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ABSTRACT

Keywords: Although outnumbered more than 20:1 by rod photoreceptors, cone cells in the human retina mediate

Cone photoreceptors daylight vision and are critical for visual acuity and color discrimination. A variety of human diseases are

Eog pt}gtorecewors characterized by a progressive loss of cone photoreceptors but the low abundance of cones and the
etinoids

absence of a macula in non-primate mammalian retinas have made it difficult to investigate cones

gﬁi?ﬁ:p% Cl,l: directly. Conventional rodents (laboratory mice and rats) are nocturnal rod-dominated species with few
Opsins cones in the retina, and studying other animals with cone-rich retinas presents various logistic and
Retina technical difficulties. Originating in the early 1900s, past research has begun to provide insights into cone
Vision ultrastructure but has yet to afford an overall perspective of cone cell organization. This review
Rhodopsin summarizes our past progress and focuses on the recent introduction of special mammalian models
Cone pigments (transgenic mice and diurnal rats rich in cones) that together with new investigative techniques such as
Enhaf‘FEd S-cone syndrome atomic force microscopy and cryo-electron tomography promise to reveal a more unified concept of cone
Retinitis pigmentosa . photoreceptor organization and its role in retinal diseases.
Age-related macular degeneration Published by Elsevier Ltd.
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1. Introduction
1.1. The eye across species

Vertebrate eyes are based on a common structural plan. Despite
differences in embryological development and optical layouts
among invertebrates, visual pigment genes are all descended from
the same remote ancestor. Furthermore, genes involved in
formation of the vertebrate eye have proved to be homologous with
those of Drosophila eye (Cook and Zelhof, 2008). Remarkably, all
jawed vertebrates possess eyes so closely similar to our own that it is
virtually indisputable that the last common ancestor of jawed
vertebrates (that lived around 430 million year ago) was equipped
with an eye fundamentally like ours (Lamb et al., 2008). This strongly
suggests that, despite certain differences, eyes across vertebrates
have a common origin, with perhaps PAX6 as the universal master
control gene for eye morphogenesis (Gehring, 2002, 2005). Differ-
ences among vertebrates, therefore, must reflect adaptation to
particular environments. Visual capabilities of animals have evolved
to match aspects of their photic environment, and it is likely that the
primary adaptive selective pressure is the spectral range and
intensity of daylight needed to optimize color vision. Other
structural features like size and packing density of photoreceptors
are important for low light settings. Furthermore, structural
differences of cone photoreceptors across species (Table 1) reflect
adaptations of these species to their photic habitat and the demands
of visual acuity. At the most basic level, nocturnal animals have the
most rod-dominated retinas, whereas diurnal species have more
cone-rich retinas. One of the most striking modifications of the
ancestral pattern of four spectral classes of cone opsins is found in
mammals, where only the two spectrally extreme classes are
present. One explanation for this intermediate class loss relates to
the evolution of mammals when reptilian ancestors went through
a prolonged nocturnal phase. It is thought that because genes have
no long-term storage mechanism, a gene cannot be retained unless it
continuously remains functional, although there are exceptions to
this idea, as supported by the blind cavefish (Parry et al., 2003).
Among mammals, only primates have evolved trichromatic color
vision. The primary mechanism for trichromacy in New World
primates is through allelic diversity of the L/M cone opsin gene on
the X-chromosome. This single visual pigment gene has multiple
alleles. Heterozygous females segregate expression of the alleles
into separate populations of cones that are trichromatic. Old World
primates, including humans, have evolved trichromatic vision
through gene duplication and divergence of the cone opsin gene on
the X-chromosome. Primates are trichromatic with three cone
pigments (Bowmaker and Hunt, 2006). The three cone types, termed
L, M, and S, are distinguished mainly by the portion of the visible
spectrum to which each is maximally sensitive. L cones are most
sensitive to low-frequency photons (Amax ~ 555-565 nm), M cones
to middle-frequency photons (Amax ~ 530-537 nm), and S cones to
supra-frequency photons (Amax ~ 415-430 nm). Compared to L and

M cones, inner segments (IS) of S cones are slightly extended. On
average, there are over twice as many L-cones than M-cones in
humans, but Old World primates do exist that exhibit more variation
with some actually exhibiting M-cones that outnumber L-cones
(Marc and Sperling, 1977); otherwise these two cone types show
similar spatial distributions and appear to be randomly intermixed. L
and M cones are most concentrated in the fovea where they are
densely packed in a hexagonal pattern that accounts for the high
visual acuity capability of the fovea. However, the spatial distribu-
tion of S cones across the retina differs from that of L and M cones in
several respects. S cones constitute only about 5% of the total cone
population (Roorda et al., 2001), they are more peripherally located
in the retina and are absent from the center of the human fovea.
Indeed, pigments in the lens and macula selectively reduce the
fraction of higher-frequency photons that reach the retina and,
hence, the photoreceptors, thereby reducing the need for S-cones.
This ‘filtration’ process improves vision in two respects. First,
removal of higher-frequency photons serves to sharpen the image
(due to the refractive properties of water in the interior of the eye).
Second, such ‘filtration’ reduces damage to the retina and photore-
ceptors produced by high frequency photons. Because most high
frequency photons are absorbed by the lens, images are produced
mainly by L and M cones with less of a contribution from S-cones,
which are nonetheless important because they contribute to color in
image formation.

1.2. Roles of rods and cones in the retina

The retina is the eye tissue layer that converts light into visual
signals transmitted to the brain. This process is carried out by two
major types of photoreceptors, rods and cones that are distin-
guished by their shape, type of photopigment, retinal distribution,
and pattern of synaptic connections (Fig. 1). These properties reflect
the fact that rod and cone systems are specialized for different
aspects of vision. The rod system has low spatial resolution but is
extremely sensitive to light so it is specialized for sensitivity at the
expense of resolution. Conversely, the cone system has high spatial
resolution but is relatively insensitive to light. Thus, it is specialized
for visual acuity at the expense of sensitivity.

Basically, the different architectures of their outer segments (OS)
represent a major distinctive feature of these two cell types. Rods
with their longer OS composed of individualized discs unconnected
to the ciliary plasma membrane contrast starkly with cones. The
latter features shorter OS that arise initially as evaginations with
subsequent formation of a series of discs (or invaginations), which
are continuously connected to the membrane of the cilium that
extends over the length of the OS. Lack of rim formation is the
reason for this open formation of cone discs (Arikawa et al., 1992).

Arrangement of the circuits that transmit rod and cone infor-
mation to retinal ganglion cells contributes to the different char-
acteristics of scotopic (rod) and photopic (cone) vision. Pathways
linking rods and cones to ganglion cells are largely independent at

Table 1

Comparison of cone photoreceptor dimensions across species.

Feature Mouse? Nile rat® Ground squirrel® Lizard (Sceloporus-Occidentalis)? Pig® Emuf Human$
Length 134 + 0.7 pm 10.84 + 117 pm 7.4 pm 12.5 + 0.50 pm 4-5 um 10 pm 41-50 pm
Width 1.2 + 0.03 pm ND 2.0 um ND ND 1-3 ym 1-1.2 pm

ND: Not determined.
4 (Carter-Dawson and LaVail, 1979).
b (Galliard et al., 2008).
¢ (Reme and Young, 1977).
d (Bernstein et al., 1984).
¢ (Braekevelt, 1983).
f (Braekevelt, 1998).
& (Yuodelis and Hendrickson, 1986), survey of fovea from a 37 year old patient.
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Fig. 1. Differences in photoreceptors and their arrangement in the retina. Rod and cone photoreceptors are displayed in a cross-sectional depiction of the retina also showing
connections of these photoreceptors to retinal pigment epithelium distally and relaying cells (bipolar, horizontal, amacrine, ganglion) proximally. Electron microscopic images are
shown of a ROS (A) and a COS (image provided by Dr. Steven K. Fisher) (B). The rod structure has a longer outer segment with discs packed without connections to the ciliary
membrane, in stark contrast to the COS discs that are continuously connected by the ciliary membrane.

early stages. A striking difference between rod and cone circuitry is receives input from only one cone bipolar cell, which in turn, is
the degree of their convergence. Each rod bipolar cell is contacted contacted by only a single cone. More convergence makes the rod
by a number of rods, and many rod bipolar cells contact a given system a better detector of light, because small signals from many
amacrine cell. In contrast, the cone system is much less convergent. rods are pooled to generate a large response in the bipolar cell.
Thus, each retinal ganglion cell that dominates central vision However, such convergence also reduces the spatial resolution of
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the rod system. The one-to-one relationship of cones to bipolar and
ganglion cells is just what is required to maximize visual acuity.

Differences in transduction mechanisms utilized by these two
receptor types largely account for the ability of rods and cones to
respond to different ranges of light intensity. For example, a rod
produces a reliable response to a single photon of light, whereas
more than 100 photons are required to produce a comparable
response in a cone. This difference does not reflect cone failure to
capture photons effectively. Rather, the change in current produced
by single photon capture in cones is comparatively small and
difficult to distinguish from background noise. Another difference
is that the response of an individual cone does not saturate at high
levels of steady illumination, as does the rod response. Finally,
compared to cones, rods show little, if any, directional sensitivity.
Molecular mechanisms of phototransduction related to architec-
ture and directional sensitivity are discussed in the subsequent
section.

2. Structural basis of cone phototransduction
2.1. Cone response to photons

Of light incident on the eye, about 75% reaches the fovea, the
region that triggers the greatest degree of visual acuity, responds to
higher light intensities, and possesses the greatest cone photore-
ceptor density (Fig. 2). The image that falls on the retina is suffi-
ciently sharp that a single cone can encounter significantly more
photons than an adjacent one. Of the photons reaching the fovea,
about one-quarter of the photons fall within an inner region that
contains about 30 cones (Rodieck, 1998). Cones in outer regions of
the fovea capture the rest of the photons. Outside the fovea, the rest
of the surrounding eye is predominantly populated by rods.
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The probability that a photon will be absorbed by a cone is based
on three factors in temporal order:

1. The direction of arrival of the photon (most efficient when
along the long axis of cone).

2. The frequency of the photon (only ~67% are of the correct
frequency to photoisomerize visual pigment molecules due to
the spectral content of the signal).

3. The type of cone (L, M, or S-type).

Cone phototransduction is a complex process that has been
elucidated mechanistically (Cideciyan and Jacobson, 1996; Ebrey
and Koutalos, 2001; Hattar et al., 2003; Hood and Birch, 1995;
Kawamura and Tachibanaki, 2008; Rebrik and Korenbrot, 1998).
Depolarization of cones increases the rate of neurotransmitter
release whereas hyperpolarization decreases this rate. These
parameters are also modulated by light. Light causes hyperpolar-
ization whereas darkness causes depolarization, so that maximum
release of the glutamate neurotransmitter occurs in the dark and
the action of light is to reduce this rate of release. The only actions
of a photoreceptor that directly affect horizontal and bipolar cells
are the release of glutamate by the invaginated nerve terminal and
the removal of this transmitter via reuptake mechanisms.

Whereas a rod cell has a single synaptic ribbon and contacts no
more than seven or so processes of horizontal or bipolar cells
(Fig. 1), each cone cell contains many synaptic ribbons and contacts
hundreds of such processes. Processes of horizontal cells make
invaginating contacts and form the lateral elements in each triad.
Processes of bipolar cells are of three types: invaginating processes,
which lie directly below the synaptic ribbon; triad-associated
processes that are aligned on each side of the overlying synaptic
ribbon; and non-triad-associated processes, which are at the base
of the cone pedicle.
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Fig. 2. Distribution of photoreceptors in the eye. Overall, rods outnumber cones by a ratio of 20:1 or greater in the retina. However, in the fovea, the cone density is the highest and

is correlated with visual acuity.
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The process of phototransduction can be broken down into
several general steps. The first is photoactivation where 11-cis-
retinal, the chromophore for both rods and cones, is photo-
isomerized to the all-trans-retinal isomer, thereby inducing
a conformational change in the structure of the opsin protein
molecule (Palczewski, 2006; Ridge and Palczewski, 2007). This
conformational change allows the catalytically active opsin to bind
to transducin, a G-protein, to initiate phototransduction. Binding of
opsin to transducin replaces the GDP with GTP, activating the
a-subunit of transducin which then dissociates to activate the
membrane-associated phosphodiesterase (PDE) by removing the
two regulatory () subunits. In the dark, the OS cation channels are
gated by cyclic guanosine monophosphate (cGMP), controlling the
influx of ions across the photoreceptor plasma membrane. The
hydrolysis of cGMP by PDE results in channel closure, thus
decreasing the conductance of the plasma membrane to cations,
which hyperpolarizes the plasma membrane, inhibits neurotrans-
mitter release, and signals the adjacent neurons of the light stim-
ulus (Polans et al.,, 1996). The disc is an important structural
component in this step, and in the cone, the disc shape and
composition is a critical determinant of its extended activity in
light, as contrasted to rods. In cones, the protein molecules of the
biochemical cascade are similar to those of rods, but they are
located for the most part on open discs that are continuous with the
plasma membrane, rather than on discrete disc membranes (Fig. 3).
This allows membrane proteins to diffuse among different cone
discs. The structure of cone discs and their development is
addressed in detail in later sections. In the second step, there is
a decreased release of the excitatory neurotransmitter, glutamate.
In the third and final step, cone photoreceptors cells recover from
the photoresponse through a series of quenching/termination
reactions of all activated phototransduction proteins to bring these
cells back to their dark-adapted state.

A =)
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o

2.2. Structural dynamics of cone opsins during phototransduction

There is a pressing need to elicit more precise measurements of
cone photoreceptor responses to permit correlations of spatial
dynamics with the time scale of phototransduction. Mouse
photoreceptors are quite similar to primate photoreceptors with
respect to their physical dimensions and therefore present an
appropriate model for study. The OS in mice is about 1.4 pm in
diameter and 24 pm in length for rods, but about 1.2 pm and 13 pm,
respectively, for cones (Baylor et al., 1984; Carter-Dawson and
LaVail, 1979; Pugh and Lamb, 2000). Rods and cones have four
primary structural/functional regions: OS, IS, cell bodies, and
synaptic terminals. Similar to humans, murine rod discs are
completely internalized and therefore physically separated from
the cellular plasma membrane, whereas cone discs are delineated
by foldings of the plasma membrane itself (Fig. 3). Thus, open cone
discs offer a much larger surface area for rapid exchange of
substances between the cell exterior and interior, such as chro-
mophore transfer for pigment regeneration and fast calcium
dynamics during light adaptation (Fu and Yau, 2007). COS possess
open discs, which are continuous with the plasma membrane of the
connecting cilium whereas OS of rods are separated from the
plasma membrane. This correlates with the observations that
deletion of peripherin/rds, a protein present in both cone and rod
0S required for normal OS disc morphogenesis (Arikawa et al.,
1992; Molday et al., 1987; Portier et al., 1984), produced nonfunc-
tional rod precursors that undergo apoptosis, whereas cones
remained viable, despite development of atypical OS with reduced
phototransduction efficiency (Farjo et al., 2007; Farjo and Naash,
2006; Farjo et al., 2006).

Opsins, as a subclass of GPCRs (Palczewski, 2006), are defined
by their ability to bind a retinal-based chromophore in order to
form a light-sensitive photopigment (Nickle and Robinson, 2007).

C/"‘___“\

Fig. 3. Structure and renewal of rod and cone discs. Discs in the cone photoreceptor (A) are not unique evaginations completely separated from the cilium membrane, but instead
retain connection to the cilium that extends the entire length of the outer segment. Early EM data indicated that discs of the COS feature partial folds composed of BE and DI. The
arrow indicating growth away from the ciliary stalk represents a BE showing a developing COS surrounded by new membrane whereas arrows pointing toward the ciliary stalk
represent more DI forming new but shorter COS. More recent work has shown that this representation is not a unifying model and the disc morphogeneis is more dependent on
incomplete rim protein (perpherin/rds) formation. Regardless of the mechanism, the continuous membrane structure of cone discs permits an increased surface area that could
explain a phototransduction cascade distinct from rod cells. (B) The cone axoneme (shown in red) extends the length of the cone ciliary stalk, indicating its importance in disc
morphogenesis and turnover. The rod photoreceptor (C) features individualized discs that do not maintain any connection to the rod cilium. Furthermore, the ciliary axoneme

(shown in red) does not extend the entire length of the ROS.
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Properties that differ among the various opsin classes suggest
biochemical and structural differences among opsin classes (Sten-
kamp et al., 2002). Hydroxylamine bleaching susceptibility of cone
opsins as contrasted to rhodopsin in the dark state (Kawamura and
Yokoyama, 1997; Okano et al., 1992) implies that cone opsin classes
may have a relatively open conformation in the dark that allows
hydroxylamine to compete with opsin for binding to 11-cis-retinal.
Also, site-directed mutagenesis studies have shown that each opsin
class may have different residues that affect its overall stability
(Nickle et al., 2006). Despite these differences, rhodopsin and
transgenic rod/cone pigments employ identical downstream
signaling mechanisms when compared side-by-side in Xenopus
rods and cones (Kefalov et al., 2003). The same was reported for
rhodopsin and transgenic red/cone pigments in mouse rods (Fu
et al., 2002). Thus, not only do rod and cone pigments interact with
a given transducin identically, but the shutoff mediated by a given
protein kinase and arrestin is also similar (Fu and Yau, 2007).
Despite these observations, the three-dimensional structure of COS
needs to be elucidated by more advanced techniques such as cryo-
electron tomography (cryo-ET) as has been done for ROS to reveal
an accurate structural framework for the space within which
phototransduction occurs (Nickell et al., 2007). Even as rhodopsin
comprises ~90% of the protein in rod disc membranes, the
composition and organization of opsins in cone cells have yet to be
determined. Such information would be broadly applicable to other
signal transduction cascades because GPCRs represent the largest
known class of drug, hormone and neuropeptide receptors.
Homology modeling of cone opsins with the X-ray defined struc-
ture of rhodopsin (Stenkamp et al,, 2002) reveals that the three
cone opsins are similar. The S-cone opsin homology model is
shown to illustrate the structural elements. Key amino acids in the
retinal binding pocket shown for the blue cone opsin indicate that
the central residue Tyr262, is much different than the central

Phezosp
Vall6
Phe209@

residue of Trp281 (analogous to Trp262 in bovine rhodopsin) in red
and green cone opsins (Fig. 4). Moreover, the binding pocket of
the blue cone opsin lacks a glutamate residue to act as a counter ion
to the chromophore Schiff base, resulting in the blue shift of
this opsin.

2.3. Evolution of retinal circuitry

To understand cone cell architecture and its role in cone func-
tion, an understanding of retinal and ultimately cone cell evolution
is also required. Early photoreceptor cells that evolved into the
current rod and cone structures were the ciliary and rhadomeric
cells. Until recently the evolutionary relevance of rhadomeric
photoreceptors to rods and cones was unclear. This has been
elucidated in invertebrates (Gomez and Nasi, 2005), and recently
clarified in vertebrates by the proposal that vertebrate retinal
ganglion cells actually are daughter cells of rhadomeric photore-
ceptors, found mainly in the compound eyes of arthropods. Unlike
ciliary cells where modification of the cilium increases the
membrane surface area, rhadomeric cells lacking cilia increase their
surface area through microvilli. This view is based primarily on the
close homology of transcription factors used by the two classes of
cells. Moreover, melanopsin, an opsin integral to circadian control
found in special retinal ganglion cells that are depolarized rather
than hyperpolarized by light, is a member of the rhadomeric class
of opsins (Arendt, 2003; Arendt et al., 2004; Arendt et al., 2002).
Therefore, a reasonable assumption is that modern mammalian
retinal ganglion cells actually are rhadomeric photoreceptors that
have lost their original membrane structure, but have retained their
axons, their ancestral responses to neurogenic factors and, in some
cases, their rhadomeric opsin and G protein-signaling cascade.
Modern ganglion cells also have acquired the ability to receive
synaptic input from ciliary photoreceptors, which have evolved into

Ala269

Fig. 4. Homology model of S-cone (blue) opsin. (A) The S-cone opsin (pdb id: 1kpn) is shown in blue with the retinal chromophore shown as red sticks and Tyr262 side chain
colored by atom. The shown opsin model is a homology based structure from bovine rhodopsin generated with the program Modeler in the Insight Il package. The only obvious
differences between the two lie in the N- and C-terminal regions, with differences between the blue opsin and rhodopsin being minimal. Homology modeling of the other cone
pigment opsins also revealed very similar differences. (B) The modeled retinal binding site is shown with the retinal depicted as red sticks and blue opsin residues as sticks colored
by atom. The major difference seen between the three pigments is that, unlike the red and green opsins where the central residue forming the retinal cavity is Trp281 (analogous to
Trp265 in bovine rhodopsin), the central residue forming the cavity in blue cone pigment is Tyr262 and there is no Glu residue to act as a counter ion to the chromophore Schiff

base, resulting in the blue shift of this opsin.
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present day cone and rod cells. Additionally, evolution has provided
a gradual transition toward a highly organized laminar structure of
the OS and the appearance of ribbons in the synaptic terminals
(Collin et al., 1999; Govardovskii and Lychakov, 1984; Imai et al.,
2005; Pu and Dowling, 1981; Samejima et al., 1989). Much about the
development of the circuitry in the mammalian retina is known from
studying ferrets, which are convenient to work with because their
young are born at a very immature developmental stage with eyes
that do not open until 2 weeks after birth (Johnson et al.,1999) (Fig. 5).

2.4. Cone cell evolution

Both autoradiographic and kinetic data of COS renewal (Eck-
miller, 1993) predict that many opsin molecules in COS will become
much older than the oldest opsin molecules in ROS. The presence of
a significant number of older molecules within COS membranes is
not detrimental to cone function, because cones function in
daylight and signal the absorption of thousands to millions of
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photons despite a high level of noise (Lamb and Pugh, 1990). But
even so, the efficiency of COS renewal mechanisms may limit the
sensitivity of a photoreceptor to light (Eckmiller, 1993). Although
the actual turnover rate of cones compared to rods is unknown, it is
thought that rods exhibit more rapid decay than cones.

The slow turnover of COS actually is typical of renewal rates for
most intracellular components in a majority of cells. The highly
efficient OS renewal mechanism in rods is thus unusual, suggesting
a specialized evolution from cones, rather than the opposite. This
fundamental difference between ROS and COS strongly suggesting
that rods are modified cones is supported by the following
observations:

1. Most vertebrates develop COS prior to ROS and the initial
topology of developing photoreceptors is cone-like (Dorn et al.,
1995; Raymond, 1985).

2. Vertebrate retinas have many cone types, but fewer rod types
(Rodieck, 1973).

4 weeks

OPL

Fig. 5. Evolution of photoreceptors. This retinal model is based on the ferret, a mammal with a developmentally immature retina at birth. (A) Cones and rods have indistinct
morphologies at birth with both photoreceptors extending processes to the inner plexiform layer (IPL). (B) At 2 weeks of age, morphologies are still indistinct but their processes
retract and contact horizontal and bipolar cells. (C) Finally at 4 weeks or age, cones and rods are morphologically distinct with discernable inner and outer segments.
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3. Close amino acid homology between photoreceptor opsins
indicates that genes encoding the three human cone pigments
and rhodopsin are all derived from a common ancestral gene
(Nathans, 1987).

These past insights into cone evolution have been recently
substantiated by studies of the transcriptional network that regu-
lates photoreceptor development. One of these transcription
factors central to our understanding of cone cell development, is
named the neural retina leucine zipper (Nrl). The Nrl gene was
identified by subtraction cloning and detected only in the neural
retina, including the photoreceptor cells and inner nuclear layers
(Swaroop et al., 1992). Subsequent papers by the Swaroop group
and others implicated the Nrl gene in rod photoreceptor develop-
ment because Nrl knockout mice were functionally ‘rodless’ with
photoreceptors that functioned exclusively as cones (Mears et al.,
2001; Mitton et al., 2003; Rehemtulla et al., 1996; Strettoi et al.,
2004; Yoshida et al., 2004).

By using the Nrl-promoter to express green fluorescent protein
(GFP) in transgenic mice, researchers have shown that Nrl is indeed
the earliest rod lineage-specific marker. To evaluate the origin of
enhanced S-cones in the Nrl-/— retina directly, Swaroop and
colleagues crossed wild type-GFP mice with Nrl—/— mice.
GFP + photoreceptors were isolated by fluorescence activated cell
sorting (FACS) from wild type retinas and spatial and temporal
expression of GFP was found to correlate completely with the
timing of rod genesis and the central to peripheral gradient which
drives rod genesis. Furthermore, GFP + cells (rod precursors in wild
type retina) were also co-labeled for S-opsin in Nrl—/— GFP retinas.
Because Nrl—/— mice produce only S-cones, representing the
“default fate” for photoreceptors in mice, Swaroop and colleagues
proposed that Nrl determines the rod fate of “bipotent” photore-
ceptor precursors by modulating gene networks that simulta-
neously activate rod- and suppress cone-specific genes. In the cone
development pathway, a second transcription factor, thyroid
hormone receptor 2 (TR-B2) regulates the developmental “choice”
between S-opsin and M/L-opsin expression; mice without a func-
tional TR-B2 have no M-opsin expressing cones (Ng et al., 2001;
Roberts et al., 2006). A percentage of early cones are thus directed
to an M-opsin expressing fate by TR-2; unliganded TR-f2 acts to
repress S-opsin expression in cones, whereas liganded TR-B2 acti-
vates M-opsin expression (Roberts et al., 2006), with a contribution
from the retinoid X receptor (Roberts et al., 2005). Recent evidence
suggests that there still may be more unidentified factors involved
in cone evolution and development. Class IIl myosin 3B (Myo3B), in
addition to having motor function, has a kinase domain thought to
participate in signaling. Myo3B is specific to rhadomeric photore-
ceptors (Battelle et al., 1998; Edwards and Battelle, 1987). Recent
work shows that Myo3B is expressed at birth, before most rod
photoreceptors differentiate, and that it is highly concentrated in
the OS of mouse cones expressing S opsin, but not in the OS of other
cones (Katti et al., 2009). These, and possibly other factors yet to be
discovered, dictate a gradient of cone types that is set up in mice.
Once set up during development, the cones’ identities appear to be
fixed.

More proof for this hypothesis is provided by retinal disease
profiles. Immunohistochemical and physiological studies (Oh et al.,
2008) suggest that Nrl modulates the development of S-cones, and
that its gain or loss of function primarily results in alterations of the
S-cone pathway. One possible explanation is that S-cones represent
the “default fate” for early-born photoreceptors in mice (Szel et al.,
2000) and that the expression of Nrl controls an important node in
this process. These results are consistent with evolutionary data
suggesting that rods are derived from an ancestral cone (Akimoto
et al,, 2006). There is even further evidence from the branching

pattern of vertebrate retinal opsins that classes of cone pigments
existed before evolution of the rod pigment, rhodopsin (Okano
et al.,, 1992). The order in which different classes of retinal cells are
generated is generally conserved across vertebrate species. During
the first wave of cell genesis, retinal ganglion cells, horizontal cells,
amacrine cells, and cone cells are born. A subsequent wave
produces the majority of rods, the remaining amacrine cells, the
bipolar cells and the Miiller cells as well (Lamb et al., 2007).

3. Cone structure

The evolving evolutionary perspective of cone photoreceptor
function has been further corroborated by structural investigations.
Elucidation of the spatial organization of the cone photoreceptor
and its components has been of great interest and our under-
standing of it began to develop when electron microscopy (EM) was
used to study the ultrastructure of the retina. Very early on, it was
demonstrated that the retinal pigment epithelium (RPE) extends
long processes that reach cone tips. Tubular processes protrude
from the apical surface of the RPE to ensheath the COS (Walls,
1934). This early description was later confirmed by EM data
(Hogan and Wood, 1973) and subsequently by ultrastructural
studies of this relationship in human extrafoveal cones (Steinberg
et al.,, 1977).

Because ROS are cylindrically shaped and each rod disc becomes
independent after its initial formation at the OS base, continuous
displacement of discs toward the OS tip is easy to visualize in three
dimensions. If one presumes that cone discs are also displaced, the
process must be more complex because many, and perhaps all,
discs retain some connection with not only the adjacent discs, but
also the outer plasma membrane (Anderson et al., 1978; Fetter and
Corless, 1987) (Fig. 3).

3.1. Cone disc renewal

The availability of rod dominated retinal samples from mouse
models has allowed us to understand not only rod cell structure,
but also the steps inherent for renewal of its discs. ROS are renewed
in an orderly fashion, as first revealed by autoradiographic studies
in which radioactive protein molecules became trapped in new
membranous discs generated at the OS base, producing auto-
radiographically labeled bands. Unchanged bands were displaced
sclerally as additional discs formed below and finally were dis-
carded from the OS tip and phagocytized by the RPE (Young, 1967).
This was further supported for the first time in 1969 with
biochemical work (Hall et al., 1969). These and other studies (Bok,
1985; Steinberg et al., 1980; Young, 1976), indicate that new
membrane is incorporated into ROS via the connecting cilium by
distributing into successive new membrane folds that evaginate
from the cilium at the OS base. These evaginations expand to the
full OS width and are displaced away from the base. They then lose
their connections and become isolated into separate discs, all sur-
rounded by the plasma membrane. An alternative mechanism was
recently proposed in which vesicles fuse to form nascent discs that
are assembled entirely within the cell’s membrane (Chuang et al.,
2007). This fusion model, however, assumes that nascent discs are
closed and do not differ from the mature discs except in size. This
membrane fusion idea possibly stemmed from a preservation-
artifact previously described (Townes-Anderson, 1995).

COS differ from ROS in structural organization, autoradiographic
labeling pattern, and three-dimensional shape. COS consist of
numerous parallel membrane foldings oriented at right angles to
the connecting cilium that apparently retain continuity with each
other and with the plasma membrane, forming a single topologi-
cally continuous membrane system in some species. Early studies
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revealed the tapered conical shape of COS and presented circum-
stantial evidence that their membranes are not renewed due to
their mode of development (Young, 1969). Since then, it has been
generally accepted that the tips of mature COS are regularly shed,
and therefore their membranes must be shed as well. Presumably,
membranes in COS are renewed in a manner unlike ROS due to
these structural differences, but which is not completely under-
stood. Although cones are more difficult to study than rods, it is
especially important to clarify how COS are renewed because
humans rely much more on cone-based day vision than on rod-
based night vision. Instead of distinct discs, COS in all vertebrate
retinas share the structural feature of numerous parallel lamellae
connected by a single longitudinal ciliary stalk (Anderson et al.,
1978; Bok, 1985; Carter-Dawson and LaVail, 1979). Most lamellae in
a COS extend laterally across the full COS width, but a few at the
base are incomplete (Fig. 3).

In non-mammalian cones, the OS are composed of a stack of
discs, all of which are continuous with each other and with the
outer membrane adjacent to the connecting cilium (Cohen, 1968)
(Fig. 3). In mammalian cones, however, only the basal part of the OS
seems to retain this organization in single thin sections (Anderson
et al,, 1978). It was initially thought that displacement of cone discs
from the base to the OS tip must be accompanied by a similar
displacement of the cilium and outer membrane, because other-
wise connections between the discs and outer membrane would
have to continually be formed and broken to permit disc
displacement, an unlikely situation. Coordinated displacement, in
turn, indicates that the outer membrane must also be continually
replaced in conjunction with the discs. That this actually might
occur for both rods and cones stemmed from evidence that shed
disc packets from both photoreceptor types are surrounded by shed
outer plasma membrane (Anderson and Fisher, 1976; Steinberg
et al., 1977). This understanding of disc displacement in cones has
been revised with more current work that embraces the idea that
because the autoradiographic data suggested that protein is
randomly distributed, protein and lipid components must freely
flow throughout the system and that there is terminal loss of discs
from the OS and phagocytosis by RPE cells as demonstrated by
ground squirrel, monkey, and human cone turnover (Anderson
et al., 1978).

The entire COS appears to be continually remodeled or reshaped
as a unit, from the time of its initial outgrowth until its mature
dimensions and shape are achieved, a process supported by the
open disc structure of COS. It is thought that mature COS remain
tapered despite shedding because their distal lamellae shrink by
losing membrane (Steinberg et al., 1980). The entire COS is thought
to expand in all three dimensions during morphogenesis. The COS
shape changes because the length increases more than the width.
Rather than requiring shrinkage of lamellae at the tip, the change in
taper of developing COS can be interpreted as reflecting differential
growth (Eckmiller, 1997). Actin is thought to be involved in the
formation of evaginations at the base of the OS and this has been
substantiated by examining how the microfilament-destabilizing
drug, cytochalasin D, affects photoreceptor OS morphology. No new
discs/lamellae seem to form at the OS base in the presence of this
inhibitor (Vaughan and Fisher, 1989; Williams et al, 1988).
However, these findings must be interpreted with caution because
the basic mechanism is unknown and the main drug effect may be
disruption of actin filaments at the COS base that indirectly inter-
feres with processes that occur more distally.

3.2. Cone disc morphogenesis

Disc morphogenesis in ROS is quite different than in COS, giving
rise to the more open cone discs that permit continuous protein

flow. ROS lamellae are formed successively and discs become iso-
lated from the plasma membrane near the ROS base in young rods.
In contrast, the first membrane foldings during OS development in
cones arise as evaginations of the ciliary membrane because the
cilium is the only structure initially present (Kinney and Fisher,
1978; Steinberg et al, 1980). The prevailing theory of cone
morphogenesis has evolved over time leading to the present day
view that cone disc structure is related to incomplete rim
development.

Earlier it was thought that as cones develop, lamellae can
expand simultaneously at many levels of the COS (Ditto, 1975). In
1987, studies of Xenopus COS revealed unique structures termed
distal invaginations (DI). In these early EM studies, it was shown
that some of the distal folds of the disc margins are incomplete in
that they extend from the non-ciliary side of the COS only part way
across its width (Fig. 3). These structures were termed DI because
they are invaginations of the plasma membrane that occur
throughout all basal COS levels. The presence of DI causes minimal
interruption of the regular spacing between COS lamellae, but
complete lamellae above and below a large group of DI are oblique,
rather than parallel to one other (Eckmiller, 1987). DI were not
observed within the distal membranes of developing ROS. This was
consistent with previous research indicating that all new
membranes in the developing ROS are assembled in the basal
evagination (BE) at the ROS base, so that additional membrane
cannot flow into ROS discs that have been separated from the
plasma membrane (Steinberg et al., 1980).

The variable amount of taper of different COS can result from
variations in the relative amounts of new membrane that flow into
the BE versus the DI. This idea was based on COS that are highly
tapered (as in amphibian retinas) such that they form few BE and
many DI. However, COS can be slightly tapered (as in mammalian
retinas) if they form many BE and few DI and in some cases OS can
be cylindrical (as are ROS) if they form only BE (Eckmiller, 1990).
Such variable degrees of taper indicate that the idea of DI may not
be a correct unifying theory for cone disc formation and it was
actually hinted to be a possible mechanism for cone disc resorption
and recycling (Corless et al.,, 1989). More recent work on the
localization of peripherin/rds, specifically in the disc rim region of
cone disc membranes (Arikawa et al., 1992; Farjo and Naash, 2006;
Farjo et al., 2006), explains previous data from mammalian cones
where only the basal part of the cone OS seems to retain this
organization in single thin sections (Anderson et al., 1978). This also
indicates that the more gradual development of the disc rim in
cones (Steinberg et al., 1980) gives rise to the open structure,
permitting the nascent disc zone to extend further distally. Studies
of peripherin/rds are consistent with the new proposed theory that
the rim development is a slow, incomplete process arising from the
cilium.

The cilium is clearly important for normal photoreceptor func-
tion, especially for cones, because the OS develops as an elaboration
of this structure and cone discs are more intimately connected to it
than rod discs. The cilium is the major cytoskeletal element of the
OS in mature photoreceptors and also is the only cytoplasmic
connection between the IS and OS. Thus, the cilia constitute the
major route through which materials, such as opsins (Liu et al.,
1999), synthesized in the IS are delivered to the OS. So it is hardly
surprising that human diseases with ciliary defects may result in
retinal degeneration and night blindness (Arden and Fox, 1979;
Barrong et al., 1992; Berson and Adamian, 1992; Brown et al., 1963;
Cohen, 1965). The importance of cilia in OS assembly and function is
supported by the identification of intraflagellar transport proteins
(Insinna and Besharse, 2008) and the detrimental effects seen
when these protein complexes are mutated (Krock and Perkins,
2008; Pazour et al., 2002). Greater importance of the cilium to
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cones may be explained by the fact that the relative length of the
ciliary axoneme is different in ROS than COS (Fig. 3). In COS, the
axoneme is thought to extend the entire length of the OS (Eckmiller,
1996), whereas in the ROS, the axoneme extends for most, but not
the entire length (Luby-Phelps et al., 2008). However, there is
evidence that, aside from the axoneme in the ROS, there are distinct
microtubule-like structures distally that extend over the remaining
length of the OS. These structures seem to be modulated by light-
induced interactions between the RPE and photoreceptors, as
occurs with disc shedding (Roof et al., 1991).

Past work centering on EM analysis and more current molecular
work have shed light on the disc arrangements and different
components of cone photoreceptors important for their function,
but shortcomings arise from the lack of overlap between some
studies and their applicability to mammalian models. Much work
has been done on species that do not approximate models for
human disease or mammalian disease in general. So it is hard to say
if the data obtained are unique to the species of study or if they are
more broadly applicable to understanding mammalian cone
structure and function. Subsequent sections emphasize the
importance of cone photoreceptors in retinal diseases and new
mammalian models that have been developed to address this issue.

4. Importance of cones in retinal diseases

Photoreceptor degeneration results in vision loss in diseases like
retinitis pigmentosa and age-related macular degeneration. In these
diseases, the main cause of clinically significant vision loss is cone
cell degeneration rather than rod cell death. Although most muta-
tions responsible for retinitis pigmentosa in humans and animal
models affect rod-photoreceptor-specific genes, rod apoptosis is
often followed by secondary cone degeneration (Shelley et al., 2009).
Nevertheless, people with a night blindness disease can lead
anormal life, especially in industrialized countries, because they can
still see satisfactorily despite the loss of rods. Thus, prevention of
cone cell loss is a major goal of therapeutic strategies (Travis, 1998).

Leber congenital amaurosis (LCA) is an inherited retinal disease
that leads to blindness in humans. Studies of LCA have revealed
insights into cone cell degeneration and the importance of RPE
specific protein 65 kDa (RPE65)-based visual chromophore
production for cone survival (Jacobson et al., 2007). It has been
demonstrated that cone photoreceptors degenerate quicker than
their rod counterparts in RPE65—/— mice (Znoiko et al., 2005),
highlighting the need for the chromophore, 11-cis-retinal, in cone
function and survival (Samardzija et al., 2009). Further studies of
exogenous administration of 11-cis-retinal to RPE65—/— mice
indicated 11-cis-retinal bound to cone opsins is essential for retinal
protein sorting, transport, and targeting and, ultimately, cell
survival (Zhang et al., 2008). Also, administration of the artificial
pro-drug, 9-cis-retinyl acetate, has shown protective effects against
cone cell degeneration (Maeda et al.,, 2009). These results suggest
a possible mechanism of cone degeneration as the underlying cause
of AMD.

Identification of potential targets for treating retinal degenera-
tive diseases has improved upon investigation of the relevant
transcription factors, and more recently, the regulatory mecha-
nisms that control photoreceptor-specific gene expression (Fig. 6).
Crx, a homeobox gene expressed in both rods and cones, is required
for the expression of a variety of photoreceptor specific genes (Chen
et al., 1997). Due to its importance in differentiation and maturation
for both rods and cones, Crx mutations lead to general nonselective
photoreceptor degeneration in both mice and humans (Freund
et al.,, 1997; Freund et al., 1998; Swain et al., 1997). Nr2e3/photo-
receptor cell-specific nuclear receptor, a transcription factor of the
ligand-dependent family of nuclear hormone receptors crucial for
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Fig. 6. Model for transcriptional control of photoreceptor development. Different
transcriptional factors that control rod and cone cell differentiation are indicated. Crx
activation is required for both rod and cone development, but is not essential for
photoreceptor differentiation. Both Nrl and Nr2e3 are essential. Nrl activates rod
specific transcripts and inhibits cone specific transcripts and also activates Nr2e3,
which in turn amplifies the effect of Nrl by inhibiting cone specific transcripts. Nr2e3 is
also a physiological target of the transcriptional co-regulator Pias3. SUMOylation by
Pias3 directs the action of Nr2e3 as a promoter of rod genesis and suppression of cone
pathways. TR-p2 and RXRy are downstream of these transcription factors in the cone
pathway that take committed cone progenitors and modulate S versus M/L cone opsin
maturation.

the development and function of rod and cone photoreceptors, is
thought to suppress cone-specific genes in rods (Chen et al., 2005).
Nr2e3 directly interacts with Nrl and Crx to regulate expression of
rod photoreceptor genes during differentiation while simulta-
neously suppressing the expression of cone-specific genes. The
physiological function of Nr2e3 was demonstrated in transgenic
mice ectopically expressing Nr2e3 under control of the Crx
promoter in photoreceptor precursor cells where suppression of
cone-specific gene expression generating nonfunctional rod-like
photoreceptors was evident (Cheng et al., 2006). Recently, it also
was shown that Nr2e3 becomes a potent repressor of cone-specific
gene expression after SUMOylation by Pias3, a transcriptional co-
regulator (Onishi et al., 2009). The role of Nr2e3 was further
elucidated by experiments in rd7—/— mice, a spontaneous loss of
function model of Nr2e3 (Akhmedov et al., 2000). In rd7—/—
retinas, there was overexpression of S-type cones (Haider et al.,
2006; Haider et al., 2000). The resulting cone overpopulation not
only damaged photoreceptor cells, but also undermined the
integrity of their postsynaptic partners, that in turn caused laminar
disorganization and fragmentation of the retina with progressive
loss of cone and rod cell function. The enhanced S-cone syndrome
(ESCS) phenotype in human patients with mutations in Nr2e3 may
therefore be due to misregulation of both L and M cone progenitors,
leading to an excess of S-cones expressing blue opsin, and to
atypical differentiation of rods and cones (Haider et al., 2006).
Loss of visual function in hereditary human retinal degenerative
diseases usually reduces photoreceptor cells by apoptosis (Rattner
et al., 1999), but the one exception is ESCS, manifested as a gain in
function in photoreceptor development (Haider et al., 2000; Hood
et al,, 1995; Jacobson et al., 1991; Milam et al., 2002). ESCS patients
suffer visual loss, with or without night blindness occurring early in



D. Mustafi et al. / Progress in Retinal and Eye Research 28 (2009) 289-302 299

life. Abnormal overexpression of S-type cones is accompanied by
varying degrees of L and M cone depletion and retinal degeneration
(Escher et al., 2008). The final transcription factor of note, Nrl
described previously, not only provides insights into photoreceptor
development, but Nrl—/— animal species serve as excellent models
for study of ESCS. Functional switching of photoreceptors from a rod
toan S-cone phenotype in the Nrl—/— retinais evident from a change
both in the expression of components of the phototransduction
cascade, and in electroretinogram (ERG) recordings, which measure
the electrical response in different cell types of the retina, namely
rods and cones (Mears et al., 2001). Of the transcription factors
studied, Nrl appears to have the most widespread effect on cone cell
morphogenesis because of its diverse interactions with other
factors. Nrlinteracts with Crx, Nr2e3, and other transcription factors
(Fig. 6) and activates the expression of many rod-specific genes, such
as that for rhodopsin (Friedman et al., 2004). Nrl also seems to act as
a molecular switch during photoreceptor differentiation by
promoting the rod differentiation program while simultaneously
repressing cones. Suppression of cone fate is achieved, at least in
part, through direct or indirect regulation of the transcription factor,
Nr2e3, whose expression is undetectable in Nrl—/— retina (Yoshida
et al., 2004).

All published dominant Nrl mutations are missense changes
affecting one of three residues (S50, P51, and G122). Researchers
have identified patients with recessive, loss-of-function mutations
in the Nrl genes P51S and L160P, who exhibited a phenotype similar
to Nrl—/— mice. These patients have preserved S-cone function as
deduced from visual field tests and also show intraretinal
pigmentation in their fundi (Nishiguchi et al., 2004).

5. New mammalian models to study cone structure

Lack of a suitable experimental mammalian model constitutes
the major impediment to understanding cone pathophysiology.
Nocturnal species like laboratory rats and mice, which are useful for
a variety of studies, have little place in cone photoreceptor research
due to the dearth of cone cells in these species (Peichl, 2005; Peichl
and Gonzalezsoriano, 1994). However, animals with cone domi-
nance such as ground squirrels ( ~85% cones) (Blakeslee et al., 1988;
Kryger et al., 1998; Long and Fisher, 1983), chickens ( ~65% cones)
(Blanks and Johnson, 1984), and pigs (~20% cones) (Hendrickson
and Hicks, 2002) not only are hard to breed in captivity, but also
cannot be studied with pre-existing antibodies generated for
rodent cone targets. Therefore, despite the cone-dominated retina
in these species, they do not serve well for scientific research
purposes. A cone-rich transgenic mouse model and a similar cone-
rich natural diurnal rat should provide scientists the capability to
work with cone dominant animals that are not only easy to breed,
but also will allow preexisting well developed technologies to be
exploited to their fullest extent.

In addition to elucidating cone cell evolution, the Nrl mouse
model provides an ideal opportunity to study cone cell structure
and function. Nrl—/— mice should enable a simplified isolation of
COS for structure-function studies by high resolution AFM and
cryo-ET previously adopted for ROS analyses (Fotiadis et al., 2003;
Nickell et al., 2007). That these photoreceptors resemble cones was
confirmed through EM, immunohistochemistry, protein analyses,
and electroretinographic recordings (Nikonov et al., 2005). The
Pugh group did a series of structural, ultrastructural, histochemical,
molecular, and electrophysiological studies to establish that Nrl—/—
photoreceptors indeed possess cone-like characteristics (Table 2)
(Daniele et al., 2005). However, it is clear that these cells are hybrid
between rods and cones.

Key molecules of the cone phototransduction cascade, i.e.,
mouse cone ultraviolet (MUV) pigment, cone transducin, and cone

Table 2

Comparison of photoreceptor properties of wild type mice. Key molecules of the
cone phototransduction cascade such as mouse cone ultraviolet (MUV) pigment,
cone transducin (G2), mouse cone arrestin (mCarr), and cone sheath stainable
peanut agglutinin (PNA) were identified to confirm the isolated photoreceptors as
cone cells as opposed to rod cells that lacked staining of these molecular markers.
Wild type cones displayed a low level of staining for “rod” arrestin.

Feature Wild type S-Cones?® Wild type Rods?

Ultrastructure

OS length (um) 134 £ 0.7 23.6 £+ 04
OS width (pm) 12 £+ 0.03 14 + 0.1
0S volume (pm?) 14 36

Open discs >15 5-7
Mitochondrial length (um) 131 £ 0.7 220+ 0.7
Histology

Chromatin clumping Yes No
PNA-stained OS sheath Yes No
Molecular

MUV Yes No

G2 Yes No

mCarr Yes No
Arrestin Yes, low level Yes

ERG a-wave

Amax (nm) 360 500

Ipeak (mMs) Unknown 140

2 (Carter-Dawson and LaVail, 1979).

arrestin - are present at cellular concentrations comparable to
those of homologous transduction proteins measured in rods and
expected to be present in wild type cones. Also, proteins of the cone
phototransduction cascade in Nrl—/— photoreceptors drive photo-
responses with high efficiency and cone-like recovery kinetics.
Nonetheless, Nrl—/— photoreceptors are not a perfect model of
normal wild type mouse cones as shown by apparently disordered
and deteriorating cones with OS shorter than wild type cones that
express “rod” arrestin. Photoreceptor function is healthy and stable
in the Nrl—/- retina during the 4-6 week period after birth but it
deteriorates subsequently, as displayed by a decline in the maximal
amplitude of the a-wave (Daniele et al., 2005), which is the initial
negative deflection in response to a bright flash. Despite this
decline, each Nrl—/— photoreceptor, like wild type mouse cones,
has an associated peanut agglutinin (PNA)-stainable sheath. This
observation supports the intriguing hypothesis that the sheath is
secreted by cones themselves because Nrl—/— photoreceptors are
far removed from the RPE cell apical surface. These limitations
should not detract from the contribution of this species to the
understanding cone ultrastructure. The Nrl—/— species promises to
facilitate cone purification protocols for three-dimensional anal-
yses that cannot only start to shed light on normal cone architec-
ture but also lead to a better understanding of ESCS by examining
older animals undergoing retinal degeneration.

Another promising species is the Nile rat (Arvicanthis niloticus).
This newly studied rodent has a diurnal behavior pattern similar to
humans and it also uniquely possesses a large percentage of easily
identifiable cones (~33%) (Bobu et al., 2006; Galliard et al., 2008).
At the ultrastructural level, the RPE-OS interface exhibits an orderly
arrangement of ROS and COS apposed to the RPE apical surface. The
ROS appear as cylindrical structures with clearly visible stacked
discs. The COS are narrower and tapered, with areas of clear cyto-
plasm and a surrounding cone matrix sheath (Bobu et al., 2006).
More importantly, these cones can be conveniently stained with
antibodies raised against murine peptide sequences and other
proteins involved in phototransduction, namely arrestin, recoverin
and cGMP-gated channels (Bobu et al., 2008). Studies with the Nile
rat should build on research with Nrl—/— species to establish the
first cone photoreceptor structure-function relationships in
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naturally occurring mammalian species and further allow parallel
analyses of rods and cones from the same species.

6. Conclusions and future outlook

The future of cone photoreceptor structure/function discovery is
bright with emerging models consisting of the cone-rich Nrl—/—
mouse line and Nile rat species. Current EM data will be augmented
by application of advanced structural methods such as AFM
(Fotiadis et al., 2006) and cryo-ET (Nickell et al., 2007) that have
been successfully used to elucidate the fine architecture of rod
photoreceptor organization. Use of these procedures has substan-
tially contributed to a greater understanding of the rod photo-
transduction cascade and the roles of individual components such
as rhodopsin and other supporting proteins. Some may ask why
understanding cone photoreceptor structure is of such pressing
concern. Other than feeding scientific curiosity, its importance lies
in the myriad of visual problems associated with cone photore-
ceptor degeneration that, not only are presented here, but are yet to
be discovered.
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