge and the ellipsoid and myoid are
distinguishable. Thereafter, unanchored ribbons are observed in the synaptic terminals.
Finally, expanding outer segments are observed as are enlarged synaptic terminals with
anchored ribbons and invaginating processes.
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Neurogenesis of photoreceptors from progenitor cell niches can also occur in adults. In fish
and amphibians, a ciliary marginal zone (CMZ) niche adds photoreceptors as part of the
growth of the eye throughout adulthood, and postnatal chicks retinas also contain
multipotent progenitors in the retinal margin (Wetts et al., 1989; Harris and Perron, 1998;
Fischer and Reh, 2000). As recently reported, neurogenesis of rod and cone photoreceptors
from retinal progenitors may also occur at the margin of monkey and human retinas
(Martinez-Navarrete et al., 2008).

MOLECULAR MECHANISMS OF PHOTORECEPTOR MORPHOGENESIS

The sophisticated morphology that characterizes the vertebrate photoreceptor cell requires
sophisticated mechanisms to drive its formation. Molecular motors play a major role in
photoreceptor morphogenesis and so do transmembrane proteins that confer distinct identity
on cell membrane domains, and mediate their intricate folding. Below, we discuss the major
molecular mechanisms that contribute to photoreceptor morphogenesis. Most, if not all, of
them are also necessary for long-term viability of the cell.

Membrane compartmentalization

Compartmentalization of the cell membrane is an essential feature of many cells (for a
recent review see Caudron and Barral, 2009). The best studied example is the subdivision of
epithelial cells into apical and basolateral cell membrane domains. In epithelia, the need for
membrane subdivision is obvious, as one area of the cell surface faces the outside
environment while another one the extracellular environment of the tissue. Clearly, the
different characteristics of the external and internal environments dictate differences in
protein composition. This is particularly obvious in the case of transporters that facilitate
directional movement of ions, small molecules, and proteins into or out of the cell. A
diffusion barrier between these two compartments is set by cell junctions and associated
structures. It prevents the mixing of the apical and the baso-lateral proteins.

The subdivision of the cell membrane into the apical and basolateral domains is also present
in many sensory cells, including hair cells, olfactory sensory neurons, and vertebrate and
insect photoreceptors (Hirokawa and Tilney, 1982; Hansen and Zeiske, 1993; Longley and
Ready, 1995) (Fig. 4B, C). A substantial body of evidence indicates that the genetic
underpinnings of apicobasal polarity in epithelial sheets and photoreceptors are closely
related.

One of the key regulators of apicobasal polarity is the crumbs gene. Initially discovered
during saturation mutagenesis screens in the fly (Jurgens et al., 1984), crumbs genes encode
transmembrane proteins which feature a short C-terminal region of ca. 40 amino acids and
extracellular domain of varying length. crumbs genes are necessary for the proper formation
of cell junctions which define the boundary between the apical and basolateral domains of
the cell membrane (Knust and Bossinger, 2002). While crumbs loss-of-function causes a
disintegration of cell junctions (Grawe et al., 1996), its overexpression results in a massive
expansion of the apical cell surface domain in fly embryonic epithelia (Wodarz et al., 1995).
Similar phenotypes are seen in fly photoreceptor cells (Pellikka et al., 2002). Similar to
Drosophila, vertebrate crumbs mutations also affect cell membrane polarity. In zebrafish,
loss of crumbs activity results in a dramatic decrease of the apical membrane size in
photoreceptor cells as measured by the distance between the outer limiting membrane and
the outer segment (Omori and Malicki, 2006). In the mouse, crumbs mutants are
characterized by the loss of cell junctions of the outer limiting membrane (Mehalow et al.,
2003; van de Pavert et al., 2004). In tests performed so far, crumbs overexpression does not,
however, cause an expansion of the apical membrane in zebrafish photoreceptors (Omori
and Malicki, 2006).
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The crumbs gene product functions as component of a larger protein complex. In zebrafish,
its C-terminus binds a FERM (Four point one, Ezrin, Radixin, Moesin) domain protein,
encoded by the mosaic eyes (moe) locus (Hsu et al., 2006). The Moe protein is expressed
throughout the photoreceptor cell surface and in contrast to crumbs, its loss of function is
thought to result in an expansion of the apical cell surface domain, the outer segment in
particular (Hsu et al., 2006). Given their contrasting mutant phenotypes, Moe has been
proposed to function as a negative regulator of Crumbs. Other than phenotypic observations,
direct evidence to support this model is not, however, available so far. In addition to Moe,
the C-termini of Crumbs proteins also interact with a MAGUK factor encoded by the nagie
okof/stardust (palsl in the mouse) locus and with a PDZ domain protein, Par6 (Hong et al.,
2001; Lemmers et al., 2004). Par6, in turn, binds Par3 and aPKC, two proteins known to
function as regulators of apico-basal polarity in fly embryonic epithelia (reviewed in Shin et
al., 2006) (Fig. 4D). In the zebrafish retina, Nok (Nagie oko), Par3, and Has/aPKC
colocalize with Crumbs apical to the cell junctions of the outer limiting membrane (Fig. 4B)
(Horne-Badovinac et al., 2001; Wei and Malicki, 2002; Wei et al., 2004). It is not known,
however, whether they also function as regulators of the apical cell surface size in vertebrate
photoreceptors. In the case of nok, for example, although mutant strains are available, this
question is difficult to address because the retinae of nok mutant animals are disorganized,
due to earlier function of this gene in the retinal neroepithelium and in the RPE (Zou et al.,
2008).

Another important subdivision of the cell membrane, which most likely exists in all ciliated
cells, is that which defines the ciliary compartment at the apical surface, and is termed the
“ciliary pore” (Rosenbaum and Witman, 2002). As photoreceptor outer segments are among
the most prominent cilia-derived structures, this subdivision plays a critical role in
photoreceptor function. It assures, for example, that opsins do not diffuse from the outer
segment into the rest of the photoreceptor cell membrane. In the absence of the outer
segment, opsins are present throughout the cell membrane and contribute to the degeneration
of photoreceptors (see for example, Tsujikawa and Malicki, 2004). The nature of the
diffusion barrier at the base of the outer segment or other types of cilia is not clear, as no
distinct structural analogs to the belt of cell junctions that separate the apical and basolateral
surface domains are seen in ultrastructural or histochemical analyses. The most plausible
candidates for structural components of this diffusion barrier are so-called transitional fibers
seen in some types of cilia (Dute and Kung, 1978; Perkins et al., 1986; Deane et al., 2001),
or elements of the ciliary necklace (Gilula and Satir, 1972). The molecular components of
these ciliary structures are, however, nearly unknown.

Transport Mechanisms

The outer segment is one of the most voluminous parts of the vertebrate photoreceptor, but it
lacks ribosomes, and thus does not synthesize its own proteins. Consequently, all outer
segment proteins are delivered from the cell body. This is clearly a challenging task, given
that opsin alone is present in ca. 1 billion copies in the outer segment and is constantly being
replenished (Pugh and Lamb, 2000). As its absence results in the lack of outer segment
formation, rod opsin is not only a transmembrane receptor but also an important structural
component (Lem et al., 1999). This may be one reason why the amount of opsin in the outer
segment has to be carefully regulated: reducing opsin content by half results in
photoreceptor degeneration and so does opsin overexpression (Olsson et al., 1992; Lem et
al., 1999). Opsin is the most abundant protein of the outer segment, and consequently it has
received by far the most attention in the analysis of photoreceptor protein transport.

The journey of proteins from the Golgi to outer segment membranes consists of two parts
that are related to the two apical membrane compartments. The first section of the transport
route carries proteins from the Golgi to base of the connecting cilium (Fig. 3C). Transport
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proceeds towards the minus ends of microtubules, and appears to be mediated, at least in
part, by dynein, a minus-end directed microtubule dependent motor (Tai et al., 1999). The
second segment of transport occurs within the ciliary compartment (Fig. 3B), which, as
discussed above, is delimited by a specialized region of the apical cell membrane. There
transport proceeds toward the plus ends of microtubules and is driven, at least in part, by
kinesins.

Transport from the Golgi to the Apical Membrane

Rod opsin, and presumably many other outer segment proteins, are transported from the
endoplasmic reticulum into the Golgi, and from there to the base of the photoreceptor outer
segment. This process can be subdivided into 3 stages: budding of opsin carrier vesicles,
translocation of vesicles, and finally their fusion with the cell membrane in the vicinity of
the connecting cilium. Undoubtedly, each of these steps involves complex molecular
machinery and our understanding of its intricacies appears rudimentary at best. Some of the
players begin to emerge, however, and are discussed below.

Budding of opsin carrier vesicles—The 44 C-terminal amino acids of rod opsin are
both necessary and sufficient for its correct transport to the outer segment (Tam et al., 2000;
Perkins et al., 2002). Given this function, it is not surprising that this region of the rod opsin
peptide appears to interact with a number of proteins (Tai et al., 1999; Deretic et al., 2005;
Chuang et al., 2007; Mazelova et al., 2009). One of its interacting partners is the small
GTPase, Arf4, which localizes to the basal part of the photoreceptor inner segment, an area
also occupied by the Golgi apparatus (Deretic et al., 2005). GTP-bound Arfs are thought to
stimulate vesicle budding via the recruitment of coat proteins (Nie et al., 2003; Nie and
Randazzo, 2006). Consistently, antibody blocking of Arf4 function inhibits the formation of
rhodopsin carrier vesicles in a retinal extract assay (Deretic et al., 2005). In the same assay,
interference with the function of the opsin terminus itself produces a similar phenotype
(Deretic et al., 1998). These results suggest that the interaction of Arf4 with the opsin C-
terminal sequence is necessary for the budding of opsin transport carrier vesicles. Clearly,
Arf4 cannot be the only element of the molecular cascade that regulates vesicle budding.
Indeed, recent studies suggest that Arf4 forms a complex with an Arf GAP, ASAP1; another
small GTPase, Rab11; and an Arf and Rab11 effector, FIP3 (Mazelova et al., 2009) (Fig.
3C).

Vesicle transport—Once formed, opsin-containing vesicles translocate towards the base
of the outer segment. This process was initially inferred based on microscopy and
radiolabelling experiments (Young and Droz, 1968; Hall et al., 1969; Papermaster et al.,
1985; Papermaster et al., 1986). As photoreceptor inner segment microtubules are directed
towards the apical surface (Troutt and Burnside, 1988), dynein is a good candidate for a
motor that drives this process. Indeed, this idea is supported by the observation that opsin-
bearing vesicles translocate along microtubules in an in vitro assay. Interestingly, this
process appears to be mediated by a direct binding interaction between the C-terminus of the
opsin polypeptide and one of the dynein light chains (Tai et al., 1999). Given the huge
amount of opsin to be transported to the outer segment, and the dire consequences of opsin
mistargeting (see “morphogenesis and disease” section below), one would expect a
redundancy in this transport mechanism. Alternative mechanisms for the interaction of
opsin-bearing vesicles with motor complexes have not been documented however.

Apart from opsins, the targeting of proteins to the outer segment region is poorly
investigated. One would expect that all outer segment-bound proteins may share a common
targeting signal. This does not, however, appear to be the case. The C-terminal peptide that
targets Peripherin/Rds to outer segment membranes does not appear to be related to the
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opsin targeting sequence (Tam et al., 2004). This lack of obvious targeting motifs is
consistent with a recent idea that for many proteins the outer segment is a “default”
destination in photoreceptor trafficking, and so it is the proteins that reside outside of the
outer segment that require appropriate targeting mechanisms to redirect them elsewhere
(Baker et al., 2008).

Fusion of vesicles with the target membrane—Once at the base of the connecting
cilium, opsin carrier vesicles appear to merge with the cell membrane in a specialized apical
area that consists of several membrane folds (ridges) extending radially from the apical
cilium, and referred to as the periciliary ridge complex (Peters et al., 1983) (Fig 3F, inset). It
is noteworthy that at least in amphibians, nine membrane folds surround the connecting
cilium, suggesting that this structure is related to ciliary architecture, which features nine
pairs of microtubules. Several microscopic techniques have been used to demonstrate that
opsin carrier vesicles fuse with the membranes of the periciliary ridge complex (Papermaster
et al., 1985; Papermaster et al., 1986). On the molecular level, one of the best characterized
genetic regulators of this process is Rab8. It localizes to the vicinity of the connecting cilium
and its basal body (Deretic et al., 1995), and the overexpression of its dominant negative
form results in the accumulation of vesicles at the base of the connecting cilium and a rapid
photoreceptor degeneration. This striking phenotype suggests that Rab8 plays a key role in
the fusion of opsin carrier vesicles with the cell membrane (Moritz et al., 2001).

The role of Rab8 in outer segment formation is consistent with recent findings that this small
GTPase is an important regulator of ciliogenesis. Rab8 localizes to the ciliary membrane in
cultured RPE cells, and interacts both with the BBS (Bardet-Biedl syndrome) protein
complex and the IFT (intraflagellar transport, see detailed discussion below) particle
(Nachury et al., 2007; Omori et al., 2008). These interactions are mediated via its putative
effectors, Rabin8 and Rabaptin5. While Rabin8 binds BBS1 (Nachury et al., 2007),
Rabaptin5 binds to the Elipsa protein, which in turn strongly associates with IFT20 (Omori
et al., 2008; Follit et al., 2009). The Rab8 effector pathways appear to contribute to outer
segment morphogenesis as mutations of both BBS1 and Elipsa result in photoreceptor loss
(Doerre and Malicki, 2002; Mykytyn et al., 2002). In fact, in elipsa mutants, photoreceptor
outer segments are entirely absent. This may be related, however, to a putative function of
Elipsa in IFT particle assembly and not to its binding interactions with the Rab8 complex
(see below).

Given the involvement of Rab8 in vesicle fusion at the base of the photoreceptor connecting
cilium, it is tempting to speculate that perhaps this process could be modeled after yeast
exocytosis, which is mediated by the so-called exocyst complex (Jahn et al., 2003). The
exocyst does, in fact, localize to cilia in MDCK cells (Rogers et al., 2004), and one of the
key initial steps in its assembly in yeast involves a small GTPase, Sec4p, a Rab8 homolog
(Ang et al., 2003). Similar to Sec4p, GTP-bound Rab8 could thus initiate vesicle fusion at
the base of the connecting cilium. Another small GTPase, which has been proposed to fulfill
Sec4p function in multicellular eukaryotes is Rab11 (Beronja et al., 2005). Similar to Rab8
in the vertebrate eye, a reduction of Rab11 activity in fly photoreceptors leads to the
accumulation of opsin vesicles in the cytoplasm (Satoh et al., 2005). Rab11 associates with
post Golgi vesicles in frog retinae, but its function has been mostly associated with vesicle
budding and not fusion so far (Deretic et al., 1996).

The similarity between yeast exocytosis and the targeting of vesicles in photoreceptor cells
can be extended further in the fly. In the yeast exocyst formation pathway, GTP-bound
Sec4p associates with Sec15p (Guo et al., 1999). A related binding interaction may take
place between Rab11 and Sec15 in fly photoreceptors, as Sec15 mutant photoreceptor cells
display abnormal distribution of Rab11 and differentiate shorter rhabdomeres (Wu et al.,
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2005). To our knowledge, a role for Sec15 in vertebrate photoreceptors has not been
proposed so far. In addition to homologs of exocyst complex components, Ezrin, Moesin,
and Racl are candidate regulators of opsin vesicle fusion with the photoreceptor periciliary
membrane. They co-localize with Rab8 in the vicinity of the connecting cilium, and are
displaced from this area coincident with the blockage of opsin vesicle fusion (Deretic et al.,
2004).

Transport within the ciliary compartment

Once at the base of the connecting cilium, outer segment proteins are transported along the
ciliary axoneme into the photoreceptor outer segment (Fig. 3B). Although nomenclature
suggests that the outer segment and the connecting cilium are distinct entities, the entire
outer segment can be thought of as a cilium characterized by a highly expanded and folded
membrane.

The motors—Compared to the inner segment, the direction of outer segment microtubules
is reversed (Troutt and Burnside, 1988), and accordingly apically-directed microtubule-
dependent transport of opsins within the outer segment requires plus end-directed motors.
Indeed, kinesins play a crucial role in the transport of opsins and other proteins into the outer
segment. In mouse conditional Kif3a knock-out animals, Opsin, Arestin, and Peripherin
mislocalize to the inner segment (Marszalek et al., 2000). In contrast to that, the localization
of a-transducin is not affected.

The normal localization of transducin in Kif3a mutants is a curious observation, which could
be explained by the presence of another parallel transport mechanism, perhaps driven by a
different kinesin. Multiple kinesins do, in fact, co-operate in nematode cilia formation
(reviewed in Blacque et al., 2008). In the so-called amphidial channels of C. elegans, two
kinesins drive cilia formation: a heterotrimeric kinesin, Kif3; and a homodimeric one,
OSM-3. The function of these two motors is partially redundant: while the loss of Kif3
function alone does not produce a phenotype, and the absence of OSM-3 affects the distal
ciliary segment only, a deficiency of both motors causes a nearly complete loss of the ciliary
axoneme (Snow et al., 2004; Ou et al., 2005; Pan et al., 2006). Thus while OSM-3 alone is
necessary for the formation of the distal part of amphidial cilia, both motors function
redundantly in the proximal part. Interestingly, these genetically distinct mechanisms
correlate with structural features of amphidial cilia: while the proximal part of these cilia
contains microtubule doublets, the OSM-3 dependant distal part features single microtubules
(Ward et al., 1975; Snow et al., 2004).

The nematode studies prompted tests of Kifl17, a vertebrate homolog of the nematode
OSM-3 kinesin, for a role in photoreceptor outer segment formation. Indeed, an antisense
knockdown of Kifl17 in zebrafish produces outer segment loss (Insinna et al., 2008). This
phenotype appears to be more severe, compared to that associated with Kif3a defect in the
mouse: outer segments are largely absent in larval zebrafish following morpholino
knockdown (Insinna et al., 2008). Thus two kinesins function in nematode amphidial cilia
and vertebrate photoreceptor cells alike. Moreover, similar to nematode cilia, the
microtubules of vertebrate photoreceptor cells form doublets at the base of the outer segment
and singlets in its distal region (Cohen, 1965; Yacob et al., 1977). Despite these genetic and
structural similarities, it is unlikely that the nematode model is applicable to vertebrate
photoreceptor cells. In contrast to nematode amphidial cilia, kinesins do not appear to
function redundantly in the basal part of the outer segment (Insinna et al., 2008). This is not
surprising as even in C. elegans different classes of cilia require differing contributions of
homodimeric and heterotrimeric kinesins: these motors are fully redundant in building only
a subset of amphidial channel cilia (Evans et al., 2006; Mukhopadhyay et al., 2007). The
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relative contributions of homodimeric and heterotrimeric kinesins to outer segment
formation need to be explored further.

The intraflagellar particle—Ciliary kinesins translocate a protein complex, known as the
intraflagellar transport (IFT) particle, which is currently thought to consist of ca. 15-20
polypeptides (for a recent review see Pedersen and Rosenbaum, 2008). IFT proteins are of
paramount importance for cilia formation, including the formation of the photoreceptor
outer segment. In hypomorphic mutants of the mouse Ift88/polaris gene, photoreceptor outer
segments are disorganized and in the mutants of the zebrafish ift88/oval locus they are
entirely absent, although some outer segment-like membrane stacks form on the lateral
surfaces of the cell (Tsujikawa and Malicki, 2004). Similarly, in zebrafish mutants of elipsa
and fleer loci, both encoding IFT particle-associated proteins, outer segments are entirely
missing (Doerre and Malicki, 2002). Although one might be tempted to assume that all IFT
particle components contribute equally to the particle assembly and function, this does not
seem to be the case. In contrast to oval, elipsa, and fleer, the zebrafish curly mutant, a null
for ift57 function, does differentiate a short outer segment (Krock and Perkins, 2008). Thus
oval and curly loci appear to play somewhat different roles at least in the photoreceptor
outer segment, but perhaps also in other cilia. These differences may have to do with the IFT
particle structure, a poorly investigated topic at this time.

How does the IFT particle interact with kinesin motors? As Kif3b binds Ift20 in a yeast two-
hybrid assay (Baker et al., 2003), it would appear likely that the heterotrimeric Kinesin
interacts with the IFT particle by binding to its Ift20 component. The Ift20 role does not,
however, appear to be that simple. In zebrafish ift57/curly mutants, 1ft20 no longer co-
precipitates with other IFT proteins and, interestingly, the heterotrimetic kinesin appears to
bind the IFT particle stronger (Krock and Perkins, 2008). These experiments suggest that
Ift20 is not necessary for kinesin binding, and, to the contrary, may function as a negative
regulator of this process. Thus it remains unknown which IFT protein mediates the binding
of the particle to Kif3. IFT particle interactions with Kif17 are even less clear.

A good understanding of binding relationships within the IFT particle would help to study
its interactions with other protein complexes. Several studies have attempted to determine
how IFT proteins bind each other (Baker et al., 2003; Lucker et al., 2005; Omori et al.,
2008). For example, IFT57 and IFT20 appear to bind each other, and so do IFT74 and
IFT81. As the binding partners of many other IFT proteins remain unknown, it is safe to say
that a lot remains to be done before this area is fully understood.

The cargo—It is usually assumed that the main function of the IFT particle is to mediate
the transport of polypeptides within the cilium. Perhaps the best documented example of that
is the transport of radial spokes to the tips of Chlamydomonas flagella (Qin et al., 2004; Pan
and Snell, 2005). In addition to cytoskeletal proteins, IFT is also thought to support the
transport of membrane-associated proteins, such as TRP channels (Qin et al., 2005).
Naturally, in the context of the photoreceptor one would like to know whether opsin
transport requires IFT. Although it is tempting to assume that membrane-embedded opsins
interact with IFT particle proteins, biochemical evidence to support this model has not been
generated so far. The C-terminal 40 amino acids of opsin do interact, however, with SARA
(Smad anchor for receptor activation), a protein initially identified as a component of the
TGFp signaling pathway (Tsukazaki et al., 1998). Interestingly, in photoreceptors SARA
localizes to vesicular structures found along the ciliary axoneme, predominantly at the base
of the outer segment (Chuang et al., 2007). Interference with SARA function leads to the
accumulation of vesicles in this area, a striking phenotype which sometimes appears to
result in the rupture of the entire outer segment (Chuang et al., 2007). SARA binds Syntaxin
3 and is thought to mediate a fusion of opsin containing vesicles at the base of the outer
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segment, a process hypothesized to mediate outer segment disc formation (Fig. 2B). As we
pointed out previously, this view contrasts with previous models, suggesting that rod discs
form via membrane evagination, followed by enclosure of extracellular space between
adjacent evaginations by bilaterally outgrowing disc rim membrane (Tokuyasu and Yamada,
1959; Steinberg et al., 1980). How SARA-positive vesicles form and whether IFT plays a
role in their movement remains unknown.

Other ciliary proteins—Many other genes are likely to be involved in the transport of
proteins through the photoreceptor connecting cilium. Some of them are clearly required for
outer segment formation so that in their absence the outer segment does not form at all. In
the case of others, mutant phenotypes involve disorganized outer segments, or photoreceptor
degeneration. Retinitis Pigmentosa GTPase Regulator (RPGR) and its binding partner
RPGR-interacting protein (RPGRIP), for example, are a pair of proteins that may be
involved in photoreceptor ciliary transport (Meindl et al., 1996; Roepman et al., 2000). The
evidence for this is based on the observation that the RPGR gene product co-
immunoprecipitates with IFT88 (Khanna et al., 2005). The two proteins appear to be
functionally related as the localization of RPGR to the connecting cilium requires the
presence of RPGRIP, and knockouts of either protein cause outer segment disorganization
(Zhao et al., 2003). Another group of proteins that may be involved in photoreceptor ciliary
transport are these encoded by Bardet-Biedl syndrome (BBS) loci. In nematode cilia, BBS
proteins translocate with the speed characteristic of the IFT particle, and the cilia of
nematode BBS mutants are shorter, compared to the wild type (Blacque et al., 2004). In
mouse mutants of BBS genes, opsins are mislocalized, a phenotype which may be associated
with ciliary transport defect (Nishimura et al., 2004; Abd-El-Barr et al., 2007; Davis et al.,
2007).

Nephrocystins are yet another group of proteins that may be involved in ciliary transport.
The two nephrocystins that have been investigated in the nematode model so far localize to
the base of cilia and function redundantly with B9 domain proteins: double mutants of
nephrocystins and B9 proteins display a shortening of cilia (Williams et al., 2008). In
addition, the levels of certain IFT machinery components appear reduced in C. elegans
nephrocystin mutant cilia, and the speed of IFT52 translocation is also altered (Jauregui et
al., 2008). These observations raise the possibility that NPHP genes regulate IFT in at least
some types of cilia. In vertebrate photoreceptors, nephrocystin 5 is strongly expressed in the
entire outer segment, while nephrocystin 1 localizes to the vicinity of the basal body (Otto et
al., 2005; Fliegauf et al., 2006). Interestingly, NPHP6, known also as CEP290, is required
for the localization of Rab8 to the primary cilium (Kim et al., 2008; Tsang et al., 2008).
Given that Rab8 is thought to function in the delivery of opsin carrier vesicles to the base of
the outer segment (see above), it appears that Nephrocystins may participate in multiple
molecular events to form and maintain photoreceptor structure.

Finally, it is worth noting that an excessive amount of opsin accumulates near the basal body
and in the connecting cilium of mouse strains that carry mutations in the myosin Vlla
(Myo7a) gene (Liu et al., 1999). This led to the idea that Myo7a may also contribute to opsin
transport. Although this may be the case, this contribution is most likely relatively small as
photoreceptors of Myo7a mutant mice display normal or near-normal survival rates (Liu et
al., 1999).

Outer Segment Architecture

It is difficult not to be impressed by the regular parallel arrangement of hundreds of
membrane folds in the photoreceptor outer segment, and wonder what mechanisms mould
them into such an exquisite piece of cellular machinery. Below we review genes currently

Dev Dyn. Author manuscript; available in PMC 2010 September 1.



1duasnuey Joyiny vd-HIN 1duasnuey Joyiny vd-HIN

1duasnuey Joyiny vd-HIN

Kennedy and Malicki

Page 13

known to function in the development of outer segment morphology. Most studies have
incorporated rodent models and therefore the phenotypes described predominantly relate to
rods.

Rhodopsin and disk biogenesis—Although usually thought of as solely a
phototransduction protein, rhodopsin is also an indispensable structural protein, as outer
segments completely fail to develop in rhodopsin knockout mice (Humphries et al., 1997,
Lem et al., 1999). Rhodopsin is expressed in mature disks and the surrounding plasma
membrane and thus could be envisaged to have a simple structural role in supporting outer
segments. However, rhodopsin is also expressed in nascent disks, and the failure of outer
segments to form in rhodopsin knockout mice implicates an unexpected role for rhodopsin
in outer segment biogenesis. These findings are cited as supporting evidence for the “fusion”
model of outer segment formation mediated by opsin-laden vesicles (Chuang et al., 2007).

Rim proteins—Peripherin/rds and rom-1 are tetraspanin or transmembrane 4 superfamily
proteins required for normal disk morphogenesis (reviewed by Goldberg, 2006). In contrast
to Opsin, Periperin/rds and Rom-1 specifically localise throughout the disk rims of mature
rod disks (Fig. 2G) (Arikawa et al., 1992; Bascom et al., 1992). Periperin/rds is also
expressed adjacent to the cilium on the edges of nascent rod disks (Arikawa et al., 1992).
Knockout of periperin reveals a differential requirement in rods and cones. Taking
advantage of the enrichment of cones in Nrl knockout mice, cone photoreceptor
differentiation was studied in peripherin/rds:nrl double knockout mice (Farjo et al., 2006).
In these animals, cone outer segments do develop and do retain visual function (Farjo et al.,
2006). They are, however, enlarged and morphologically disorganised. These structural
abnormalities were proposed to result from impaired folding of evaginating lamellae (Farjo
et al., 2006). By contrast, rod outer segments fail to form entirely in periperin/rds mutants
(Sanyal and Jansen, 1981; Jansen and Sanyal, 1984). These phenotypic differences between
rods and cones may reflect different localization patterns: in cones, peripherin/rds localises
to outer segment edges in the areas adjacent the connecting cilium, while in rods it is present
around the entire rim of rod discs. The loss of peripherin/rds also prevents the extracellular
cone matrix sheaths from enveloping the cone outer segment (Farjo et al., 2006). This
suggests that Peripherin/rds anchors both cone outer segments and their extracellular
environment. Thus, these studies reveal an essential requirement for the periperin/rds gene
in rod outer segment biogenesis, and a more moderate role in the structural organisation of
cones.

Rom-1 and peripherin/rds are homologous proteins that form heteroligomers (Goldberg and
Molday, 1996; Loewen and Molday, 2000; Loewen et al., 2001). Knockout of Rom-1 results
in enlarged disks and disorganised rod outer segments, reminiscent of the phenotype
described for the loss of Peripherin/rds in cone outer segments (Clarke et al., 2000). The less
severe phenotype seen in the rods of Rom-1 versus Peripherin/rds null mutants may arise
from the ability of peripherin to form homotetramers, which presumably can compensate for
the absence of Rom-1. The aforementioned complexes of Rom-1 and peripherin/rds have
also been proposed to form the curved disk rims by oligomerisation around disk edges or
across adjacent membranes (Loewen and Molday, 2000; Boesze-Battaglia et al., 2002).

Base outer segment proteins—Prominin 1 and Protocadherin 21 display another
intriguing subcellular distribution: they both localise to the base of the outer segment. They
also present with similar mutant phenotypes, suggesting related functions in outer segment
morphogenesis. Prominin 1 is a transmembrane glycoprotein, and ultastructural analysis of
transgenic mice expressing a mutant form of prominin-1 reveals overgrown and misoriented
disk membranes (Yang et al., 2008). Protocadherin 21 is a photoreceptor-specific cadherin
localised to nascent outer segment discs on the edges opposite to the connecting cilium. Its
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localization is complementary to that of peripherin/rds (Rattner et al., 2001). Knockout of
the protocadherin 21 gene results in grossly oversized outer segment disks (Rattner et al.,
2001). Similar disk overgrowth phenotypes occur following actin filament depolymerisation
with cytochalasin D (Williams et al., 1988; Vaughan and Fisher, 1989). This phenotype
involves excessive growth of a few nascent disks rather than normal growth of many.

Several observations suggest that Prominin 1 and Protocadherin 21 form a functional
complex. First, consistent with their similar expression and disk morphogenesis phenotypes,
Prominin 1 has been shown via binding studies to physically interact with Protocadherin 21
and Actin (Yang et al., 2008). Furthermore, the expression of mutant Prominin 1 reduces the
levels of cleaved Protocadherin 21 normally observed during disk morphogenesis and
reduces interaction with actin. Finally, mutant Prominin 1 expression also results in the
mislocalisation of both wild-type Prominin 1 and Protocadherin throughout the
photoreceptor, while Rom-1 and a component of the cGMP-gated channel exhibit normal
localisation (Yang et al., 2008). What then is the function of the Prominin/Protocadherin
complex? As Prominin 1 is associated with a variety of membrane protrusions, it has been
proposed that it provides curvature to forming disks or link adjacent disks during outer
segment morphogenesis, by cis- and trans- dimerisation of its leucine zipper domains,
respectively (Jaszai et al., 2007). The recent identification of physical interactions of
Prominin 1 and Protocadherin 21 suggest that these heterodimeric complexes may also
regulate the proper alignment of nascent disks (Yang et al., 2008). Finally, Prominin 1 may
also function in cooperation with an extracellular matrix protein Spacemaker. Drosophila
Prominin and Spacemaker interact at the tips of rhabdomeral microvilli to keep rhabdomeres
of neighouring photoreceptors apart from each other (Zelhof et al., 2006).

Plasma membrane proteins—In contrast to Peripherin/rds and Rom-1, which localise
to disk rims, the cGMP-gated channel and the Na/Ca-K exchanger localise to the outer
segment plasma membrane (Fig. 2G). The B-subunit of the cGMP-gated channel features an
N-terminal glutamic acid- and proline-rich region, referred to as GARP (glutamic acid rich
protein). In addition, two cytoplasmic GARPs are found in the outer segment. All three
proteins appear to be alternative splicing products of a single gene (Colville and Molday,
1996). GARPs localise to the disc rims and incisures of rods but are not found in cone outer
segments (Colville and Molday, 1996). As photoreceptor GARPs bind Peripherin/Rds
(Poetsch et al., 2001), it has been proposed that their soluble forms bridge Peripherin/rds
molecules found on adjacent outer segment discs (Fig. 2G). In addition, the cGMP-gated
channel GARP may bridge the plasma membrane with peripherin-2 oligomers in the rim of
disk membranes (Poetsch et al., 2001). These results suggest that GARPs mediate
photoreceptor morphogenesis by providing adhesive interactions both between outer
segment discs and between disc rims and the plasma membrane.

Organelle Distribution

In many cells, organelles distribute in a non-random manner in the cytoplasm (reviewed in
Chen and Chan, 2006; Bornens, 2008). In skeletal muscle cells, for example, a cluster of
several mitochondria accumulates beneath the neuromuscular junction (Grady et al., 2005).
Similarly in neurons, mitochondria are found more frequently at the nerve terminal (Palay,
1956). Photoreceptor cell organelles also clearly distribute in defined fashion: basal to the
connecting cilium, the photoreceptor cytoplasm is occupied by a dense cluster of
mitochondria (Fig. 3F). This part of the cell is referred to as the ellipsoid (Fig 3F). The
Golgi apparatus localizes basal to mitochondria and apical to the cell nucleus (Fig 1), and
finally the synaptic apparatus invariably occupies the basal-most portion of the
photoreceptor cell (Rodieck, 1973).
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The cell nucleus is by far the most bulky cytoplasmic organelle of the photoreceptor and so
its localization is critical for the morphology of the entire cell as well as the correct
organization of the photoreceptor cell layer (Fig. 4). The mechanism of nuclear positioning
was analyzed extensively in Drosophila photoreceptor cells. Studies in this model uncovered
that dynein and kinesin motor complexes regulate nuclear position by pulling the nucleus in
opposite directions, towards the apical terminus of the cell, and the axon, respectively (Fan
and Ready, 1997;Whited et al., 2004). Consistent with these observations, mutations in a
dynein cofactor, the DLis-1 polypeptide, also cause a severe basal displacement of
photoreceptor nuclei in the fly (Swan et al., 1999). Besides genes that encode motor
complex components, the activity of several other loci, including Bic-D, klarsicht,
misshapen, disabled, and lamin and are known to influence nuclear position in fly
photoreceptor cells (Mosley-Bishop et al., 1999;Swan et al., 1999;Patterson et al.,
2004;Houalla et al., 2005;Pramatarova et al., 2006). Two of these genes, klarsicht and
laminin, encode nuclear envelope-associated proteins. The Klarsicht protein features a
KASH domain: a C-terminal region containing a single transmembrane hydrophobic
sequence and a short cytoplasmic tail of ca. 10-35 amino acids (Starr and Fischer, 2005). It
localizes to the nuclear envelope and contains an extensive extracellular domain of ca. 2000
amino acids. KASH domain proteins in general are involved in nuclear positioning in
several model systems (Starr and Han, 2002;Grady et al., 2005).

Recent experiments reveal that mechanisms regulating nuclear position are very similar in
insect and vertebrate photoreceptors. Insights into this area came from the analysis of
zebrafish mutant mikre oko (mok). As mok™M632 mutant photoreceptors degenerate rapidly
(Doerre and Malicki, 2001), the analysis of nuclear position in mutant cells was performed
in genetically mosaic retinae. It revealed that the nucleus in mok mutant photoreceptors is
strongly displaced towards the synaptic terminus, so that in the most extreme cases it
localizes to the outer plexiform layer, and appears to interfere with synaptic differentiation
(Tsujikawa et al., 2007). The mikre oko locus encodes the p150 (Dynactin 1) subunit of the
dynactin complex and is homologous of the fly glued gene, also involved in the localization
of photoreceptor nuclei (Fan and Ready, 1997). Interestingly, both zebrafish and fly p150
nuclear positioning mutants involve similar C-terminal truncations of the polypeptide
(Tsujikawa et al., 2007).

Similarities between fly and fish photoreceptors extend further. The interference with
another dynactin complex component, p50 (dynactin 2), as well as with the lis1 protein
cause a basal mislocalization of nuclei also in zebrafish (Tsujikawa et al., 2007).
Furthermore, both in fly and in zebrafish photoreceptors, nuclear positioning is mediated by
a KASH-domain proteins, thought to localize to the nuclear envelope (Fig. 4E). These
studies support the presence of a mechanism that involves a microtubule-dependent motor(s)
which interact with proteins anchored in the nuclear envelope (Tsujikawa et al., 2007).

The current model of nuclear positioning is not without shortcomings. As we already
mentioned, KASH proteins feature a short C-terminus and an extremely large N-terminal
region, in some cases many thousands of amino acids in length (reviewed in Wilhelmsen et
al., 2006). While the C-terminal region is known to interact with Sun proteins (reviewed in
Worman and Gundersen, 2006), the N-terminus presumably interacts directly or indirectly
with motor complexes. The lack of a molecular mechanisms that would mediate this
interaction remains the most significant deficiency of this model.

In contrast to the nucleus, the mechanisms that regulate the distribution of other
photoreceptor organelles, the mitochondria and the Golgi apparatus in particular, are nearly
unknown. In tissue culture cells, the positioning of the Golgi is also regulated by
microtubule dependent motors, dynein in particular (Harada et al., 1998; Smith et al., 2000).

Dev Dyn. Author manuscript; available in PMC 2010 September 1.



1duasnuey Joyiny vd-HIN 1duasnuey Joyiny vd-HIN

1duasnuey Joyiny vd-HIN

Kennedy and Malicki

Page 16

While the positioning of the photoreceptor Golgi has not been investigated in mok mutant
zebrafish, Kif3a mutant mouse displays a normal localization of the Golgi apparatus,
arguing against a role for this particular motor in Golgi positioning (Marszalek et al., 2000).
Similarly, so far there is no evidence for the involvement of microtubule- dependent motors
in the positioning of mitochondria, although some of these organelles may be mislocalized
in the mok mutant as well (Marszalek et al., 2000; Tsujikawa et al., 2007). In many species,
mitochondria form a tight cluster in the very apical region of the inner segment (Fig. 3F). It
remains to be investigated what mediates their adhesion to each other and what mechanisms
position the mitochondrial cluster in a specific area of the cell.

Synapse formation

The synaptic apparatus is the basal-most feature of the vertebrate photoreceptor cell (Fig. 1,
5). Developmentally, synaptic ribbons arise from electron-dense precursor spheres present in
photoreceptor terminals, which change shape to form unanchored plate-like ribbons, and
finally mature ribbon synapses (Fig. 5) (Regus-Leidig et al., 2009). The precursor spheres
transport cytomatrix proteins including Bassoon, Piccolo, RIBEYE, and RIML1 to the
location where the mature ribbon synapses settle (Regus-Leidig et al., 2009).

The molecular constituents defining ribbon synapses are becoming clearer. As ribbon
synapses are morphological adaptations of conventional chemical synapses, these include
standard components of conventional synapses and specialised ribbon synapse proteins. In
addition, genetic and biochemical studies have characterised several factors involved in cell-
cell/ECM contact, Ca2*-mediated exocytosis and intracellular transport that are required for
proper morphogenesis/function of photoreceptor terminals/ribbon synapses (see below).

Ribbon Proteins—Components of the ribbon itself include RIBEYE, Kif3a, RIM,
Piccolo, Bassoon and ERC/CAST (Lenzi and von Gersdorff, 2001; Sterling and Matthews,
2005; tom Dieck et al., 2005; tom Dieck and Brandstatter, 2006). RIBEYE is a multidomain
protein alternatively transcribed from the Ctbp2 locus (Schmitz et al., 2000). Knockout of
RIBEYE by the elimination of the entire Ctbp2 locus was not informative due to early
lethality (Hildebrand and Soriano, 2002). However, knockdown of ribeye a in zebrafish
results in visual behaviour defects and shortened photoreceptor ribbons (Wan et al., 2005).
Consistent with this evidence of a structural role, binding interactions of RIBEYE with
Munc119 and Basoon suggest a scaffolding function (tom Dieck et al., 2005; Alpadi et al.,
2008). Munc119 is a ribbon-associated protein essential for chemical transmission at the
synapse. A nonsense mutation in Muncl119 that removes its prenyl-binding domain produces
ERG changes and photoreceptor degeneration in the mouse (Kobayashi et al., 2000). The
presence of this domain suggests that Munc119 is involved in intracellular membrane and
protein trafficking. Munc119 has recently been shown to also physically interact with a
calmodulin-like calcium-binding protein, CaBP4 (Alpadi et al., 2008; Haeseleer, 2008).
Thus, RIBEYE-Munc119-CaBP4 interactions provide a putative signaling complex that
links intracellular calcium levels and the ribbon-associated synaptic vesicles. As pointed out
above, RIBEYE also binds Bassoon, a cytomatrix protein localised to the base of the
photoreceptor synaptic ribbon (tom Dieck et al., 2005). In Bassoon null mutants, most
ribbons float free in the cytoplasm and synaptic transmission is attenuated (Dick et al.,
2003). Basoon, also hinds ERC2/CAST1 at the ribbon synapse, which suggests that it
functions as an intermediary protein anchoring the ribbon to the presynaptic membrane (tom
Dieck et al., 2005).

Vesicle and SNARE Proteins—Most proteins localised to vesicles of conventional

synapses (e.g. synaptotagmin, synaptophysin, SV2 and Rab3a) are also present in vesicles of
ribbon synapses (Lenzi and von Gersdorff, 2001). The exceptions are the synapsins which
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tether vesicles to the cytoskeleton in conventional synaptic apparatus but are absent from
ribbon synapses. This difference may simply reflect the ribbon structure, which provides the
same tethering function as the synapsins, or alternatively the unique need of ribbon synapses
to accumulate large pools of readily releasable synaptic vesicles, which in turn requires
different tethering mechanisms (tom Dieck and Brandstatter, 2006). The core SNARE-
complex proteins synaptobrevin, syntaxin and SNAP-25, are also present at ribbon synapses,
mediating the fusion of synaptic vesicles with the plasma membrane.

Regulators of calcium-dependent neurotransmitter release—At synaptic termini,
glutamate is released as a neurotransmitter by calcium-dependent exocytosis. Elevated
intracellular calcium triggers glutamate-laden vesicles to fuse with the presynaptic terminal
and release their neurotransmitter into the synaptic cleft. Mutations in molecular
components mediating calcium-dependent exocytosis of glutamate are associated with
structure-function defects at ribbon synapses. L-type voltage-dependent calcium channels
(VDCC) and their regulator, CaBP4, both localize to ribbon synapses. Mice carrying null
mutations in an aqg-subunit of VDCC display disorganized synaptic structures, and ectopic
horizontal and bipolar cell extensions synapsing in the outer nuclear layer (Mansergh et al.,
2005; Chang et al., 2006a; Bayley and Morgans, 2007). Consistently, knockout of a VDCC
B, subunit also results in thinning of the OPL, a significant loss of ribbon synapses, and
abnormal ERG b-waves (Ball et al., 2002). Calcium channel activity is regulated by CaBP4,
a photoreceptor-specific member of the calmodulin-like calcium-binding protein family
(Haeseleer et al., 2004). Cabp4 null mutants also display a thin OPL, reduced numbers of
photoreceptor terminals and synaptic ribbons, and reduced ERG a- and b-waves (Haeseleer
et al., 2004). As mentioned above, CaBP4 also binds Munc119, forming a potential link
between intracellular calcium regulation and ribbon synapse exocytosis. These findings
demonstrate that VDCC function is required for the proper establishment and/or
maintenance of photoreceptor ribbon synapses.

RIM1 is a Rab3-interacting protein proposed to function in late steps of exocytosis. It
interacts with Munc13-1, ERC2/CAST1 and VDCC, all of which regulate synaptic vesicle
priming and neurotransmitter release at the presynaptic active zone (tom Dieck and
Brandstatter, 2006). Munc13-1 is present only at the active zone compartment of the
photoreceptor ribbon synapse wherein it likely primes vesicles for release in conjunction
with the VDCC and ERC2/CAST1 (tom Dieck et al., 2005; tom Dieck and Brandstatter,
2006).

Downstream of neurotransmitter release there appears to be a unique requirement for
synaptophysin, an integral synaptic vesicle protein, in the formation and recycling of
synaptic vesicles at photoreceptor synapses. In most synapses, knockout of synaptophysin
does not cause structural defects. In photoreceptors, however, which appear to lack a
compensatory protein, knockout of synaptophysin results in a significant reduction of
synaptic vesicle number (Spiwoks-Becker et al., 2001).

As signalling mechanisms that connect VDCCs to the release of synaptic vesicles are
progressively better understood, it is becoming clear that components of calcium-dependent
neurotransmitter release are frequently associated with the development of ribbon synapse
morphology, and their defects cause human disease (see below).

Molecular Motors—myosin Va is an actin-based molecular motor involved in organelle
and vesicle transport (Tyska and Mooseker, 2003). In the retina, Myosin Va localises
predominantly to the synaptic terminals of photoreceptors. Disruption of mouse Myosin Va
in the dilute lethal mutant results in abnormal ERGs, with particularly reduced b-wave
amplitudes (Libby et al., 2004). Although the ribbons of mutant photoreceptors are properly
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localized, they often present with an abnormal “club-like” shape and lack synaptic vesicles,
reminiscent of the changes in ribbon structure observed in light (Libby et al., 2004). These
data suggest that myosin Va functions to establish or maintain the ribbon synapse structure.

As mentioned above, the microtubule-dependent motor, Kif3a, is also a component of the
ribbon. It has been proposed that Kif3a moves synaptic vesicles along the ribbon to the
release site. Conditional knockout of kif3a in mouse photoreceptors does not, however,
result in obvious synaptic abnormalites, although transport to the outer segment is defective
(Marszalek et al., 2000). The ultrastructure of the ribbon synapse in kif3a mutants has not
been investigated so far.

Extracellular Matrix—The extracellular matrix (ECM) surrounding photoreceptor termini
provides a structure for the formation and function of ribbon synapses. A critical component
of the photoreceptor synaptic ECM is Pikachurin, a dystroglycan binding-protein that
localises to the synaptic cleft of ribbon synapses (Sato et al., 2008). In pikachurin null mice,
bipolar cell dendrites fail to invaginate at ribbon synpases, whereas horizontal cell processes
are unaffected (Sato et al., 2008). The abnormal morphology of ribbon synapses is
associated with defects in retinal physiology. Pikachurin binds Dystroglycan, a component
of the Dystrophin-glycoprotein complex (DGC) that links the extracellular matrix to the
intracellular cytoskeleton (Drenckhahn et al., 1996). Consistent with that, Dystrophin also
localises to rod and cone terminals (Drenckhahn et al., 1996). Moreover, knockouts of
laminin B2, yet another extracellular matrix component, cause ultrastructural and
physiological defects similar to those observed in pikachurin and dystrophin mutants (Libby
etal., 1999). This is in agreement with observations that Dystrophins interact with Laminins
via the Dystroglycan complex (Talts et al., 1999). Taken together, these observations
suggest that Dystrophin, Dystroglycan, Pikachurin and Laminin function in a network that
controls the development and maintenance of photoreceptor synapses.

Endocytosis—As ribbon synapses have significantly higher rates of synaptic vesicle
exocytosis than conventional synapses, it is anticipated that they feature compensatory
endocytotic mechanisms. Recently, mutations in the endocytic protein, Synaptojanin, have
been associated with disrupted ribbon architecture in the zebrafish nrc mutant (Van Epps et
al., 2004). Similar to basoon null mutants, nrc animals display an abnormal ERG and
floating ribbons (VVan Epps et al., 2004). In addition, synaptic vesicles are reduced in
number and abnormally distributed within a dense cytoskeletal matrix at the synaptic
terminus. nrc synaptojanin 1 is a polyphosphoinositide phosphatase implicated in
endocytosis (Van Epps et al., 2004). The increased number of synaptic vesicles and
endosomes most likely reflects enhanced actin polymerization and defects in the endocytotic
release of clathrin-coated vesicles, associated with impaired PI(4,5)P2 hydrolysis. The
function of synaptojanin in anchoring ribbon synapses may reflect a direct requirement for
phosphoinositide metabolism or an indirect effect, secondary to defects in actin
polymerisation or endocytosis. Overall, these findings reveal a novel link between
phosphoinositide metabolism and ribbon morphology.

Photoreceptor Morphogenesis and Disease

One has to wonder how much effort should be invested into the studies of the intricate
features that characterize photoreceptor morphology. Is it worthwhile to analyze molecular
mechanisms that shape such esoteric structures as the periciliary ridge complex or rod disc
incisures? The answer to this question becomes clear when one realizes that many of the
mechanisms that we discussed above are involved in defects that lead to photoreceptor
degeneration and consequently human blindness. As numerous reviews have been written on
the subject of photoreceptor degeneration and the underlying causes (see for example
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Hartong et al., 2006; Adams et al., 2007; den Hollander et al., 2008; Hildebrandt et al.,
2009; Saihan et al., 2009), here we will outline only the most obvious relationships between
specific morphogenetic mechanisms and photoreceptor loss. These are also listed in Table 1.

As it is discussed above, when studied in animal models, crumbs genes regulate the size of
the apical surface in photoreceptors and epithelial cells alike (Wodarz et al., 1995; Pellikka
et al., 2002; Omori and Malicki, 2006). Consistent with these analyses, mutations in one of
the three human crumbs paralogs, CRBL1, also cause photoreceptor abnormalities: carriers of
CRBL1 defects display several forms or retinitis pigmentosa as well as Leber Congenital
Amaurosis (LCA) (den Hollander et al., 1999; den Hollander et al., 2001; den Hollander et
al., 2004). One has to note, however, that vertebrate crumbs genes carry out several
functions in the retina, not all confined to the photoreceptor cell. In the zebrafish oko meduzy
(ome) mutant, which affects the crb2a gene, the entire retina is disorganized, most likely as
the result of a neuroepithelial polarity defect (Omori and Malicki, 2006). Also in the
zebrafish, a reduction of apical membrane size in photoreceptors is caused by a knockdown
of the crb2b, and not crb1 (Omori and Malicki, 2006). A crbl phenotype has not been
identified in zebrafish so far, and so it remains possible that human CRB1 defects are not
related to the regulation of apical cell membrane size, but to CRB1 function in Muller glia or
in the eye neuroepithelium. Consistent with the latter possibility, the retinae of at least some
human carriers of CRB1 mutations display abnormal layering (Jacobson et al., 2003).

Defects in intracellular transport are a frequent cause of photoreceptor loss as well. The
cytoplasmic tail of rod opsin, which targets it to the outer segment, is frequently mutated in
autosomal dominant retinitis pigmentosa. Interestingly, most of these mutations affect 5
amino acids located at the very C-terminus of the polypeptide. This mutational hot spot
correlates with the VXPX motif, essential for opsin trafficking (reviewed in Deretic, 2006).
The importance of the C-terminal amino acids is further underscored by the observation that
mutations in this area lead to more severe disease symptoms, compared to defects in other
regions of the rod opsin polypeptide (Bessant et al., 1999; Berson et al., 2002).

Cilia-related genes are one of the major causes of hereditary photoreceptor loss.
Photoreceptor defects found in ciliary disorders may be due to aberrant transport through the
connecting cilium or to structural abnormalities of the outer segment. These two possibilities
can be distinguished to some extent using animal models (Gao et al., 2002; Chang et al.,
2006b; Abd-El-Barr et al., 2007; Davis et al., 2007). As cilia are ubiquitously present in
vertebrate tissues, many cilia-related photoreceptor defects are syndromic, i.e. involve
abnormalities of other organs. Photoreceptor loss is thus found in association with kidney
malfunction, brain defects, and less frequently with obesity, polydactyly, and several other
pathologies. The most common forms of syndromic cilia-related photoreceptor loss are
Bardet-Biedl Syndrome (BBS) and nephronoptisis (NPHP). For example, mutations in
NPHPG6/CEP290 are the most frequent cause of LCA (den Hollander et al., 2007). Defects in
this gene are also associated with Joubert, Senior-Loken, and Bardet-Biedl syndromes.
Jeune, Mekel-Grueber, Alstrom as well as several other syndromes are less frequent cilia-
related disorders (reviewed in Adams et al., 2007). Not all forms of cilia-related
photoreceptor loss are syndromic. RP1 and RPGR mutations, for example, produce mostly
non-syndromic pathologies (VVervoort and Wright, 2002; Schwartz et al., 2003).

The many protrusions and folds of the photoreceptor cell membrane require specialized
molecular mechanisms for both formation and maintenance. Two tetraspanins, peripherin
and ROML1, are thought to facilitate the folding of the outer segment membrane (reviewed in
Goldberg, 2006). Both were found responsible for retinitis pigmentosa (Farrar et al., 1991;
Kajiwara et al., 1991; Kajiwara et al., 1994). Recently, mutations in prominin 1 and a human
ortholog of the Drosophila spacemaker gene have also been linked to inherited macular
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degeneration (Collin et al., 2008; Yang et al., 2008). Another group of proteins that may be
associated with the folding of the photoreceptor cell membrane are these found defective in
the Usher syndrome. Many of them feature transmembrane domains and several other are
likely to function as scaffolding factors (Williams, 2008; Saihan et al., 2009). The USH2A
protein localizes to the periciliary but not the ciliary membrane, suggesting a role in the
formation of the periciliary ridge complex or related structures (Liu et al., 2007).

Finally, as the photoreceptor synapse is characterized by many intricate morphological
features, it is not surprising that defects in several aspects of synaptic architecture lead to
cell loss and blindness. A missense mutation in the dystroglycan binding-domain of
dystrophin, an extracellular matrix compenent, has been reported to associate with
attenuated visual function (Lenk et al., 1996; Schmitz and Drenckhahn, 1997). This
pathology may involve a breakdown of pikachurin-dystroglycan interactions at ribbon
synapse (Sato et al., 2008). Likewise, mutations in two proteins thought to be involved in
synaptic vesicle release are found in cone-rod dystrophies: a nonsense mutation in Munc119
that removes its prenyl-binding protein domain, and a point mutation in the RIM1 gene
(Kobayashi et al., 2000; Johnson et al., 2003; Michaelides et al., 2005). Finally, mutations in
Cacnalf, the gene encoding the ajg-subunit of Cay1.4 calcium channes result in inherited
human congenital stationary night blindness (Bech-Hansen et al., 1998; Strom et al., 1998).

It is also worth noting that human genetic defects have not been found in several
mechanisms known to be involved in photoreceptor loss in animal models. Mutations in IFT
genes, for example, cause photoreceptor loss both in mouse and zebrafish models (Pazour et
al., 2002; Tsujikawa and Malicki, 2004; Sukumaran and Perkins, 2009). In contrast to that,
human defects in these genes have not been reported. Although several Jeune syndrome
patients were found to carry a mutation in the IFT80 gene, retinal defects appeared to be
absent in these individuals (Beales et al., 2007). Similarly, the absence of dynactin mutants
in the human patient population is somewhat puzzling, given that a group of hypomorphic
p150 mutations result in phenotypes largely confined to the retina both in the fly and in
zebrafish. The opposite has also been observed: mouse mutants of human Usher genes do
not develop photoreceptor degeneration (Saihan et al., 2009). These observations indicate
that significant differences exist between human and animal models in mechanisms that
regulate photoreceptor morphogenesis.

CLOSING REMARKS

As the preceding sections of this article reveal, a wealth of information is available about
quite a few aspects of photoreceptor morphogenesis. In spite of that, unanswered questions
abound in almost every area of photoreceptor differentiation. Some of these are quite
fundamental. For example, how are opsins transported along the connecting cilium and into
the outer segment? Does this process involve the IFT particle and if so does opsin bind any
of the IFT proteins directly? We seem to have some information about how opsin may be
added to outer segment discs, but what regulates the size of discs so that they stack parallel
to each other in such a precise way is not clear. Several protein-protein interactions have
been proposed to mediate adhesion between outer segment membranes but it is not obvious
whether these account for all features of outer segment architecture.

The mechanism that mediates the delivery of opsins and other transmembrane proteins to the
periciliary membrane is also far from being fully understood. As Rab8 alone is unlikely to
mediate the fusion of opsin carrier vesicles with the target membrane, one would like to
know what other proteins facilitate this event. Remarkably, once proteins are delivered to
the basal body area, they do not diffuse to the rest of the inner segment membrane. The
nature of the barrier that accounts for the absence of such diffusion is not known. The
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mechanisms that mediate oraganelle distribution in cell’s cytoplasm are also incompletely
understood. The nature of the interaction between nuclear envelope proteins and
microtubule-dependent motors remains an obvious missing piece of the nuclear positioning
mechanism. Finally, it is not clear what molecular processes mediate the formation of
complex membrane incavitations in the photoreceptor synapse.

Answers to these questions will have to be generated through multiple parallel approaches,
including biochemical tests, analysis of cell-free tissue extracts, tissue culture studies, and
finally animal models. These approaches are not without challenges as photoreceptors
cannot be maintained in tissue culture for prolonged periods of time, tissue extracts do not
necessarily reflect in vivo conditions, and genetic studies in animal models are limited by
the redundancy and pleiotropy of gene function. The latter problem is particularly acute
when studying the molecular bases of ubiquitous processes, intracellular transport or
exocytosis for example, in a highly differentiated cell such as the photoreceptor. These
obstacles did not, however, stop progress in the past and will not do so in the future.

Human genetic studies have been one of the most productive routes of discovery for loci
involved in photoreceptor differentiation. Progress in this area has been remarkably
accelerated by advances in mapping and sequencing technologies. As sequencing costs are
decreasing at a breathtaking rate, human genetics will continue to be a very exciting field.
Unfortunately, discovery of a disease gene does not usually contribute a lot to the
understanding of its function on a cellular or molecular level, and hence the uses of animal
models and biochemical approaches are of paramount importance. Human genetic studies
are also biased towards loci that do not affect embryogenesis, a possible reason why IFT or
dynein mutations have not been reported to cause blindness in the human population. In this
regard, animal models complement human genetics very well. The mouse, Xenopus and
zebrafish are the animal models that have contributed the most to the studies of the
photoreceptor cell. Each of these has unique advantages, such as the ability to generate
conditional knockouts in the mouse or perform genetic screens in zebrafish. It is thus to be
expected that they will be fruitfully used in parallel to each other in future studies. As
problems to be solved abound, we expected many exciting advances in the future.
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Fig. 1.

Overview of photoreceptor morphology. Left-hand panel shows a photograph of an isolated
rod photoreceptor from the rabbit retina. A schematized view of the same cell is shown to
the right. Position of the OLM relative to the nucleus varies for different photoreceptor
types. Image to the left reprinted with permission from (Townes-Anderson et al., 1988).
Outer segment (OS), connecting cilium (CC), outer limiting membrane (OLM).
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Fig. 2. Photoreceptor Outer Segments

A: Generalized schematic of photoreceptor morphology; outer segment membranes are
coloured in blue.

B: Scanning EM of frog photoreceptors showing intact rods (R) and cones (C), and rod
inner segments (RIS) left behind from broken photoreceptors. Calycal processes (CP), intact
double cone (DC), green rod inner segment (GRIS). Reprinted with permission (Peters et al.,
1983).

C: Transmission EM of a developing Xenopus cone outer segment highlighting distal
invaginations occurring between adjacent membranes (white arrows). Reprinted with
permission (Eckmiller, 1987).

D. Schematic of a rod outer segment, showing stacks of disk membranes indented by
multiple incisures, and a microtubule scaffold highlighted in red. The connecting cilium
axoneme contains an array of microtubule doublets that extend from the inner segment into
the outer segment, wherein a separate set of longitudinal microtubules run in the
indentations of incisures. These microtubules are located in the cytoplasm between the
curved rim of the OS disks and the external plasma membrane. Reprinted with permission
from (Eckmiller, 2004).

E. Schematic of a cone outer segment showing layers of membranes that are continuous
with the rest of the plasma membrane on the ciliary face. Microtubules are highlighted in
red. Reprinted with permission from (Eckmiller, 2004).

F: Electron micrograph of a section through the outer segment from a rabbit rod
photoreceptor shows membrane folds and closely apposed disks. Reprinted with permission
from (Townes-Anderson et al., 1988).

G: A model of protein-protein interactions thought to maintain the architecture of outer
segment membranes. This model also shows membrane discs being added via evagination at
the base of the outer segment-an alternative to the scenario shown in panel (). Peripherin/
rds (P/rds) tetramers localize to disc rims. cGMP-gated cation channel (cGGCC), which
includes a GARP domain, localizes to the plasma membrane and is thought to interact with
peripherin. A cytoplasmic GARP protein has been proposed to bridge adjacent discs by
interacting with peripherin/rds. Reprinted with permission from (Goldberg, 2006).

H: A detail of disc rim formation according to the open disc “evagination” model. Rim
expansion encloses space between adjacent membrane evaginations. Reprinted with
permission from Steinberg et al. (Steinberg et al., 1980).

I: A “vesicle fusion” model of rod disk formation. Rod opsin carrying vesicles pinch off at
the base of the outer segment, and fuse with rod discs. Reprinted with permission from
(Chuang et al., 2007).
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Fig. 3.

Transport into the outer segment. Proteins are synthesized in the cytoplasmic reticulum and
from there transported via the Golgi apparatus to the periciliary area at the base of the
connecting cilium, and subsequently along ciliary microtubules into the outer segment.

A: A schematic representation of the photoreceptor cell. Ciliary microtubules are
highlighted in blue. The Golgi complex and post-Golgi vesicles are in red.

B: Intraflagellar transport (IFT) is thought to translocate proteins into the outer segment
along ciliary microtubules. It is mediated via so-called IFT particles, protein complexes that
consist of several polypeptides. It is not clear whether IFT is involved in the transport of
opsins. In addition to IFT particle components, several other IFT-related proteins, such as
BBS gene products, are necessary for photoreceptor survival. Nephrocystins (NPHP) are also
required for photoreceptor viability. Their relationship to IFT is not clear.

C: Rod opsin is transported from the Golgi apparatus to the base of the photoreceptor
connecting cilium in vesicles. In one proposed scenario, this transport is driven by dynein, a
microtubule-dependant motor. The budding of RTCs from the trans Golgi network and
subsequently their fusion at the base of the connecting cilium appear to require a number of
proteins, including a small GTPases Arf4, Rab8, and Rab11, a GTPase effector FIP3, and a
GAP factor, ASAP1. Several other proteins are also proposed to participate in these
processes (listed in the figure). The representation of RTC budding provided courtesy of D.
Deretic.

D: Immunolocalization of IFT88 (green) to the base of the connecting cilium in
photoreceptors of larval zebrafish (Malicki lab).

E: Longitudinal section of a frog rod cut along the axis of the connecting cilium reveals
structural details in the periciliary ridge complex. Apical plasmalemma (APM) of the inner
segment. Basal bodies (BB), Centriole (C), Connecting cilium (CC), Disks (D) in the outer
segment, Lip (L), Mitochondria (M), Ridge (R), Carrier vesicles (V), Reprinted with
permission from (Peters et al., 1983).

F: Ultrastructure of a salamander rod photoreceptor. The outer segment contains stacks of
membranous disks. The inner segment consists of a mitochondria-rich ellipsoid and a myoid
region containing a Golgi apparatus. The inset in the bottom right corner (magnified at
location of asterisk in main panel) shows photoreceptor fins, that interdigitate with
microvilli of Muller cells above the external limiting membrane. Reprinted with permission
(Townes-Anderson et al., 1985). Inset in top left corner shows scanning electron micrograph
of the periciliary ridge complex. Reprinted with permission from (Peters et al., 1983).

Some aspect of the models presented in this figure should be considered hypothetical.
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Fig. 4. Photoreceptor cell body

A: A schematic representation of the photoreceptor cell. The nucleus is highlighted in blue.
A belt of cell junctions, erroneously called the outer limiting membrane (OLM), subdivides
the photoreceptor cell surface into the apical and baso-lateral domains (highlighted in red).
B: Confocal image of the outer limiting membrane in the retina of larval zebrafish. Cell
junctions are visualized by phalloidin staining (in green, indicated with an arrowhead). The
Crumbs polypeptide is detected via antibody staining (in red). It localizes apical to cell
junctions. (Malicki lab)

C: Electron micrograph of a section through the photoreceptor cell layer in larval zebrafish.
Arrowheads indicate cell junctions, the nucleus is indicated with an asterisk. (Malicki lab)
D: A schematic representation of the protein complex that regulates the formation of cell
junctions in the outer limiting membrane. The formation of the apical cell membrane
domain of the photoreceptor cell, and the integrity of the junctional complexes in the OLM
require the function of Crumbs, a transmembrne protein that features a large extracellular
domain and a short cytoplasmic tail. Crumbs cytoplasmic moiety binds a MAGUK protein
Stardust/Nagie oko and a FERM-domain protein Mosaic eyes (Moe), which also bind each
other. Par6, Par3, and aPKC are also thought to contribute to this protein complex. Crb,
Crumbs; Moe, Mosaic eyes; Nok, Nagie oko; Std, Stardust.

E: The nucleus is by far the most voluminous organelle in the cytoplasm of the
photoreceptor cell. Its position is affected by the activity of a microtubule dependant motor,
dynein, and nuclear envelope components that feature a C-terminal KASH domain (Syne
family proteins in vertebrates). The KASH domain contains a lipophilic segment thought to
span the outer membrane of the nuclear envelope. The cytoplasmic portion of many KASH-
domain proteins is exceptionally long (close to 10,000 amino acids in some cases). It is not
clear how they interact with the dynein complex.
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Fig. 5. The Synaptic Terminal

A: Schematic of photoreceptor morphology; synaptic terminal is labeled in blue.

B: Schematic of a rod photoreceptor synapse. Views of the rod terminal perpendicular (left)
and parallel (right) to the face of ribbon. Presynaptically, the ribbon tethers several hundred
vesicles (white circles in red ribbon) and the active zone docks ca. 100 vesicles (yellow
circles) and tethers ca. 770 vesicles. Postsynaptically, processes of 2 horizontal (hq, hy) and
2 bipolar (bq, by) cells occupy the invagination. Reprinted with permission from (Rao-
Mirotznik et al., 1995).

C. EM images of the “tetrad” ribbon synapse of a mammalian rod photoreceptor. Ribbon is
indicated by an arrowhead and the inset is a confocal image of RIBEYE antibody staining.
Reprinted with permission from (tom Dieck et al., 2005).

D. EM images of the “triad” ribbon synapse of a mammalian cone photoreceptor. Ribbons
are indicated by arrowheads and the inset is a confocal image of RIBEYE antibody staining.
Reprinted with permission from (tom Dieck et al., 2005).

E. Confocal image of a tangential section through macaque photoreceptor terminals. Dotted
lines outline rod and cone presynaptic terminals immunostained for Bassoon (green), and the
1F subunit of an L-type Ca2C channel (red). The rod terminal typically comprises of a
single, crescent-shaped ribbon, but can appear as two separate but linked ribbons
(arrowheads). The cone terminal contains an array of smaller ribbons that serve separate
invaginations. Reprinted with permission (Wassle, 2003).
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Photoreceptor Morphogenesis and Human Disease
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Pigmentosa

Process Gene Affected Disease References
Membrane Polarity CRB1 Leber Congenital Amurosis (den Hollander et al., 2001)
Retinitis Pigmentosa (den Hollander et al., 1999; den Hollander et al.,
2004)
Transport in the IS Rod Opsin™ Autosomal Dominant Retinitis (Bessant et al., 1999)

Peripherin/Rds*

Macular Distrophy

(Nichols et al., 1993)

in the OS

Transport in the RP1 Retinitis pigmentosa (Pierce et al., 1999)
OS/Ciliogenesis RPGR Retinitis pigmentosa (Meindl et al., 1996)
RPGRIP Leber Congenital Amurosis (reviewed in Koenekoop, 2005)
BBS loci Bardet Biedl Syndrome (reviewed in Katsanis, Katsanis)]
NPHP loci Senior Locken Syndrome (O’Toole et al., 2006; reviewed in Hildebrandt and
Zhou, 2007)
Membrane architecture Rod opsin Retinitis Pigmentosa (Rosenfeld et al., 1992; Kumaramanickavel et al.,

1994)

Peripherin/rds

Retinitis Pigmentosa

(Farrar et al., 1991; Kajiwara et al., 1991; reviewed
in Goldberg, 2006)

Duchenne muscular dustrophy.

ROM-1 Retinitis Pigmentosa (Kajiwara et al., 1994)
Prominin Macular Degeneration (Yang et al., 2008)
Spacemaker Retinitis Pigmentosa (Collin et al., 2008)
Synapse Fomation and Cacnalf Congenital Stationary Night (Strom et al., 1998)
Maintenance Blingness
Munc119 Cone rod dystrophy (Kobayashi et al., 2000)
RIM1 Cone rod dystrophy (Johnson et al., 2003; Michaelides et al., 2005)
Dystrophin Visual dysfunction associated with (Lenk et al., 1996)

*
These defects involve amino acid sequences that mediate transport to the outer segment.
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