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Introduction 

The processing of visual information begins in the retina with the
detection of light by photoreceptor cells. In humans, two specialized
types of photoreceptors detect light under different conditions. Rod
photoreceptors are highly sensitive and mediate vision in dim light, while
cone photoreceptors function in bright light and mediate both high acuity
and color vision. To detect light, both rods and cones exploit the unique
properties of 11-cis retinal, a photosensitive derivative of vitamin A. The
11-cis retinal in photoreceptors is covalently bound to an opsin signaling
protein to form a visual pigment molecule. In the presence of light, 11-
cis retinal is isomerized to all-trans retinal, and the straightening of the
polyene chain activates the opsin (Figure 1). While the formation of all-
trans retinal is essential for activating photoreceptors and initiating
vision, neither the opsin nor the all-trans retinal are sensitive to light,
and new 11-cis retinal must be provided for photoreceptors to function
continuously. Brief shortages of 11-cis retinal are an uncomfortable but
common event. For example, the inability to see at night after passing an
oncoming car's bright lights is partially due to the depletion of 11-cis
retinal in rods. While vision recovers from transient shortages, prolonged
11-cis retinal deficits in conditions like vitamin A deficiency can
eventually lead to more pronounced visual deficits. To generate enough
11-cis retinal for the normal function and survival of photoreceptors, all-
trans retinal is converted back into 11-cis retinal through a series of
enzymatic steps known as the visual cycle. 

Figure 1. 11-cis Retinal is the light-sensitive component of rod
and cone photoreceptors. In the first step of vision,
photoreceptors are activated when light induces the



isomerization of 11-cis retinal to all-trans retinal.

Visual Pigments 

To generate a cellular response to light, the 11-cis retinal in
photoreceptors is linked to an opsin protein capable of activating
signaling pathways. Together, the 11-cis retinal and opsin protein are
known as a visual pigment (Figure 2). Opsins are integral membrane
proteins with seven trans-membrane helices that enclose a binding
pocket for 11-cis retinal (Palczewski et al., 2000). By themselves, opsins
are not photosensitive, and it is only when coupled with 11-cis retinal
that the protein absorbs visible light. The absorption characteristics of
different visual pigments are controlled by the interactions between 11-
cis retinal (in mammals) and the opsin. For example, humans have three
types of cone photoreceptors that are sensitive to red, green, and blue
light. Each expresses a slightly different opsin, and the unique
interactions between a particular cone opsin and 11-cis retinal result in a
sensitivity to a specific wavelength (or color) of light (for review, see
Ebrey and Koutalos, 2001). Despite absorbing different wavelengths of
light, the general relationship between the opsin and 11-cis retinal is the
same in all visual pigments. In the dark, 11-cis retinal binds the opsin as
an inverse agonist and holds the opsin in an inactive conformation. When
light strikes the visual pigment, the isomerization of 11-cis retinal to all-
trans retinal in the binding pocket pushes the opsin into an active
conformation and initiates phototransduction. While the newly formed all-
trans retinal is needed to activate the opsin, it lacks photosensitivity, and
the opsin must release all-trans retinal and bind new 11-cis retinal to
continue detecting light. 

Figure 2. Visual pigments are responsible for initiating a
photoreceptor's response to light. Each visual pigment
molecule consists of an 11-cis retinal chromophore covalently
bound to an opsin G-protein coupled receptor. 11-cis Retinal is
the light-sensitive component of visual pigments. The opsin
constitutes the signaling component. The framed image depicts
a two-dimensional representation of an opsin protein with its
seven trans-membrane alpha-helices. Helices 3, 5, 6, and 7 are
thought to line the opsin binding pocket. In the overhead
depiction of a visual pigment (to the right), 11-cis retinal is



shown in the binding pocket formed by the opsin helices (H1-
H7).

Anatomy Of The Visual Cycle 

The anatomical relationship between the photoreceptors and retinal
pigment epithelium (RPE) is critical to the visual cycle. A view of the
retina in cross-section reveals that the photoreceptors are paradoxically
located in the deepest retina layer, and the light-sensitive outer segments
are the farthest retina layer from light entering the pupil (Figure 3).
Although this arrangement requires incoming light to pass through each
retina layer before reaching the photoreceptors, it positions the outer
segments in close proximity to the specialized monolayer of RPE cells.
While not a part of the neural retina, the RPE is essential for the normal
function and survival of photoreceptors. Among its many contributions to
the photoreceptors, the RPE is the principle site for 11-cis retinal
regeneration in the visual cycle. 

Figure 3. Photoreceptors rely on the retinal pigment
epithelium (RPE) for numerous metabolic functions, including
the visual cycle. In cross section, photoreceptors are located in
the back of the retina in close association with the RPE. The
colored insert shows a micrograph of Xenopus laevis
photoreceptors, and demonstrates the close anatomical
relationship between the photoreceptor outer segments and the
RPE.

The Classical Visual Cycle 

The classical visual cycle regenerates 11-cis retinal through a series of
steps involving specialized enzymes and retinoid binding proteins, and
the importance of each step is underscored by the fact that each has
been identified as sources of visual impairment or blindness in humans
(Travis et al., 2007). Our understanding of the visual cycle is largely
based on studies from rod photoreceptors. Cones are believed to rely



upon the same system, but are also thought to have privileged access to
alternate visual cycle pathways in the inner retina. With growing
evidence of a cone-specific pathway (for review, see Wolf, 2004), the
cycle occurring between the photoreceptors and RPE is increasingly
referred to as the classical visual cycle (Figure 4). 

Figure 4. The classical visual cycle involves the cycling of
retinoids between the rod outer segments (OS) and the RPE.
The visual cycle begins in the outer segment with all-trans
retinal's release from the opsin. After reduction to all-trans
retinol, the photoproducts cross the sub-retinal space and enter
the RPE. Here, 11-cis retinal is regenerated in three enzymatic
steps and returned to the photoreceptors. IRBP is thought to
transport retinoids through the sub-retinal space.

The classical visual cycle begins in the rod outer segment with the
absorption of a photon by a visual pigment molecule. Rod outer
segments contain stacks of membranous discs made of a lipid bi-layer.
all-trans Retinal is released from the activated opsin into inner leaflet of
the disc bi-layer and is believed to complex with
phosphatidylethanolamine. The resulting N-retinylidine-
phosphatidylethanolamine is transported to the cytoplasmic disc surface
by the retina specific ATP binding cassette transporter (ABCR), and
released into the cytoplasm as all-trans retinal (Liu et al., 2000). Once in
the cytoplasm, all-trans retinal is reduced to all-trans-retinol (Vitamin A)
by all-trans retinol dehydrogenase (at-RDH) in an NADPH-dependent
reaction (Haeseleer et al., 1998). all-trans Retinol then exits the
photoreceptor, crosses the sub-retinal space bound to the
interphotoreceptor retinoid binding protein (IRBP), and enters the RPE
(Bunt-Milam and Saari, 1983; Okajima et al., 1994; Ala-Laurila et al.,



2006; Wu et al., 2007). 

In the RPE, at least three enzymes associated with the smooth
endoplasmic reticulum convert all-trans retinol to 11-cis retinal. After
entering an RPE cell, all-trans retinol is transferred to the cellular retinoid
biding protein (CRBP) (Saari et al., 1982) and delivered to the first visual
cycle enzyme in the RPE, lecithin retinol acyl transferase (LRAT) (Saari
and Bredberg, 1989). LRAT links all-trans retinol to phosphatidyl choline
in the membrane to generate all-trans retinyl esters. Additionally, all-
trans retinol from systemic circulation can enter the visual cycle through
the basal surface of RPE cells for esterification by LRAT. The esters
generated by LRAT are the primary storage form of retinoids in the eye,
and their accumulation is thought to be an important force driving
subsequent reactions in the visual cycle. More importantly, they serve as
the substrate for the next step of the visual cycle and are required for
11-cis retinal regeneration (Moiseyev et al., 2003). 

The next step of the visual cycle involves the simultaneous hydrolysis
and isomerization of all-trans retinyl esters to yield 11-cis retinol. The
coupling of isomerization and hydrolysis is facilitated by a single enzyme,
generically termed the isomerohydrolase, and thought to be the RPE65
protein (Deigner et al., 1989; Redmond et al., 1998; Mata et al., 2004;
Jin et al., 2005). Indeed, RPE65 is essential for the regeneration of 11-cis
retinoids, and there is no isomerohydrolase activity in its absence
(Redmond et al., 2005). 11-cis Retinol from the isomerhydrolase reaction
binds the cellular retinaldyhyde binding protein (CRALBP), a retinoid
binding protein with high affinity for 11-cis retinoids (Saari et al., 2001). 

CRALBP delivers the 11-cis retinol to 11-cis retinol dehydrogenase (11-cis
RDH) for the third and final enzymatic step in the RPE. 11-cis RDH
oxidizes 11-cis retinol to 11-cis retinal using NAD as a cofactor (Driessen
et al., 1995; Simon et al., 1995), and newly generated 11-cis retinal
crosses the sub-retinal space and re-enters the photoreceptors. Again,
IRBP is proposed to facilitate this transport and protect 11-cis retinal
from isomerization en route to the photoreceptors (Jones et al., 1989;
Crouch et al., 1992; Ala-Laurila et al., 2006; Wu et al., 2007). After
entering the outer segment, the newly generated 11-cis retinal can bind
with opsin and regenerate functional visual pigment to complete the
cycle. 

The Cone Visual Cycle 

The classical visual cycle associated with the outer segment and RPE is
well-studied in rods and thought to apply to cones, but cones are
theorized to have unique visual cycle pathways. Cones, which are
responsible for the bulk of human vision, are specialized for functioning
in daytime vision where constant light increases the demand for 11-cis
retinal. While the classical visual cycle involves the photoreceptors and
RPE, the cone visual cycle is believed to involve the cone photoreceptors
and the Müller glia cells of the inner retina. Central to this theory is the
unique ability of cones to regenerate 11-cis retinal from 11-cis retinol



supplied to the inner segment (Jones et al., 1989). In the proposed cone
visual cycle, all-trans retinol generated in photoreceptors is transported
to Müller cells and isomerized to 11-cis retinol by an unidentified
isomerase. 11-cis Retinol from Müller cells then enters the inner
segments of cone photoreceptors and is oxidized to 11-cis retinal for
visual pigment formation. Interestingly, cone inner segments are in close
proximity to the apical microvilli of Müller cells, and these microvilli
contain CRALBP, a retinoid binding protein with a high affinity for 11-cis
retinoids (Bunt-Milam and Saari, 1983). Müller cells have the ability to
generate 11-cis retinol from all-trans retinol (Das et al., 1992).
Furthermore, IRBP, the transporter discussed in the classical visual cycle,
co-localizes with the microvilli, is a major carrier of 11-cis retinol (Saari
et al., 1985), and is found in high concentrations around cone
photoreceptors (Carter-Dawson and Burroughs, 1992a, b; Gonzalez-
Fernandez, 2003). Although a functional relationship between IRBP,
Müller cells, and cone inner segments in a cone-specific pathway has not
been proven, it would explain the ability of cones to efficiently regenerate
visual pigment in constant light conditions. 

Summary 

The photoisomerization of 11-cis retinal to all-trans retinal in
photoreceptors is the first step in vision, but the continued function of
photoreceptors requires that all-trans retinal be converted back into 11-
cis retinal via the visual cycle. In the visual cycle, all-trans retinal is
released from the activated opsin and reduced to all-trans retinol in the
photoreceptor outer segment. IRBP is believed to facilitate the transport
of all-trans retinol from the outer segments to the RPE, where all-trans
retinol is used to generate all-trans retinyl-esters with LRAT. These esters
serve as the substrate for an isomerohydrolase reaction, likely catalyzed
by RPE65, which generates 11-cis retinol. 11-cis RDH then oxidizes 11-
cis retinol into 11-cis retinal. To complete the visual cycle, newly
generated 11-cis retinal is transported back across the sub-retinal space
to the photoreceptors to regenerate photosensitive visual pigment. 
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