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Preface

This book deals with the cellular biology, biochemistry and physiology of photoreceptors and
their interactions with the second-order neurons, bipolar and horizontal cells. The focus is
upon the contributions made by these neurons to vision. Thus the basic neurobiology of the
outer retina is related to the visual process, and visual defects that could arise from
abnormalities in this part of the retina are highlighted in the first 16 chapters. Since all
vertebrate retinas have the same basic structure and physiological plan, examples are given
from a variety of species, with an emphasis upon mammals, extending to human vision. The
last four chapters approach the problem from the other end. This part of the book covers a
range of clinical conditions involving visual abnormalities that are due to cellular defects in the
outer retina. Although the contents of this book do not represent the proceedings of a
conference, the concept arose at an international symposium on ‘Recent Advances in Retinal
Research’ which was held at the International Marine Centre in Oristano, Sardinia. We hope
that the book will give a coherent, up to date review of the neurobiology and clinical aspects of
the outer retina and encourage further integration of these areas. Retinal neurobiology has
been an intense field of investigation for several decades. More recently, it has seen significant
advances with the application of modern techniques of cell and molecular biology. We hope
that the book will be instrumental in the ultimate exploitation of this knowledge in clinical
practice.

In trying to achieve these aims, we depended on numerous people to whom we are
grateful. We particularly appreciated the patience and co-operation of all the contributing
authors, especially at times when we pressed them to make modifications to their chapters in
order to maximize the integration of the neurobiological and clinical aspects of the topics
being covered, and to meet deadlines. In choosing a restricted group of authors to realize the
envisaged product, we inadvertantly could not involve many other experts in the field.
However, we trust that all major findings essential to the philosophy of the book have been
sufficiently represented. Finally, we would like to thank Rachel Young and staff at Chapman
& Hall for their unfailing advice and support (and patience) in realizing the aims of the
project.

M.B.A. Djamgoz, S.N. Archer and S. Vallerga
London and Oristano
1994

xi



1
Development and

morphological organization

of photoreceptors

PAMELA A. RAYMOND

1.1 INTRODUCTION

A common theme in developmental biology
is that orderly structures arise out of initially
unorganized assemblages of undifferenti-
ated, proliferating cells, and that cells with
specific identities often become organized
into highly regular patterns of repeating
units. A hallmark of neuronal organization is
the partitioning or clustering of neurons into
repeating functional modules that are collected
into more complex structures. In the verte-
brate retina, this type of modular organiza-
tion is of paramount importance for the
proper functioning of the neural circuitry,
and regular mosaics are found among all
classes of neurons and at all levels (Wissle
and Reimann, 1978; Marc, 1986). The general
organizational principle of the retina is that
major categories of neurons are stratified, like
the sheets in a layer cake, and within a given
lamina, subtypes of neurons are distributed
with a regular spacing, typically abutting but
often not overlapping one another, like the
tiles on a floor. Photoreceptors, the subject of
this chapter, form the outermost layer at the
apical surface of the retinal epithelium. In
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many vertebrate species, and most notably in
teleost fish, the cone photoreceptors are
arrayed in a two-dimensional crystalline lat-
tice of highly regular and repeating mosaic
units each with three or four different types
of cones at specific positions in the array.
Photoreceptors in the insect compound
eye, which has been studied extensively, are
similarly arranged in a regular array, where
the repeating unit is an ommatidium contain-
ing eight different photoreceptor types (num-
bered R1 to R8). In developing Drosophila
ommatidia, genetic analysis has shown con-
vincingly that the commitment of presump-
tive receptor cells to a specific identity
involves a series of inductive events in which
the spacing and pattern of the ommatidial
units is first established by the early commit-
ment of the R8 photoreceptors. The other
photoreceptors then follow in a precise and
orderly sequence that depends on inductive
signals passed from the committed cells to
their uncommitted neighbors. One of the
objectives of this chapter is to compare what
is known about patterning events that under-
lie the formation of photoreceptor mosaics in
Drosophila and in vertebrates, especially fish
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and mammals, and to examine the possibility
that these superficially similar developmental
processes might in fact involve common
cellular and molecular mechanisms.

The mechanisms of cell determination in
the vertebrate nervous system are not well
understood, although lateral inductive inter-
actions among differentiating cells are thought
to be of primary importance in determining
the phenotypic identity of individual neurons
(McConnell, 1991). There is growing evi-
dence that the photoreceptor mosaic in verte-
brates might arise from an initial ‘prepattern’
laid down by the early commitment and
differentiation of a specific subtype of cone
photoreceptor, much like the situation in the
insect compound eye. This chapter deals
with the development and morphological
organization of vertebrate photoreceptors
and presents a hypothetical model for pattern
formation in the developing teleost cone
mosaic.

1.2 PHOTORECEPTORS AND CONE
MOSAICS

1.2.1 CLASSICAL MORPHOLOGICAL
DESCRIPTIONS AND IDENTIFICATION
OF SPECTRAL SUBCLASSES

Historically, vertebrate photoreceptors have
been classified into two categories, rods and
cones, on the basis of morphological, bio-
chemical and functional criteria (Cohen,
1972). In most species, the retina contains a
single type of rod and variable numbers of
cone types containing visual pigments with
different spectral absorption maxima. It is the
multiplicity of cone types that underlies the
ability to distinguish different wavelengths of
light and therefore mediates color vision
(Walls, 1967).

The cone photoreceptors in teleost fish are
arrayed with geometric precision in a two-
dimensional lattice (Lyall, 1957a; Engstrom,
1960, 1963; Ahlbert, 1968). Most fish have

2

Figure 1.1 Morphological subtypes of cones in
goldfish and zebrafish. (a) Goldfish. Cone types
include double cones (DC), long single (LS), short
single (5S) and miniature short single (MSS)
cones. (b) Zebrafish cones include DC, LS and SS
cones. Based on microspectrophotometric mea-
surements of pigments and in situ hybridization of
cone opsin probes, the double cones in goldfish
and zebrafish are homologous, with the principal
(longer) member containing red and the accessory
member containing a green pigment. The blue
cones are the SS cones in goldfish and the
zebrafish LS cones. The goldfish MSS and zebra-
fish SS cones are ultraviolet receptors. Cone outer
segment, cos; ellipsoid, e; myoid, m; cone nuc-
leus, ¢ external limiting membrane, elm.
(Reprinted with permission from Raymond et al.,
1993.)

several morphologically distinct cone types,
including single and double cones (Figure
1.1). Double cones, a consistent feature of
teleost retinas, typically consist of two indivi-
dual cones fused along their inner segments
(Lyall, 1957a; Engstrom, 1960, 1963; Walls,
1967; Ahlbert, 1968). Although the functional
significance of double cones is uncertain, it
has been suggested that they mediate sensit-
ivity to polarized light (Cameron and Pugh,
1991).

In general, the single and double cones are
segregated into repeating patterns, which
vary somewhat among different species and
during ontogeny of a given species. The ‘prim-
itive’ plan consists of single and double cones



arranged in alternating centripetal rows* with
the two kinds of single cones alternating
along the rows (Figure 1.2a). These rows are
orthogonal to the retinal margin, i.e. they
intersect the circumferential boundary of the
retina at a right angle (Lyall, 1957a; Larison
and BreMiller, 1990). The prototype of the
teleost cone mosaic consists of a repeating,
square or rhomboid mosaic pattern with four
pairs of double cones arranged orthogonally
around a central single cone; additional
single cones of a different morphological type
are at each corner (Figure 1.2b). This square
pattern arises out of the row pattern by a
gradual shifting and rotation of the elements
(see below). The degree to which the mosaic
in a given retina consists of the row pattern
versus the square pattern varies with both
the maturity of the photoreceptors (the row
pattern being the immature form) and with
the species (Miiller, 1952; Lyall, 1957b; Eng-
strobm, 1960, 1963; Ahlbert, 1968). In more
visual teleost species, including many marine
fish (especially reef fishes) as well as certain
freshwater groups such as percids (sunfish,
perch), cichlids (gouramis, betas) and poe-
cilids (guppies, platys and swordtails), the
square mosaic pattern predominates (Eng-
strom, 1963; Ahlbert, 1968). At the periphery
of the adult retina in goldfish (Carassius
auratus), where new cones are being added
continuously (Johns, 1977), and in larval fish,
the row pattern is found, whereas the square
arrangement occurs in central (more mature)
regions of the adult goldfish retina. In con-
trast, in a related cyprinid, the zebrafish
(Brachydanio rerio), the row pattern is retained
throughout the adult retina (Engstrom, 1960;
Larison and BreMiller, 1990). A number of

* The direction ‘centripetal’ refers to the dimension from
the retinal margin toward the center, as in the spokes on
a wheel (as if the retina were a flattened disk). The term
‘radial’ is reserved for the dimension orthogonal to the
retinal laminae, along radii eminating from the center of
the globe. ‘Circumferential’ refers to the circular retinal
margin, the location of the germinal zone.

Photoreceptors and cone mosaics

Figure 1.2 Idealized teleost cone mosaic pat-
terns. (a) Row pattern. (b) Square pattern. The
retinal margin is parallel to the top of the page;
alternating rows of double and single cones run
orthogonal to the margin in (a). Note that along a
row of single cones, blue and ultraviolet cones
alternate; in the double cone rows, the red and
green members are alternately to the left and right.
In the goldfish retina, the square pattern predomi-
nates, although LS cones are distributed randomly
throughout and elements of the mosaic unit are
sometimes missing, degrading the regularity of
the pattern.

modifications in the basic square or rhomboid
pattern are found in other teleost species; for
example, in some species the double cones

3
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are identical (in morphology and spectral
properties), and are therefore termed ‘twin
cones’ (Engstrom, 1960).

The morphological cone subtypes in teleost
fish correspond to spectral classes (Stell and
Harosi, 1975; Marc and Sperling, 1976). In
many species of birds, which also have
highly developed color vision and four or five
different cone pigments, morphological sub-
types also correspond to spectral classes, but
the cones are not arranged in an obvious
mosaic pattern. Statistically, it can be demon-
strated that the different subtypes of cones
are spaced regularly in the chicken retina, but
this is not obvious on examination (Morris,
1970). In humans and Old World primates
(such as macaques) there are three cone
pigments, but morphological subtypes are
not easily recognized (de Monasterio et al.,
1981; Ahnelt et al., 1987). By the use of
antibodies specific for visual pigments, red/
green conest can be distinguished from blue,
although the high degree of homology
between red and green opsins has thus far
prevented the development of antibodies
that distinguish red from green. In macaque
monkeys red/green cones outnumber blue
cones by about 10:1 (Wikler and Rakic,
1990), but the distribution of red/green cones
is less regular than blue cones, which form a
remarkably precise, hexagonal lattice in
many primate retinas (Marc and Sperling,

t Traditionally, the human cone pigment sensitive to
long wavelengths has been called ‘red-sensitive’, and the
cone containing this pigment the ‘red cone’ even though
the wavelength of maximal absorbance (Ama.) of the
pigment, at 552 nm to 557 nm, is in the yellow part of the
spectrum (Dartnell et al., 1983; Merbs and Nathans,
1992). The human ‘green’ and ‘blue’ cone pigments
absorb maximally at the color for which they are named.
The short, middle and long wavelength-sensitive pig-
ments in different species of teleost fish cover a broad
spectral range, with Ap.x from 410 nm to 630 nm for the
traditional pigments (Levine and MacNichol, 1979), and
down to 360 nm for the ultraviolet pigment (Robinson et
al., 1993). Despite these inconsistencies between absorp-
tion maxima and color names, the cone pigments are
here referred to as ‘red’, ‘green’, ‘blue’ or ‘ultraviolet’ for
ease of description and comparison across species.

4

1977, de Monasterio et al., 1981; Wikler and
Rakic, 1990).

The spectral characteristics of identified
morphological classes have been determined
with microspectrophotometry in a very large
number of teleost species (Levine and Mac-
Nichol, 1979), including goldfish (Stell and
Harosi, 1975; Marc and Sperling, 1976) and
zebrafish (Nawrocki ef al., 1985; Robinson,
et al., 1993). With this technique the absorp-
tion of individual, isolated photoreceptors is
measured. In goldfish the principal member
of the double cone is sensitive to long
wavelengths (red), the accessory member to
medium wavelengths (green), the long single
cones are either red or green, and the short
single cones are sensitive to short wave-
lengths (blue). The short single blue cone is at
the center of the square mosaic pattern; the
cones at the corners are miniature singles
(Marc and Sperling, 1976). Missing and ec-
topic photoreceptors often disrupt the mosaic
in the goldfish retina, but the precise hex-
agonal array of short single cones is typically
the most regular feature of the pattern (Marc
and Sperling, 1976). More recently, an ultra-
violet pigment was found by microspectro-
photometry in miniature single cones in
several cyprinids, including roach, Rutilus
rutilus (Avery et al., 1983), goldfish (Bow-
maker et al., 1991), carp, Cypripus carpio
(Hawryshyn and Hérosi, 1991) and Japanese
dace, Tribolodon hakonensis (Hashimoto, et al.,
1988). In addition, roach and goldfish demon-
strate behavioral sensitivity to ultraviolet
light (Douglas, 1986; Hawryshyn, 1991; Neu-
meyer, 1992). In some teleost species, such as
trout (Salmo trutta), the corner cones disap-
pear in adult fish (Lyall, 1957b; Bowmaker
and Kunz, 1987), and concomitantly, the
animals lose ultraviolet sensitivity (Bow-
maker and Kunz, 1987), consistent with the
suggestion that the corner cones are the
ultraviolet-sensitive elements.

In zebrafish, in which the row pattern is
retained in the mature retina, the double



cone pairs are similar to those in goldfish: red
cones are the principal members and green
cones are the accessory members, long single
cones are blue and short single cones contain
an ultraviolet-sensitive pigment (Robinson
et al., 1993). These new microspectrophoto-
metric data revise the assignment of spectral
types to morphological subclasses that was
presented in an earlier study of zebrafish
cones (Nawrocki et al., 1985).

1.2.2 STUDIES OF MOSAIC FORMATION
WITH OPSIN ANTIBODIES AND cRNA
PROBES

Since the mosaic constitutes a precise
arrangement of spectral classes of cones, the
study of pattern formation requires a suit-
able marker for the visual pigments. Relying
strictly on morphological criteria is inade-
quate, since at early stages the cones are not
yet differentiated enough to allow subtypes
to be distinguished (Branchek and BreMiller,
1984; Raymond, 1985; Larison and BreMiller,
1990). The classical technique for studying
spectral properties of individual photorecep-
tors, microspectrophotometry, is unsuitable
for developmental studies as the cones must
be dissociated and they must also be relativ-
ely large for the technique to be practical.
Specific antibodies for the different cone
pigments have been somewhat useful in this
regard, especially for developing mammalian
retinas (Wikler and Rakic, 1991; Szél et al.,
1993). Unfortunately, however, many of the
available opsin or other photoreceptor-
specific antibodies label both rods and cones
in teleost fish (Raymond et al., 1993). Al-
though the biochemistry of rod pigments
(rhodopsins) has been extensively studied,
cone pigments are notoriously difficult to
extract from retinas, and biochemical isola-
tion of cone pigments has only been achieved
in chickens (Wald et al., 1955; Okano et al.,
1992), which have strongly cone-dominated
retinas.

Photoreceptors and cone mosaics

In contrast, substantial progress in this
area has been achieved with the tools of
molecular biology, and over the past ten
years the genes encoding over 20 different
opsins (the protein component of visual
pigments) have been identified (see Chapter
4). Opsins constitute a family of proteins that
have been highly conserved over hundreds
of millions of years of evolution, so that
opsins from arthropods (Drosophila), cephalo-
pod molluscs (octopus), and vertebrates all
share a common lineage (Goldsmith, 1990).
The gene encoding bovine rhodopsin was the
first vertebrate opsin to be cloned, and
shortly thereafter the genes for human rho-
dopsin and the three human cone pigments
were identified by homology (Falk and
Applebury, 1987). Genes coding for red and
green cone opsins in the cavefish, Astyanax
mexicanus  (Yokoyama and Yokoyama,
1990a,b), and the red cone opsin in chicken
(Kuwata et al., 1990; Tokunaga et al., 1990),
were then identified by homology with the
human cone pigments. In humans and cave-
fish, the red and green cone opsins are nearly
identical (96% at the amino acid level), and
represent independent gene duplication
events (Yokoyama and Yokoyama, 1990b).
The human blue cone opsin is as similar to
rhodopsin as it is to the red/green opsins
(Nathans et al., 1986; Goldsmith, 1990), sug-
gesting that the bipartite categorization of
photoreceptors as rods or cones may not be
reflected in the molecular genetics of the
pigments. In support of this somewhat
heretical idea, an unusual rhodopsin-like
chicken pigment gene has been described;
the predicted amino acid sequence is 80%
identical to chicken rhodopsin but only
40-50% identical to the human, chicken and
cave-fish cone opsins (Okano et al., 1992;
Wang et al., 1992). Araki et al. (1984) had
previously noted rhodopsin-like immuno-
reactivity in single cones of chicken retinas
with a polyclonal antibody prepared against
bovine rhodopsin, and they speculated that

5
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these might be the green cones. They further
suggested that the green cone pigment might
be immunologically similar to chicken rho-
dopsin since both have A_,, around 500 nm.
Evidence from recent work in fish (described
below) supports this suggestion.

Several laboratories (Johnson et al., 1993;
Raymond et al., 1993; Hisatomi et al., 1994)
have independently isolated partial or com-
plete cDNA clones for goldfish opsins. Naka-
nishi’s group has found two rhodopsin-like
genes that are highly homologous to the
chicken rhodopsin-like gene. These two
rhodopsin-like clones are only 90% identical
at the nucleotide level and are therefore
believed to represent two different genes
(Johnson et al., 1993). Because goldfish are
tetraploid (Risinger and Larhammar, 1993)
the other opsin genes are also likely to be
duplicated. The evolutionary origin of the
rhodopsin-like green cone opsin gene in
chickens and goldfish is not clear, but it
almost certainly represents an example of
convergent evolution.

The goldfish opsin cDNA clones have been
used to prepare sense and antisense cRNA
probes tagged with digoxigenin for colori-
metric in situ hybridization (Raymond et al.,
1993). The results demonstrated that both of
the rhodopsin-like pigments are expressed in
the accessory green cone member of the
double cone pair in goldfish. Some of the
long single cones also expressed rhodopsin-
like pigments, consistent with the earlier
spectral studies (Stell and Héarosi, 1975; Marc
and Sperling, 1976). It is not yet certain,
however, whether the two rhodopsin-like
genes are expressed in different cones or
simultaneously in the same cones; expression
of multiple visual pigments in a single photo-
receptor has been described in other teleosts
(Chapter 2, and Archer and Lythgoe, 1990).
The suggestion that green cones contain a
rhodopsin-like pigment is further supported
by the observation that two different mono-
clonal antibodies prepared against mammal-
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ian rhodopsins — RET-P1 (from C. Barnstable)
and rho4D2 (from D. Hicks and R. Molday) -
label both rods and green cones in goldfish
(Raymond et al., 1993). It is curious that the
green cone pigment in goldfish apparently
differs molecularly from that in Astyanax
since both species are in the cyprinid (carp,
minnow) family. However, since the putative
red and green Astyanax pigment genes have
not yet been cloned into a cell expression
system, and therefore the spectral properties
of the proteins they code for have not been
evaluated, it is possible that the color assign-
ments, which were based solely on sequence
homology with human visual pigments, are
incorrect, and that the two Astyanax genes
actually represent polymorphic variants of a
red pigment. Polymorphism of red opsins
has been described previously in teleosts
(Archer and Lythgoe, 1990).

The in situ hybridization studies in goldfish
retina further showed that the blue cone
opsin is expressed in short single cones
(Figure 1.3), and the red cone opsin is
expressed in the principal member of the
double cone pair and in some single cones
(Raymond et al., 1993). These results again
match the earlier morphological identification
of the three spectral classes in goldfish (Stell
and Harosi, 1975; Marc and Sperling, 1976).
The goldfish rod and cone opsin probes also
hybridize specifically to appropriate pigments
in other teleost species, including zebrafish
(Raymond et al., 1993) and green sunfish,
Leposmis cyanellus (L. Barthel, D. Cameron
and P. Raymond, unpublished observations).

Recently, a partial cDNA clone coding for a
putative ultraviolet pigment has been identi-
fied in goldfish based on sequence homology
with chicken violet (Hisatomi et al., 1994).
Riboprobes transcribed from this putative
ultraviolet clone hybridize to miniature single
cones located at the corners of the mosaic in
the goldfish retina (P. Raymond and L.
Barthel, unpublished observations). This local-
ization is consistent with the identification



Figure 1.3 In situ hybridization with the blue
cone opsin probe applied to goldfish retina; whole
mount preparation. The focus is at the level of the
myoids of the short single cones, which contain
the hybridization signal (arrowheads). For double
cones (arrows) the focus is also within the myoid,
but miniature short single cones are focused at the
level of the refractile ellipsoid (asterisks). Calib-
ration bar = 20 pm. (Reprinted with permission
from Raymond et al., 1993.)

of miniature single cones as ultraviolet recep-
tors based on earlier work cited above. The
possible molecular similarity of the zebrafish
ultraviolet pigment, recently cloned and
sequenced by Robinson and colleagues
(Robinson et al., 1993), and the goldfish
pigment cannot be determined until the full
length goldfish sequence is available. Cur-
iously, however, the zebrafish ultraviolet
pigment appears to be more homologous to
lamprey rhodopsin than to chicken violet,
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on the basis of the predicted amino acid
sequence. In both goldfish and zebrafish, the
ultraviolet pigment is expressed in the small-
est of the photoreceptor subtypes: the minia-
ture short single cones of goldfish and the
short single cones of zebrafish (Figure 1.1).
Interestingly, the ultraviolet receptors in
zebrafish and goldfish share some unique
features: their nuclei do not penetrate
through the outer limiting membrane of the
retina, as do the nuclei of the other cone
types, and the ultraviolet photoreceptors do
not show photomechanical movements in
response to light and dark adaptation as do
the other cones. The short single cones in the
guppy (Poecilia reticulatus), which have a \,,
of 410 nm and are located at the corners of the
square mosaic unit, have similar features.
Photomechanical movements involve light-
evoked contraction of the myoid process,
which brings the ellipsoid/outer segment of
the cone closer to the nucleus, and corres-
ponding elongation of the myoid process
during the dark (Walls, 1967). The signifi-
cance of the lack of photomechanical move-
ments in the ultraviolet receptors is
unknown.

The availability of teleost cone opsin
probes and the development of a colorimetric
in situ hybridization method with subcellular
resolution provides a unique opportunity to
investigate pattern formation in the teleost
cone mosaic.

1.3 PHOTORECEPTOR DEVELOPMENT

Many fish continue to grow as adults, and in
those species which do so, neurogenesis
continues in the retina, such that annuli of
new cells are continually added from a
circumferential germinal zone (Miller, 1952;
Johns, 1977). Thus, in the adult teleost retina
there is a circular gradient of cellular matura-
tion, from mitotic precursors at the margin to
mature neurons in the center; this spatiotem-
poral gradient of development allows all
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Figure 1.4 (a) Model for photoreceptor determination in Drosophila. The horizontal line at the top
represents the morphogenetic furrow. Successive generations of increasingly more mature ommatidial
units are arrayed below the furrow, and mature ommatidia are along the bottom. Each mature
ommatidial unit is composed of eight photoreceptors, numbered 1 to 8. In the first row of
undifferentiated, presumptive photoreceptors immediately below the morphogenetic furrow, R8
photoreceptors begin to differentiate at regular intervals. The R8 photoreceptors induce their immediate
neighbors to differentiate as R2 or R5 (identical except for their position to the left or right of R8). The
adjoining R3/4 pairs are then induced, and the five photoreceptors (plus a variable number of mystery
cells, so called because they are only transiently associated with the ommatidial cluster and their
ultimate fate is unknown) pinch off to form preclusters. After another round of mitotic division,
indicated by the thinner horizontal line, the R1/6 pair joins each cluster, followed in the end by R7.
(Redrawn from Banerjee and Zipursky, 1990.)

steps in the formation of the cone mosaic
pattern to be examined in a single retina from
an adult animal, thus providing a powerful
experimental tool.

Larison and BreMiller (1990) made a funda-
mental observation which implies that the
classical view of the row mosaic pattern —
alternating parallel rows of single and double
cones radiating outward like spokes of a
wheel and intersecting the retinal margin at
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right angles — may be misleading. When they
examined the adult zebrafish retina with light
and electron microscopy it was clear that the
closest appositions are between adjacent
single and double cone photoreceptors in the
adjoining centripetal rows of double and
single cones. This is an important observa-
tion because it suggests that commitment of
presumptive cone photoreceptors to a speci-
fic identity and the resultant precise spacing
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Figure 1.4 (cont.) (b) Model for photoreceptor determination in teleost fish. The horizontal line at the
top represents the germinal zone, and starbursts are mitotic neuroepithelial cells. (The germinal zone is
actually a large annulus at the retinal margin, but it can be approximated as a line segment over this
short interval.) Successive generations of increasingly more mature photoreceptors are arrayed below.
Assume that the first photoreceptors to differentiate are the blue cones (solid dots) located in the first
(youngest) row adjacent to the germinal zone. The blue cones then induce their immediate neighbors to
become red cones (heavy stippling), which are the principal members of the double cone pair. The red
cones in turn induce the adjacent cells to become accessory green cone (light stippling) members of the
double cone. Finally, four rows away from the germinal zone, the green cones induce the remaining
undifferentiated cells to become ultraviolet receptors (heavy outline), and the row mosaic pattern is
thereby established.

obligatory cell lineage relationship, but
instead inductive cell-cell interactions are

of cone types in a mosaic pattern might be
accomplished by lateral inductive influences

between neighboring cone types all differen-
tiating at approximately the same time. This
appears similar to the inductive events that
have been shown to regulate photoreceptor
commitment in Drosophila, as outlined in the
next section.

1.3.1 PATTERN FORMATION AND
CONSTRUCTION OF A MODEL

An elegant series of genetic mosaic analyses
(Ready et al., 1976, 1986) showed that the
photoreceptor cells in each ommatidium of
the Drosophila compound eye do not share an

responsible for directing the choice of fate of
presumptive photoreceptor cells. Banerjee
and Zipursky (1990) proposed a model in
which determination of photoreceptors is
accomplished by a cascade of inductive
events that take place just after the precursor
cells withdraw from the mitotic cycle and
while they are aligned in a linear array at the
posterior edge of the morphogenetic furrow
(Figure 1.4a). The ‘founder’ cell is the R8
photoreceptor, and a stochastic process
underlies the original determinative event.
Lateral inhibitory interactions perhaps
mediated by a diffusible agent prevent neigh-
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Figure 1.5 Transformation of the row pattern to the square mosaic unit. The germinal zone is toward
the top of both panels, and lines connect photoreceptors of a single generation (i.e., generated
approximately simultaneously at the germinal zone). (a) One might first try rotating the double cone
pairs inward toward the blue cones (solid dots), and shifting the single cones downward. However, this
results in an incorrect pattern for the square mosaic unit. Note that the square unit here is bilaterally
symmetric, whereas the actual square unit is not (compare Figure 1.2b.)

boring cells within a certain distance from
adopting the R8 fate, and this leads to an
evenly spaced array of R8 cells. R8 induces its
immediate neighbors on either side to
become R2/R5; R3/4 are in turn induced by
R2/5. These five cells (along with two more
mystery cells that later disappear) pinch off to
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form a precluster. After a second round of
mitosis, three cells join the developing clus-
ter; two of these are induced by R2/5 to
become R1/6, perhaps by the same signal
used to induce R3/4. Finally, R8 induces R7.

In Figure 1.4b a hypothetical model is
presented which describes cone photorecep-
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Figure 1.5 (cont.) (b) The simplest topological rearrangement that leads to the correct square unit
pattern involves synchronous rotation of double cone pairs within a generation, but from one generation
to the next, the rotation is alternately clockwise and counterclockwise. Slippage of alternate rows of
double cones centripetally and centrifugally then generates a square lattice pattern.

tor commitment in the teleost retina based on
similar principles. Instead of a morpho-
genetic furrow, teleost retinas are sur-
rounded by a circumferential germinal zone
(Johns, 1977). Cone photoreceptors, along
with other retinal neurons, are therefore
generated along a circular, two-dimensional

front of mitotic activity. Each successive
generation represents a circumferential row
of putative cone photoreceptors, all of
approximately equivalent age and all as yet
uncommitted to a specific phenotype. The
model proposes that the R8 equivalent, the
cone type that differentiates first and estab-
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lishes the spacing of the mosaic unit, might
be one of the two short wavelength-sensitive
single cone types. The reason for postulating
that blue or ultraviolet cones might adopt this
primary role is that in many species of teleost
fish (Engstrom, 1960) and in primates (Marc
and Sperling, 1977; Wikler and Rakic, 1990),
the spacing of short wavelength-sensitive,
i.e. blue and/or ultraviolet, cones is more
regular than the other cone types. Further-
more, the double cones in the teleost retina
are mirror-symmetrically arranged with
respect to the single cones, and therefore it
would follow that one of the single cone
types marks the center and the other the
boundary of the repeating mosaic units
(Figure 1.2). For the sake of argument then,
assume the blue cone is the founder, and
establishes the prototype of the mosaic pat-
tern, inhibiting nearby cells from adopting a
similar fate. The founder blue cones then
induce the neighboring presumptive photo-
receptor cells to become double cones, with
the red member of the pair nearest and the
green member toward the outside. Last to
differentiate in this sequence would be the
ultraviolet cones. The ultraviolet cones are
flanked by the green members of the double
cone pairs, as the pattern repeats. This model
makes several specific predictions which are
experimentally testable, as discussed in the
next section.

In those fish in which the primitive row
pattern of repeating, mirror-symmetric units
is further refined into the square mosaic
shown in Figure 1.2(b) (e.g. goldfish), a
second set of patterning events transforms
the mosaic organization. It has been sug-
gested that this transformation involves
movement of individual cones (Miiller, 1952;
Lyall, 1957b), although the details of the
required movements have not been pre-
viously considered. Constraints on the pre-
dicted cell movements are imposed by the
final orientation of the double cone members
in the square pattern: the red and green
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cones alternate on adjacent sides, much like
the four partners are positioned in a square
dance. A correctly oriented square pattern
cannot be generated by the synchronous 45°
rotation of all the double cones in given birth
cohort, i.e., those along a single circumferen-
tial row, as this would produce square
mosaics with bilaterally symmetric double
cones (Figure 1.5a). The simplest topological
transformation that achieves the desired pat-
tern is shown in Figure 1.5(b). If double cone
pairs in alternate generations rotated 45° in
opposite directions, and then moved centri-
petally or centrifugally with respect to the
adjacent single cones as shown in Figure
1.5(b), the proper orientation of double cone
pairs in the square mosaic could be achieved.
The required shearing movements along
rows of double cones are alternately centrifu-
gal and centripetal, as indicated by the zig-
zag lines which connect members of a given
generation. Note that this topological trans-
formation would imply that the members of a
given mosaic unit (enclosed by a rhombus in
Figure 1.5b) actually belong to three success-
ive generations, or ‘birth cohorts” produced
by the germinal zone. Again, these proposed
patterning events are experimentally tes-
table, as described in the next section.

1.3.2 SEARCH FOR CELLULAR
MECHANISMS UNDERLYING
PATTERNING EVENTS

The model in Figure 1.4 makes several
predictions about how inductive interactions
could influence determination of cone spec-
tral types and how the final organization of
the mosaic units might be achieved. The first
prediction of the model is that within a given
generation, that is, within a circumferential
row of cells adjacent to the germinal zone
that became postmitotic at roughly equiv-
alent times, different spectral cone types
ought to differentiate in a specific order
determined by nearest neighbor relation-



ships. Accordingly, the order should be
either blue then red then green then ultra-
violet or the reverse. An orderly sequence of
cone differentiation should be reflected in a
sequential pattern of expression as measured
with the different cone opsin cRNA probes,
and the spacing of the earliest opsin-
expressing cones ought to reflect the repeat
distance of the mosaic unit.

These predictions can be tested ex-
perimentally by using in situ hybridization
with cone opsin cRNA probes on whole
mounted adult goldfish retinas, and examin-
ing opsin expression in the immature retina
adjacent to the circumferential germinal
zone, as outlined in Figures 1.6 and 1.7. In
the first experiment (Figure 1.6), a cocktail
containing a mixture of cRNA opsin probes
(red, green, blue, ultraviolet) is hybridized to
the retina, and if the model is incorrect, and
cone types differentiate simultaneously, then
the newest circumferential row of cones
should show a pattern of continuous hybrid-
ization. If the model (Figure 1.6a) is correct,
then in the youngest (least mature) areas
labeled cones should be separated by several
intervening unlabeled (and undifferentiated)
cells as shown in Figure 1.6(b). Results from
preliminary experiments are consistent with
the model (D. Stenkamp and P. Raymond,
unpublished observations).

A second test of the model is to estimate
the order of differentiation by examining the
distance from the germinal zone at which
various cone subtypes begin expressing
opsin (Figure 1.7). The mitotic cells in the
germinal zone can be labeled with bromo-
deoxyuridine (BrdU), and since in situ
hybridization is compatible with BrdU
immunocytochemistry, the tissue can be pro-
cessed for both (Biffo et al., 1992). Double-
label preparations can be made separately for
each of the cone opsin cRNA probes, and the
distance between the BrdU-labeled cells in
the germinal zone and the nearest hybridiz-
ing cones can be measured. Because distance
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Figure 1.6 Cartoons illustrating a fragment of a
retinal whole mount taken adjacent to the margin.
Proliferating cells in the germinal zone are indi-
cated by starbursts. (a) If the model in Figure
1.4(b) is correct, then the pattern of differentiation
of the four cone types should be as indicated.
Mature cones in central regions (more than five
rows in from the germinal zone) are omitted for
clarity. (b) Results predicted by the model follow-
ing 1 situ hybridization with a ‘cocktail’ probe
containing a mixture of all four cone opsin cRNA
probes.
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Figure 1.7 Cartoons illustrating results predicted by the model for in situ hybridization of retinal whole
mounts with the (a) blue, (b) red, (c) green and (d) ultraviolet cRNA probes. The respective distances
from the germinal zone, indicated by starbursts (BrdU-labeled proliferating cells) to the first row
containing hybridization signals are indicated by line segments. Note that the lengths of the line
segments vary, with blue < red < green < ultraviolet.

14



from the germinal zone is an index of cell
birthdate, as shown previously (Johns, 1977),
if labeling of different cone subtypes com-
mences at different distances from the germ-
inal zone, then cones must be generated
sequentially. The ones labeled closest to the
germinal zone would be the earliest to differ-
entiate, and so on. The spacing between
cones expressing the same opsin can be
measured directly on whole mounts, allow-
ing a test of the prediction that early-
differentiating cones establish the repeat
distance for the mosaic unit. Finally, double
in situ hybridization with two different cone
pigment probes could be used to allow a
direct pairwise comparison of birth order. If
there are areas near the germinal zone in
which cones express one but not the other
probe, then the former must be generated
before the latter. Double-label in situ hybrid-
ization can be done if one probe is prepared
with digoxigenin and the other with biotin;
the probes are then visualized by immuno-
fluorescence with antibodies conjugated to
different tags for visualization (e.g., different
enzymes or different fluorochromes).
Similar questions can also be examined in
developing embryonic retinas. Several histo-
logical descriptions of the development of the
cone mosaic in a variety of teleost fish have
been published (Miiller, 1952; Lyall, 1957a;
Ahlbert, 1968). With a single exception (Lari-
son and BreMiller, 1990), however, this
previous work relied exclusively on morpho-
logical criteria, which are not easy to interpret
given the extreme diversity of cone types in
teleost fish and the problems inherent in
identifying morphologically immature cells.
With the use of cone-specific monoclonal
antibodies, Larison and BreMiller (1990)
provided some evidence that the onset of
patterning of cone photoreceptors in zebra-
fish is an early event. The early stages of
retinal development in zebrafish are illus-
trated in Figure 1.8(a). The first cones become
postmitotic at about 48 h after fertilization
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(Nawrocki, 1985). Also at 48 h double cones
immunoreactive with a cell-specific mono-
clonal antibody (FRet 43) appear, and by 54 h
they are organized into rows (Larison and
BreMiller, 1990). Expression of opsin mess-
age and protein has also been observed as
early as 48 h with monoclonal antibodies
RET-P1 and rho4D2 and by in situ hybridiza-
tion with opsin riboprobes (Raymond et al.,
1994). The first photoreceptors are located in
a small patch in the ventral retina (Nawrocki,
1985; Kljavin, 1987), and within the next 10 h
the patch enlarges to fill the embryonic
retina. At this early stage of development,
the cone photoreceptors are morphologically
indistinguishable, but they have become
committed to a particular subtype as evi-
denced by their expression of specific opsins
(Figure 1.8b). The model predicts that the
different spectral classes will differentiate in a
specific sequence; this is currently being
examined by using in situ hybridization with
probes specific for the various cone opsins.
Finally, there is additional evidence con-
sistent with a model of sequential differentia-
tion of cone photoreceptor subtypes in the
mammalian retina, where several groups are
examining the earliest stages in the organiza-
tion of a cone mosaic pattern. Wikler and
Rakic (1991) showed that in primates (Macaca
mulata) a subset of cones precociously express
opsin-immunoreactivity, and these early dif-
ferentiating cones are positioned in a precise
hexagonal array with a spacing similar to that
of the blue cones in the adult retina. Their
results are somewhat difficult to interpret,
however, since the antibody that labeled the
precocious cones was shown in adult retinas
to label red/green cones. The authors sug-
gested that blue cones might initially express
red or green opsin, and then later switch to
the blue, or alternatively that the precocious
cones may represent a subset of the red/green
population. Recently, however, with differ-
ent opsin antibodies (monoclonal antibodies
06S-2 and COS-1), it has been shown that in
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Figure 1.8 (a) Histological section of a zebrafish embryo at 2 days postfertilization (methacrylate-
embedded, 3 wm thickness). Dorsal is up. Note the small patch of laminated retina in the ventral retina
(arrow). The remainder of the presumptive retina (r) consists of proliferating neuroepithelial cells.
Cornea, ¢ lens, 1; brain, b. (b) In situ hybridization with the red opsin probe on a cryosection of a newly
hatched zebrafish, at 3.5 days postfertilization. Note that some of the immature cones, which as yet lack
outer segments, have abundant opsin message (arrowheads). Bar = 50 pm.

mouse (Szél et al., 1993) and Macaca monkeys
(Bumsted et al., 1994), the earliest cones to
differentiate, as evidenced by opsin immuno-
reactivity, are the blue cones. However, these
are preliminary results and more work is
needed before definitive conclusions can be
reached.

The next question to be addressed is: do
inductive interactions play a role in deter-
mination of cone photoreceptor identity? If
the model in Figure 1.4 is correct, and cone
photoreceptors commit to a specific identity
and organize into a mosaic pattern under the
influence of lateral, inductive interactions
between neighboring cones, then the cone
mosaic should have self-assembling proper-
ties. The experimental strategy used by
Ready and colleagues to demonstrate that
photoreceptors in the Drosophila ommatidium
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have autonomous, self-organizing capabilit-
ies (Lebovitz and Ready, 1986) was to culture
fragments of the presumptive retina (the eye
imaginal disk). It was then asked whether the
information required to generate the organ-
ized cone mosaic is an intrinsic property of
the cells that are becoming organized, and
whether new photoreceptors are recruited
into the pattern, similar to the way a crystal
grows, by using the organized structure of
earlier generations as a template. The same
strategy can be applied to the teleost retina by
using whole organ culture of embryonic
zebrafish eyes at a stage prior to the appear-
ance of the first cone photoreceptors. Eyes
can be removed to culture before 48 h, when
the first cones become postmitotic, so that
differentiation of cones, if it occurs, must
have occurred in culture. Differentiation of



photoreceptors in vitro from mitotic precursor
cells, has been demonstrated by many labor-
atories (Adler, 1986; Reh, 1991; Altshuler
et al., 1991), but the generation of the cone
mosaic pattern has not yet been investigated
in vitro. To demonstrate directly that cones
develop in culture, BrdU can be added to the
culture medium at the beginning of the
experiment, and the eyes processed for
both BrdU immunocytochemistry and in situ
hybridization (as above). In these prepara-
tions double-labeled cells must have derived
from precursor cells that underwent their
final mitotic division in culture. Fragments of
eyes including or excluding the ventral patch
of early differentiating cells can also be
cultured separately. If fragments from dorsal
retina, which lack the ventral region where
the early-differentiating patch of photo-
receptors is located (Figure 1.8a), are capable
of generating a cone mosaic pattern, this
result would argue against the hypothesis
that pattern formation depends on the
presence of a ‘template’, represented in the
early embryonic retina by the specialized
ventral patch of early-differentiating photo-
receptors (Kljavin, 1987) or, in the post-
embryonic retina, by the most recently
formed annulus of cones (Johns, 1977).

Finally, the topology of transformation
from row to square mosaic pattern as illus-
trated in Figure 1.5(b) requires a carefully
orchestrated ballet of movements involv-
ing rotation and displacement of double
cones. The proposed choreography that
yields the correct spatial pattern predicts that
successive generations of cones will initially
comprise curvilinear arrays which are sub-
sequently distorted into a zig-zag pattern
with a phase equal to the repeat distance of
the square mosaic pattern. This prediction
could be tested by a careful analysis of
patterns of cones labeled by short pulses of
BrdU.

The mechanisms that might generate the
predicted rotational and shearing forces

Regeneration of photoreceptors

remain a mystery, although there are reports
in the literature that twin cones in some
species can rotate around their long axis,
essentially converting a row pattern into a
square pattern as a function of changes in
ambient illumination (Kunz, 1980; Wahl,
1994). In the walleye (Stizostedion vitreum)
these twisting movements occur only in an
annular region of central retina, which repre-
sents a transitional zone between the area
around the optic disc which has a permanent
square mosaic and the periphery which has
the row pattern characteristic of the immat-
ure retina (Wahl, 1994). In the guppy, the
cone mosaic shifts from squares during
the day to rows at night (Kunz, 1980). As to
the shearing force, lateral slippage of cone
photoreceptors independent of other retinal
cells, and independent of movements of the
overlying pigmented epithelium, have been
documented during foveal development in
the primate (Packer et al., 1990). During the
first year after birth in Macaca monkeys,
differentiated cones move centripetally
inward toward the fovea, producing a five-
fold increase in foveal cone density; the axons
of the migrating cones remain attached to
perifoveal postsynaptic partners, producing
the long, oblique fibers of Henle on the banks
of the foveal pit. The movements of teleost
cones predicted by the model in Figure 1.5b
are fundamentally similar to those observed
in the primate, including their unexpectedly
late developmental occurrence in cells
already morphologically differentiated.

1.4 REGENERATION OF
PHOTORECEPTORS

It has been known for some time that
following surgical or chemical lesions, the
adult goldfish retina will regenerate
(reviewed in Raymond, 1991; Hitchcock and
Raymond, 1992). The regenerated neurons
derive from a source of proliferating neuro-
epithelial cells intrinsic to the retina. Neuro-
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genesis in the teleost fish retina continues
throughout life, and neuroepithelial cells
with pluripotent, unrestricted developmental
potential are retained in these retinas. As
adult fish grow larger, the proportion of rods
to cones increases, and these new rods derive
from proliferating rod precursors. Rod pre-
cursors originate from residual neuroepithe-
lial cells that are initially sequestered in the
inner nuclear layer (INL) associated with
radial Miiller glia, along which they migrate
to colonize the outer nuclear layer (ONL),
which at first consists of a single row of
postmitotic cones (reviewed in Raymond,
1991). The neuroepithelial cells in the ONL
are self-renewing stem cells in that some of
their progeny (rod precursors) continue to
proliferate and others normally differentiate
into rods, but apparently also have the
capacity to generate other types of retinal
neurons.

Although cones are restored to normal
or greater than normal density in goldfish
retinas following their ablation (Raymond
et al., 1988; Hitchcock et al., 1992), it is unclear
whether the cone mosaic pattern is recon-
structed. Preliminary evidence suggests that
following laser lesions of goldfish retina that
selectively destroy photoreceptors (Braisted
et al., 1994), or surgical removal of patches of
sunfish retina (D. Cameron and S. Easter,
personal communication), cones regenerate
but the pattern is irregular. Nothing is known
about the phenotypic identity of the regener-
ated cones. Other neurons are also arranged
in a regular array in the goldfish retina, for
example, the dopaminergic interplexiform
cells, but after regeneration, the pattern is
less orderly than normal (Braisted and Ray-
mond, 1992; Hitchcock and Vanderyt, 1994).
These observations suggest that formation of
mosaic patterns may involve mechanisms
that are active during development, but fail
to be reactivated, or are only partially func-
tional, during regeneration. It is believed that
creating mosaic arrays of neurons provides a
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means to ensure equal coverage of all retinal
loci with the appropriate cellular elements
and to bring into correct spatial register
neurons in adjacent retinal laminae that are
synaptically interconnected. If the mosaic
patterns of the regenerated retina are
degraded, it is possible that synaptic connect-
ivity patterns are also less precise, and if so,
functional recovery may be compromised. As
yet, there are only a few reports which
attempt to assess the functional status of the
regenerated goldfish retina, and these have
used fairly crude measures such as the
electroretinogram (Mensinger and Powers,
1993). These preliminary data suggest that
the A-wave of the electroretinogram, which
is thought to reflect photoreceptor activity,
returns to normal in regenerated retinas after
several months, suggesting that at least
photoreceptors have recovered normal func-
tion.

Regeneration of retinal neurons has also
been reported in adult newts, larval frog
tadpoles, and chicks, but in these cases the
regenerative process involves transdifferen-
tiation of a non-neural tissue, the retinal
pigmented epithelium (RPE) (reviewed in
Park and Hollenberg, 1993). The retina and
RPE both derive embryologically from the
optic vesicle, and the ability to switch
between these two cellular phenotypes is a
property of embryonic stages in all verte-
brates examined, including mammals, but is
lost with maturation in most species, includ-
ing teleost fish (Knight and Raymond, 1995).
The only exceptions are the urodele amphi-
bians, which spontaneously regenerate a
neural retina from RPE. In chicks and frogs,
the ability to transdifferentiate apparently
depends on access to a source of peptide
growth factors such as basic fibroblast growth
factor (bFGF). The source of bFGF may be
endogenous or exogenous, and it has been
implicated as a signalling agent that can
induce RPE cells to proliferate and thence
differentiate into retinal neurons (Park and



Hollenberg, 1993). Interestingly, bFGF and
other cytokines and peptide growth factors
have been implicated as survival factors for
photoreceptors in rats (LaVail ef al., 1992),
although the relationship between these tro-
phic effects and regeneration via RPE trans-
differentiation is unknown.

1.5 CONCLUSIONS AND FUTURE
PERSPECTIVES

The long-term goal of the studies discussed
in this chapter is to understand the cellular
and molecular mechanisms of vertebrate
photoreceptor determination. One strategy
that has been suggested by many is to take
advantage of the explosion of information
about the genes involved in photoreceptor
development and pattern formation in Droso-
phila ommatidia (Ready et al., 1986; Banerjee
and Zipursky, 1990). The unexpected discov-
ery that many of the genes involved in early
development and pattern formation in Droso-
phila, such as homeobox genes, segmentation
genes, and the neurogenic genes, have homo-
logues in vertebrates and indeed appear to be
involved in early developmental events has
led to a new appreciation of the conservation
of genetic mechanisms and the universal-
ity of developmental regulatory events in
organisms separated by vast evolutionary
distances. Despite the very different evolu-
tionary origins of vertebrate and arthropod
eyes, it is not unreasonable to suggest that
the control of photoreceptor determination
might share common genetic mechanisms.
Relevant genes that regulate development of
photoreceptors in the compound eye include
the neurogenic gene Notch, thought to play a
permissive rather than an instructive role in
cell commitment events; genes coding for
growth factor receptors (such as a member of
the epidermal growth factor (EGF) receptor
family, Ellipse); genes coding for protein
tyrosine kinase receptors (sevenless) and their
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ligands (boss); genes coding for proteins
involved in signal transduction (Sos); trans-
cription factors (glass, rough); and proto-
oncogenes (especially c-ras homologues).
Homologues of Notch have been cloned in
several vertebrate species, including human,
rat, mouse and Xenopus (Coffman et al., 1990;
Weinmaster et al., 1991). We have recently
isolated two partial cDNA clones for the
goldfish homologue of Notch (Sullivan et al.,
1992), and we have shown by RNase protec-
tion and in situ hybridization that Notch is
expressed in the embryonic and growing
adult goldfish retina (S. Sullivan, B. Largent,
P. Raymond, unpublished observations).
Future experiments will assess the possibility
that Notch might play a role in the develop-
ment of the cone mosaic.

There is also a strong rationale to examine
similar questions in multiple species of
teleost fish, being cognizant of the unique
advantages of each system. The goldfish
retina, for example, is a classic model system
for investigations at all levels (anatomical,
biochemical, physiological, behavioral).
Furthermore, the regenerative capabilities of
the goldfish retina (Raymond et al., 1988;
Hitchcock and Raymond, 1992) and the
development of cell culture systems for in
vitro studies with teleost fish (Powers, 1989)
provide useful experimental tools. Another
teleost species that is becoming the model of
choice in many laboratories is the zebrafish.
This species is well suited to genetic and
embryonic studies due to the ease with which
they can be bred and the rapid (a few
months) generation time. With the awaken-
ing of interest in zebrafish as a genetic model,
and the growing list of laboratories beginning
to screen for zebrafish mutants, the future
holds promise that detailed molecular genetic
investigations on zebrafish retina will soon be
possible. The transparent fish embryo has
unique advantages for studies dealing with
pattern formation in a whole organ, like the
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eye. For all of these reasons, the teleost retina
is an ideal system in which to study inductive
interactions important in neuronal deter-
mination.
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2

Cell biology and metabolic
activity of photoreceptor
cells: light-evoked and
circadian regulation

P. MICHAEL IUVONE

2.1 INTRODUCTION

Retinal photoreceptor cells are specialized
sensory neurons that convert light energy
into electrical and neurochemical signals for
transmission to other neurons. The two main
photoreceptor subtypes, rods and cones,
function over several log units of light intens-
ity to provide information about luminance,
contrast, movement, and color in the visual
environment. Rod photoreceptor cells are
more sensitive to light than cones, and are
the predominant photoreceptor mediating
scotopic or night vision. Cones respond to
higher, photopic intensities of light, and
mediate color vision. Rods and cones hyper-
polarize in response to absorption of pho-
tons, with a consequent decrease in
neurotransmitter release.

Photoreceptors are highly polarized cells
(Figure 2.1). They consist of an outer seg-
ment, an inner segment, and a synaptic
terminal. The outer segment is the light-
sensitive portion of the cell. It contains a
stack of membranous discs, rich in the visual
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pigment rhodopsin and other components of
the visual transduction cascade (Chapters 4
and 5). Rod discs are closed and not contigu-
ous with the plasma membrane, whereas
cone discs are continuous with each other
and exposed to the extracellular space. The
outer segment is connected to the inner
segment by a relatively short, non-motile
cilium. This connecting cilium appears to
provide a conduit for transport of soluble
components between the inner and outer
segments, and is the site of outer segment
disc formation. The inner segment consists of
the myoid, ellipsoid and nuclear regions. The
ellipsoid is densely packed with mitochon-
dria, and is generally thought to be the major
source of high energy phosphates for both
inner and outer segments. The myoid con-
tains most of the cell’s rough endoplasmic
reticulum and Golgi apparatus, and the
majority of protein synthesized there ultim-
ately becomes associated with the outer
segment (Young and Droz, 1968). The
nuclear region, which contains the genetic
machinery of the cell, is connected to the
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Figure 2.1 Photoreceptor cells and retinal pig-
ment epithelium. Photoreceptors are highly polar-
ized cells that are classified on morphological and
physiological criteria as rods and cones. Rod and
cone photoreceptors have three primary regions:
an outer segment (OS), inner segment (IS) and
synaptic terminal (ST). OS membranes of rods and
cones contain the visual pigment proteins that
impart light-sensitivity to the photoreceptor cells.
The OS of rod photoreceptors contain stacks of
visual pigment-containing membranous discs that
are isolated from one another and the plasma
membrane. The photosensitive discs of cone outer
segments are continuous with each other and the
plasma membrane. The discs and plasma mem-
brane of photoreceptor cells are renewed by
evagination of the membrane of the connecting
cilium (CC), which links the IS and OS. The distal
tips of photoreceptor cells are ensheathed by
apical processes of the retinal pigment epithelial
(RPE) cells. Distal tips of the OS are shed and
phagocytosed by the RPE, which degrade the disc-
containing phagosomes (P). The IS is divided into
ellipsoid (E), myoid (M), and nuclear (N) regions.
The IS is connected to the ST by a short fiber. The
ST contains synaptic ribbons with their associated
neurotransmitter-containing vesicles.

synaptic terminal, the site of neurotransmit-
ter release, by a short axon or fiber.

The outer segment of rods and cones is
surrounded by the apical processes of the
retinal pigment epithelial (RPE) cells, which
interact with the photoreceptor cells in many
important ways. For example, the RPE is
required for normal outer segment develop-
ment (e.g., Hollyfield and Witkovsky, 1974),
regeneration of the visual pigment chromo-
phore following its isomerization by light
(Bernstein et al., 1987), expression of the
opsin gene (Stiemke et al., 1994), and phago-
cytosis and digestion of shed outer segment
discs in the terminal step of outer segment
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turnover (section 2.2.1). Photoreceptor outer
segments degenerate when detached from
the RPE (Anderson et al., 1983).

Light- and dark-adaptive mechanisms
allow the retina to process visual stimuli over
a large range of light intensities. Much of this
adaptation occurs on a biochemical level
within the outer segments, and occurs
rapidly in response to changes in luminance.
Other aspects of adaptation occur more
slowly, frequently as diurnal or circadian
rhythms. These latter aspects of adaptation
involve inner retinal neurons as well as
photoreceptor cells, and may occur as
changes in synaptic strength, coupling and



uncoupling of neurons through gap junc-
tions, and release of neurotransmitters or
neuromodulators that influence metabolism
in the photoreceptor—pigment epithelial com-
plex (Besharse et al., 1988a, Dowling, 1989;
and Chapter 7).

Several topics related to photoreceptor cell
biology are explored in detail in other
chapters of this book, including development
(Chapter 1), visual transduction (Chapter 5),
and synaptic neurotransmission (Chapters 6
and 7). The goal of the present chapter is to
review select aspects of photoreceptor cell
biology and metabolism, with an emphasis
on those processes that are regulated by
light, circadian clocks, and neurotransmit-
ters.

2.2 LIGHT-EVOKED AND CIRCADIAN
METABOLISM IN PHOTORECEPTOR
CELLS

Many important aspects of photoreceptor cell
biology and metabolism are controlled by
light, photoperiod or circadian clocks. Some
processes are acutely affected by light expos-
ure. Others may be temporally regulated as
rhythmic events, controlled as a function of
the photoperiod. These rhythms are diurnal
or circadian in nature. Diurnal photoreceptor
rhythms are day-night rhythms that require
the presence of a light-dark cycle for expres-
sion. In contrast, circadian rhythms are daily
rhythms controlled by endogenous oscil-
lators or clocks that are entrained by the
light-dark cycle but that persist in constant
darkness. Although the functions of diurnal
and circadian rhythms may be similar, circa-
dian mechanisms have the unique capacity to
anticipate the transition between light and
darkness, and can prepare a cell, tissue, or
organism for the next phase of the photo-
period. Circadian clocks have been localized
in both invertebrate and vertebrate retinas
(Eskin, 1971; Besharse and Iuvone, 1983;
Underwood et al., 1988, 1990; Remé et al.,
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1991; Cahill et al., 1991; Cahill and Besharse,
1991, 1993). While multiple circadian oscil-
lators may be involved in the regulation of
retinal physiology, at least one of these
circadian clocks appears to be in vertebrate
photoreceptor cells (Zawilska and Iuvone,
1992; Cahill and Besharse, 1993; Pierce et al.,
1993; Thomas et al., 1993). This section
reviews several processes related to photo-
receptor metabolism that are regulated by
light and circadian oscillators.

2.2.1 ASSEMBLY AND TURNOVER OF
PHOTORECEPTOR OUTER SEGMENT:
DISC SHEDDING

Photoreceptor cells, like other neurons, are
terminally differentiated cells and, once
formed, do not undergo replication by cell
division. With few exceptions, the photo-
receptor cells formed during development
must last the lifetime of the individual.
Photoreceptor cells appear to remain viable
through a process of renewal, in which most
of the cells’ contents, except their nuclear
DNA, are dynamically replaced by synthesis
and turnover (reviewed by Young, 1976).
This renewal process is most striking for the
outer segment of rod photoreceptor cells
(Figure 2.2). Following the transport of newly
synthesized proteins over time by autoradio-
graphy, Young and colleagues established
that proteins synthesized in the inner seg-
ment are transported to the distal inner
segment membrane near the connecting
cilium and then assembled into membranous
discs at the base of the outer segment
(Young, 1967; Young and Droz, 1968; Young
and Bok, 1969). These discs are gradually
displaced distally by other newly forming
discs. They ultimately become detached or
shed from the outer segment and are phago-
cytosed by RPE cells. Young interpreted
these observations as the mechanism where-
by the entire outer segment, including the
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Figure 2.2 Diagram illustrating the renewal of protein in rod visual cells as revealed in the
autoradiographic studies by Young and colleagues. Following administration of radioactive amino acids,
newly synthesized protein is first concentrated in the myoid region of the inner segment (a). Labeled
proteins then begin to be transported throughout the cell, with many proteins passing through the Golgi
complex (b). Much of the radioactive protein subsequently moves to the periciliary region of the inner
segment and is incorporated into newly forming disc membranes at the base of the outer segment,
resulting in a band of radioactive discs that lie perpendicular to the long axis of the outer segment (c).
Repeated formation of additional, non-radioactive discs displaces the labeled discs distally along the
outer segment (d). Ultimately, the labeled band of discs reaches the tip of the outer segment (e),
becomes detached from the photoreceptor cell, and is phagocytosed and degraded by the RPE cells (f).
Reproduced from Young (1976) with the permission of the C.V. Mosby Co., St Louis, MO.

disc membranes and associated opsin, are
renewed.

Approximately 90% of the intrinsic disc-
membrane protein is opsin (Hall et al., 1969;
Papermaster and Dreyer, 1974). Thus, opsin
was the major radioactive protein observed in
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the autoradiographic studies of outer seg-
ment renewal (Young and Droz, 1968).
Radioactive amino acids initially incorporated
in the rough endoplasmic reticulum of the
inner segment were observed to move
through the Golgi complex and subsequently



through the cytoplasm to the periciliary
region. Opsin is co-translationally inserted
into lipid bilayers, and remains membrane-
associated as it is transferred through the
inner segment to the newly forming discs of
the outer segment (e.g., Papermaster et al.,
1975; reviewed in Besharse, 1986).

Disc membranes are apparently formed at
the base of the outer segment by evagination
of the membrane of the inner face of the
connecting cilium. In the model of disc
morphogenesis proposed by Steinberg et al.,
(1980), the ciliary membrane is specified into
alternating regions of disc surface formation
and disc rim assembly. The two sides of the
evaginating ciliary membrane form the sur-
faces of adjacent discs. At this time, the disc
membranes are continuous with the plasma
membrane (Figure 2.1) and increase in sur-
face volume as they are displaced distally
along the connecting cilium. The disc rim
originates from regions of the ciliary mem-
brane between adjacent disc surface evagina-
tions and grows around the circumference of
the expanding disc surfaces, joining the two
surfaces into a closed disc and sealing off the
plasma membrane from the disc. This model
provides an explanation for the distinct con-
tents of the disc surface, which is rich in
opsin, and the disc rim, which contains a
high-molecular-weight protein and peri-
pherin but apparently lacks opsin (Paper-
master et al., 1978; Molday et al., 1987). It also
establishes a possible mechanism for the
renewal of the outer segment plasma mem-
brane. More extensive information on opsin
synthesis and transport, and disc assembly
can be found in reviews by Bok (1985),
Besharse (1986), Besharse and Horst (1990)
and Williams (1991).

Disc morphogenesis may be regulated by
an imposed light/dark cycle. Diurnal expres-
sion of opsin mRNA levels has been observed
in mouse, fish and toad retinas (section
2.2.3). Disc addition to rod outer segments in
Xenopus retina is regulated as a diurnal
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rhythm (Figure 2.3). Based on the number of
open discs (partially assembled discs) at the
base of the outer segment and the rate of
radioactive disc band displacement following
pulse-labeling of the photoreceptor with
[H]leucine, it is apparent that most disc
assembly occurs during the first half of the
light phase of the light/dark cycle (Besharse
et al., 1977). Similar data are not available for
cone disc assembly because cone discs
remain open through the length of the outer
segment (Figure 2.1) and radioactive proteins
diffuse throughout the outer segments and
do not form discrete bands like those in rods.

In the terminal process of outer segment
turnover, disc shedding, stacks of discs and
their associated plasma membrane at the
distal tip of the outer segment become
detached from the photoreceptor and are
phagocytosed and digested by the adjacent
RPE (reviewed by Besharse, 1982, 1986; Bok,
1985, 1993). Disc shedding is thought to
involve active processes by both photorecep-
tor cells and RPE cells, and does not appear
to occur in the absence of the RPE. Photo-
receptor outer segment tips are surrounded
by RPE processes that participate in the
mechanisms of detachment and phagocyto-
sis. Disc vesiculation may occur at the point
of detachment from the outer segment. Pseu-
dopods from the RPE processes then engulf
the fragment of outer segment to be shed.
The outer segment fragment detaches into
the cytoplasm of the RPE cell as a phago-
some, and is transported to the RPE cell body
where it fuses with lysosomes that digest it.

The process of shedding and phagocytosis
may involve specific receptor-ligand inter-
actions on the RPE cell surface (e.g., Hall and
Abrams, 1987), and as such, second mes-
sengers may participate in this phase of outer
segment turnover. This hypothesis is consist-
ent with observations that phagocytosis of
outer segment fragments is accompanied by
changes in protein phosphorylation in RPE
cells (Heth and Schmit, 1991). Several second
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Figure 2.3 Schematic illustration of the temporal relationship of outer segment disc assembly and disc
shedding to the 12 h light: 12 h dark cycle. The majority of rod disc assembly occurs during the first half
of the light phase of the light/dark cycle (Besharse ef al., 1977). Rod disc shedding occurs during a short
interval just after light offset, requires a preceding period of darkness, and is suppressed later in the
light phase. Cone disc shedding occurs primarily at the beginning of the dark phase, although some
cone disc shedding has been observed later in the dark phase (e.g., Young, 1978). Although conclusive
evidence is lacking, outer segment membrane renewal in cones, like disc shedding, may be out of phase
with that in rods by approximately 12 h (Young, 1978).

messengers have been implicated in the
regulation of disc shedding and phagocyto-
sis. Cyclic AMP analogues and phosphodi-
esterase inhibitors inhibit disc shedding in
Xenopus eye cups (Besharse et al., 1982).
Cyclic AMP also inhibits phagocytosis of
outer segment fragments by cultured RPE
cells (Edwards and Bakshian, 1980), indicat-
ing that at least part of the effect of cyclic
AMP on disc shedding is mediated within the
epithelial cell. Low concentrations of Ca**
also inhibit disc shedding (Greenberger and
Besharse, 1983), but the mechanism of this
effect is unknown. In cultured RPE cells,
phagocytosis of outer segment fragments has
been associated with activation of phospholi-
pase C (Heth and Marescalchi, 1994), which
generates two second messengers: the pro-
tein kinase C activator diacylglycerol, and the
intracellular Ca** mobilizing agent inositol
trisphosphate (Nishizuka, 1992).
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Disc shedding and phagocytosis are tempor-
ally regulated processes, and their relation to
the photoperiod differs for rods and cones
(Figure 2.3). Rod disc shedding is restricted
to a period just after light onset, whereas
cone disc shedding generally occurs at night,
just after light offset. At least for rods, the
period of maximal disc shedding immediately
precedes that of maximal assembly. Young
(1978) suggested that both rods and cones
renew their outer segment membranes in a
manner that follows daily rhythms, and the
rhythms for rods and cones are out of phase
by approximately 12 h. The role of light and
circadian oscillators in rod disc shedding has
been more thoroughly studied than that in
cones, and differs between species. In frogs
such as Rana pipiens, rod disc shedding
appears to be exclusively light driven (Bas-
inger et al., 1976). Disc shedding in the
African clawed frog, Xenopus laevis, is regu-



lated by both light onset and by circadian
oscillators (Besharse et al., 1977), whereas
that in rats is primarily circadian and persists
in constant darkness (LaVail, 1976, Goldman
et al., 1980; Tierstein et al., 1980).

The temporal regulation of rod disc shed-
ding has been extensively studied in vitro
using frog eye cups (reviewed by Besharse
et al., 1988a). Rod outer segment disc shed-
ding occurs during a period of 1-1.5 h after
light onset. It requires a preceding period of
darkness, as shedding is dramatically sup-
pressed in constant light. In animals main-
tained in constant light for three days, a brief
period of darkness (30—60 min) is sufficient to
initiate shedding. These observations have
led to a model for the temporal regulation of
disc shedding that involves processes of
‘dark priming’, ‘light triggering’ and ‘light
inhibition’. Light per se is not required for the
mechanical processes of shedding or phago-
cytosis, but serves as an initiating stimulus.
This was clearly demonstrated by exposing
eye cups to a brief pulse of light followed by a
return to darkness (Besharse et al., 1986). The
light pulse initiated a cascade of events
resulting in disc detachment and phagocyto-
sis in darkness.

In rats that have been entrained to a light/
dark cycle and then kept in constant dark-
ness, the morning shedding response
persists and is similar in magnitude to that
seen in cyclic light and dark (LaVail, 1976;
Goldman et al., 1980; Tierstein et al., 1980).
The circadian rhythm of disc shedding in rats
is suppressed in constant light. Under these
conditions, exposure to darkness for 2 h will
initiate shedding, but does so most effectiv-
ely near the usual time of light onset (Gold-
man et al., 1980). Similarly, sensitivity of
shedding to light exposure appears to be
regulated by a circadian clock, as light pulses
administered to rats exposed to constant
darkness are most effective in stimulating
disc shedding near the subjective dawn
(Remé et al., 1986). Like other circadian
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rhythms, that of disc shedding can be phase
shifted by changing the light/dark cycle to
which rats are exposed (Tierstein et al., 1980).
Circadian disc shedding is locally
controlled by oscillators within the eye.
Circadian shedding in rat retina persists
following removal of pituitary and pineal
glands (LaVail and Ward, 1978; Tamai et al.,
1978), cutting the optic nerves (Tierstein
et al., 1980), or lesioning the suprachiasmatic
nucleus (SCN) of the hypothalamus (Terman
et al., 1993), the site of the circadian clock that
regulates most behavioral and endocrine
rhythms in mammals. Furthermore, the cir-
cadian rhythms of disc shedding in the two
eyes of individual animals can be dissociated
by occluding one eye and re-entraining the
shedding rhythm of the open eye to a shifted
light/dark cycle (Tierstein et al., 1980). Lastly,
evidence has been presented for continued
rhythmicity of shedding in isolated eyes of
Xenopus laevis (Flannery and Fisher, 1984).

2.2.2 REGULATION OF RETINOMOTOR
MOVEMENTS BY THE LIGHT/DARK
CYCLE

Photoreceptor cells of lower vertebrates have
the capacity to elongate or contract via actin-
based and microtubule-based cytoskeletal
systems in the inner segment region of the
cell (reviewed by Burnside and Dearry, 1986).
In animals kept on a daily light/dark cycle,
cones contract in the light and elongate in
darkness. In some animals (e.g., fish), the
response of rods is opposite to that in cones,
with elongation in light and contraction in
darkness. However, other animals demon-
strating cone retinomotor movements, such
as Xenopus laevis, show little or no rod
movement. The role of these movements is
still unclear, but it has been suggested that
they represent morphological components of
light- and dark-adaptation (Burnside and
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Nagle, 1983), and may serve to the position
the cone outer segments in the plane of focus
during the day and out of the plane of focus
at night, when rod vision predominates. In
some species, pigment migration in the RPE
is also regulated by the light/dark cycle. In
light, pigment granules disperse into the
villous processes of the RPE cells that extend
into the space between outer segments,
whereas in darkness the pigment granules
migrate out of the processes and aggregate in
the cell body.

Cone movement is regulated by circadian
clocks. Welsh and Osborne (1937) noted that
the day/night cycle of contraction and elonga-
tion in a teleost fish persisted for several days
in constant darkness. Furthermore, contrac-
tion of cones may precede the onset of light
during the light/dark cycle, presumably pre-
paring the retina for dawn (Burnside and
Ackland, 1984; Kohler et al., 1990; McCor-
mack and Burnside, 1991).

Retinomotor movements involve cyclic
AMP and Ca’*-dependent processes (Burn-
side and Dearry, 1986). Cyclic AMP promotes
dark-adaptive rod and cone movements and
RPE pigment aggregation. Cyclic AMP and
Ca** appear to have antagonistic roles in
regulating cone position and pigment gran-
ule migration in RPE. Cyclic AMP activates a
microtubule-based motor that promotes cone
elongation, and interferes with Ca”*-
calmodulin-dependent contraction, which is
an actin-based process. Dark-adaptive pig-
ment aggregation is also promoted by cyclic
AMP and inhibited by high extracellular
concentrations of Ca®*. In rods, cyclic AMP
and Ca’* may act together to promote dark-
adaptive contraction. The observation that
cyclic AMP promotes the dark-adaptive res-
ponse in all three cell types suggests that it
may be the key mediator of darkness
throughout the photoreceptor-RPE complex
(Besharse et al., 1988a). This hypothesis is
consistent with observations on cyclic AMP
levels in photoreceptor cells (section 2.2.5).
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2.2.3. EXPRESSION OF VISUAL
TRANSDUCTION GENES

The visual transduction cascade is reviewed
in detail in Chapter 5. Briefly, photoreceptor
cells are depolarized in darkness due to an
inward cation current through cyclic GMP-
gated channels in the outer segment plasma
membrane. Light decreases this conductance
by an action on rhodopsin. Absorption of a
photon activates rhodopsin, which in turn
activates a heteromeric guanyl nucleotide
binding protein, transducin. Activated trans-
ducin dissociates into free o and  y subunits.
Transducin-a binds to cyclic GMP phospho-
diesterase, resulting in a dramatic stimulation
of cyclic GMP hydrolysis and the consequent
closing of the cyclic GMP-gated channel. The
cascade is terminated in part by the phos-
phorylation of rhodopsin and the binding of
arrestin to the phosphoprotein, which pre-
vents its further interaction with transducin.

Expression of the mRNAs for several of the
proteins in the visual transduction cascade is
regulated as a function of the light/dark cycle
(Figure 2.4). Diurnal rhythms of opsin
(rhodopsin apoprotein) mRNA abundance
have been observed in mouse, fish and toad
(Bowes et al., 1988; Korenbrot and Fernald,
1989; McGinnis et al., 1992). Opsin mRNA
level peaks in early morning, near the time of
light onset, and decreases thereafter to reach
a minimum in the early to mid-dark phase.
Toad retinal opsin mRNA levels may be
regulated by both a circadian oscillator and
light. Korenbrot and Fernald (1989) reported
that the morning increase in mRNA levels
occurs in toads kept in darkness, and that a
30 min period of light exposure increases
opsin mRNA levels at night.

Transcription of the iodopsin gene in
chicken retina is regulated by a circadian
clock (Pierce et al., 1993). Iodopsin is a cone
visual pigment of avian retinas. Iodopsin
mRNA levels increase late in the light phase
of the light/dark cycle, reaching a peak near



Figure 2.4 Schematic representation of the
rhythms in mRNA levels of outer segment pro-
teins. (a) Visual pigments. Rod opsin mRNA
fluctuates rhythmically, with a peak near the
beginning of the light phase of the light/dark cycle
(Bowes et al., 1988; Korenbrot and Fernald, 1989;
McGinnis et al., 1992), whereas the mRNA levels
for cone iodopsin peak near the end of the light
phase or beginning of the dark phase (Pierce et al.,
1993). The latter rhythm has been shown to be
regulated by a circadian clock and to represent a
rhythm in mRNA transcription rather than sta-
bility. The times of maximal mRNA levels for rod
and cone visual pigments correspond to times of
outer segment disc shedding in the two types of
photoreceptors. (b) Other visual transduction pro-
teins. The mRNA for the a-subunit of transducin
in rods fluctuates with a rhythm similar to that of
opsin, with a peak near the time of light onset
(Brann and Cohen, 1987; Bowes et al., 1988).
Arrestin mRNA in rods also fluctuates rhythmic-
ally, but the peak in arrestin mRNA levels comes
later in the light phase (Bowes et al., 1988; Craft et
al., 1990; McGinnis et al., 1992). The immunocyto-
chemical localization of the protein products of
these mRNA also differs in light and dark; in dark-
adapted retinas, immunoreactivity for transducin
is high in the outer segment but low in the inner
segment, whereas that of arrestin shows the
opposite distribution. The relative distribution of
immunoreactivity for these two proteins reverses
rapidly upon light exposure (Philp et al., 1987;
Brann and Cohen, 1987; Whelan and McGinnis,
1988).

the time of light offset (Figure 2.4). The
rhythm of iodopsin mRNA abundance
persists in constant darkness. The fluctua-
tions in mRNA abundance reflect changes in
iodopsin gene transcription. Rhythmic
iodopsin gene expression occurs in vivo and
in dissociated retinal cell cultures from
embryonic chick.
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The mRNA of transducin-a, which couples
rhodopsin activation to cyclic GMP meta-
bolism, is also regulated as a function of the
light/dark cycle (Brann and Cohen, 1987;
Bowes et al., 1988). Transducin-a mRNA
levels in mouse and rat retinas fluctuate in a
diurnal fashion that resembles the rhythm of
opsin mRNA levels (Figure 2.4). It is unclear
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if the rhythm of the G-protein mRNA levels is
circadian or light driven, and if it reflects
transcriptional activation or a change in
mRNA stability. Arrestin (S-antigen, 48 kDa
protein) mRNA levels in mouse and rat
retinas display robust diurnal regulation with
peak expression in the middle or late light
phase (Bowes et al., 1988; Craft et al., 1990;
McGinnis et al., 1992). As with transducin,
the role of circadian oscillators in the regula-
tion of arrestin mRNA levels is unclear.
Relatively short (0.25-1 h) light pulses deliv-
ered 4 h into the dark phase increase arrestin
mRNA levels, demonstrating a role for light
in arrestin mRNA expression (Craft et al.,
1990). Based on kinetic arguments related to
the rate of change and half-life of arrestin
mRNA, McGinnis et al. (1992) have con-
cluded that the diurnal fluctuation in mRNA
levels are due to changes in transcriptional
activity rather than changes in mRNA stabil-
ity. The increase in arrestin mRNA levels
during light phase is accompanied by an
increased rate of arrestin biosynthesis (Agar-
wal et al., 1994).

The biological significance of the different
temporal patterns of mRNA levels for outer
segment gene products is not known. It is of
interest that the peaks of maximal expression
of the photopigment protein mRNAs for
rods and cones, which are out of phase by
approximately 12 h, correspond to times just
prior to disc shedding in rods and cones,
which are similarly out of phase with one
another. It has been suggested that the
expression of opsin mRNA is anticipatory to
rod disc shedding and functions to provide
new opsin molecules for insertion into newly
forming discs at the base of the outer
segment (McGinnis et al., 1992). A similar
function can be proposed for the temporal
regulation of iodopsin mRNA in cones
(Pierce et al., 1993). However, arrestin mRNA
levels in rods is also out of phase with rod
opsin mRNA expression. Thus, the mRNAs
for different outer segment proteins appear

34

to be differentially regulated by photoperiod.
Perhaps some indication of the functions of
these different rhythms can be gained from
an understanding of the distribution and
transport of the various gene products within
the photoreceptor cells.

2.2.4 CELLULAR TRAFFICKING OF
SIGNAL TRANSDUCTION PROTEINS

Immunohistochemical localization of a var-
iety of proteins within the rod photoreceptor
cell shows dramatic light/dark differences,
which may participate in adaptive mechan-
isms. Transducin-o and -B and calpain II, a
Ca”*-activated protease, are localized primar-
ily in the outer segment in dark-adapted
retinas. Upon light exposure, immunoreact-
ivity for these proteins rapidly redistributes
to the inner segment (Philp ef al., 1987; Brann
and Cohen, 1987; Whelan and McGinnis,
1988; Azarian et al., 1993). Arrestin shows the
opposite light-induced change in immunolo-
calization, and cyclic GMP phosphodiester-
ase immunoreactivity displays no differential
distribution in light and dark (Philp et al.,
1987; Whelan and McGinnis, 1988). The
effects of light on outer segment content of
transducin, arrestin, and phosphodiesterase
have been confirmed by immunoblots and
Coomassie staining of SDS-polyacrylamide
gels of purified outer segments (Philp et al.,
1987; Whelan and McGinnis, 1988). The
molecular motors that regulate the transport
of proteins between the inner and outer
segments are not known. Whelan and
McGinnis (1988) have made the analogy to
microtubule-based bidirectional axoplasmic
flow in neurons, which involves distinct
translocator proteins for movement in each
direction (Vale et al., 1985).

The effect of light on the ultrastructural
localization of arrestin-like immunoreactivity
has been examined in mouse photoreceptor
cells (Nir and Ransom, 1993). In darkness,
the majority of labeling was observed in the



connecting cilium, inner segments, nuclei
and synaptic terminals. The role of arrestin in
these areas is not known. Within the outer
segment, labeling was low in discs, but areas
of cytoplasm, most notably on the ciliary side
of the outer segment and in caps above the
apical disc, were densely labeled. In light,
labeling was low in the inner segment,
whereas within the outer segment labeling
was densely associated with disc mem-
branes, and not in cytoplasm. These latter
observations suggest that light may cause an
intrasegmental redistribution of arrestin, and
is consistent with the effect of light to
promote rhodopsin phosphorylation and the
binding of arrestin to the phosphorylated
visual pigment protein in disc membranes.
Nir and Ransom (1993) have also questioned
the concept that arrestin is transported bi-
directionally between the inner and outer
segment. They note that arrestin synthesis in
the inner segment is maximal in light, yet
arrestin immunoreactivity in the inner seg-
ment is very low. Thus the transport of newly
synthesized arrestin into the outer segment
must be very rapid in light-exposed retinas.
The apparent transport from the outer to the
inner segment in darkness could be due to
inhibition of outward transport and accumu-
lation of newly synthesized arrestin. Arrestin
synthesis might be expected to continue for
some time after the onset of darkness, as the
half-life of arrestin mRNA is approximately
3.5 h (McGinnis et al., 1992). It is also im-
portant to recognize the possibility that
apparent redistribution, based on immuno-
cytochemical localization, could be due to
masking of epitopes on the proteins rather
than to protein transport.

Although no functional relationship can
yet be ascribed to the correlation, it is
interesting that two soluble transduction
proteins, transducin and arrestin, show
opposite cellular redistributions in response
to light, and their mRNA levels have
opposite photoperiod phase relationships.
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2.2.5 SECOND MESSENGERS

A variety of second messenger cascades in
photoreceptor cells appear to be regulated by
light. The prominent role of light-evoked
cyclic GMP metabolism in the visual trans-
duction is reviewed in Chapter 5. Another
important cyclic nucleotide, cyclic AMP, is
also regulated by light, which decreases cyc-
lic AMP levels (e.g. Orr et al., 1976; DeVries
et al., 1978; Farber et al., 1981; Burnside et al.,
1982). Microdissection studies (Orr et al.,
1976, DeVries et al., 1979) suggest that the
light-evoked decreases of cyclic AMP levels
occur primarily in the inner segment,
nuclear, and synaptic regions of the cell,
rather than in outer segments.

The mechanism whereby light reduces
cyclic AMP levels is not fully understood. In
the rod dominant mouse retina, Cohen (1982)
found that the inhibition of cyclic AMP levels
by light was evident in the presence of cyclic
nucleotide phosphodiesterase inhibition,
indicative of a reduction of adenylate cyclase
activity. In contrast, Denton et al. (1992) re-
ported light-evoked increases in both adenyl-
ate cyclase activity and cyclic AMP phospho-
diesterase activity in isolated Anolis cones.
The effect of light on cyclic AMP levels in
the cell body/ synaptic terminal compart-
ments of the cell is presumably indirect, and
may be regulated by changes in membrane
potential. This possibility was explored in
photoreceptor-enriched cell cultures pre-
pared from embryonic chick retina (Iuvone
et al., 1991a). The photoreceptor cells in these
cultures have morphologically distinct inner
segments and cell bodies and a single short
axon, but no organized outer segment (Adler
et al., 1984). Depolarizing concentrations of
extracellular K* increased cyclic AMP
accumulation in the presence or absence of
phosphodiesterase inhibitors, demonstrating
a stimulation of cyclic AMP formation
(luvone et al., 1991b). The effect of K*
involved Ca?" influx through L-type voltage-
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gated channels, which are present in the
inner segment and terminal regions of photo-
receptor cells (Fain et al., 1980; Corey et al.,
1984; Barnes and Hille, 1989; Gleason et al.,
1992). These observations are consistent with
a model in which cyclic AMP synthesis in
photoreceptor cells is stimulated in depolar-
ized, dark-adapted photoreceptor cells via a
mechanism that involves elevated intracel-
lular Ca**. According to the model, light
reduces cyclic AMP formation by hyperpolar-
izing the photoreceptor and decreasing intra-
cellular free Ca®*.

Cyclic AMP appears to be involved in
regulating several aspects of photoreceptor
metabolism. In addition to playing a key role
in the regulation of melatonin biosynthesis
(section 2.2.7), the cyclic nucleotide promotes
dark-adaptive cone elongation and rod con-
traction (section 2.2.2). Phosducin, which
may play multiple roles in photoreceptor
physiology (Lee et al., 1987; Abe et al., 1990;
Pagh-Roehl et al., 1993), is phosphorylated in
darkness by cyclic AMP-dependent protein
kinase (Lee et al., 1984, 1990). Cyclic AMP
analogues inhibit rod outer segment disc
shedding (Besharse et al., 1982), but it is
unclear if the primary target of the analogs is
the photoreceptor or the retinal pigment
epithelium.

Membrane phospholipid-derived second
messengers are also involved in photorecep-
tor metabolism. Phosphatidylinositol 4,5-
bisphosphate (PIP2) is a minor membrane
phospholipid that is metabolized by phospho-
lipase C into two second messenger mol-
ecules: inositol trisphosphate, which mobil-
izes intracellular stores of calcium, and
diacylglycerol, which activates protein kinase
C (reviewed by Nishizuka, 1992; Berridge,
1993). Light activates PIP2-specific phospho-
lipase C in whole retina of frogs and rats
(Ghalayini and Anderson, 1984; Jung et al.,
1993) and in outer segments of frog, rat and
chick (Hayashi and Amakawa, 1985; Millar et
al., 1988). This observation is consistent with
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observations that protein kinase C may par-
ticipate in the phosphorylation and desensit-
ization of rhodopsin (Newton and Williams,
1993a,b). Ghalayini and Anderson (1992)
have demonstrated that arrestin activates
soluble phospholipase C, and proposed a
model for light-activated PIP2 hydrolysis in
which a soluble phospholipase C-arrestin
complex binds to bleached and phosphory-
lated rhodopsin enabling the phospholipase
to hydrolyze PIP2 in disc membranes. Phos-
pholipase C may be regulated differently
in the cell body/synaptic terminal regions
of the cell. K*-evoked depolarization of
photoreceptor-enriched cell cultures stimu-
lates phospholipase C activity and inositol
phosphate accumulation as a consequence of
calcium influx (Gan and Iuvone, 1993). The
stimulation of inositol phosphate accumu-
lation appears localized to photoreceptor
cells, as it is greater in photoreceptor-
enriched cell cultures than in cultures where
multipolar neurons are the dominant cell
type, and is not diminished by pretreatment
with neurotoxins that destroy multipolar
neurons but not photoreceptor cells. Inositol
phosphate receptors, which regulate Ca®*
mobilization, are localized in photoreceptor
cells to the presynaptic terminals (Peng et al.,
1991). These findings suggest a role for
phospholipase C and inositol trisphosphate
in modulating photoreceptor neurotransmit-
ter release in darkness.

Phospholipase A, metabolizes a variety a
membrane phospholipids, liberating free
arachidonic acid that is subsequently con-
verted into multiple first and second mes-
sengers (reviewed by Axelrod et al., 1988;
Shimizu and Wolfe, 1990). Light or GTPvS
activate phospholipase A, in rod outer seg-
ment preparations, apparently by a mechan-
ism that involves activated transducin
(Jelsema and Axelrod, 1987). The roles of
arachidonate metabolites in photoreceptor
function have not been established. Prosta-
glandins, which are generated from arachid-



onic acid via a cyclo-oxygenase pathway,
have been shown to stimulate cone and RPE
retinomotor movements (Cavallaro and Burn-
side, 1988). However, the effect of prosta-
glandins may be indirect, as they are not
observed in isolated photoreceptor cells.
Furthermore, prostaglandins stimulate dark-
adaptive cone elongation, suggesting that the
relevant prostaglandins are not produced by
light-activated phospholipase A,.

2.2.6 IMMEDIATE EARLY GENES

Genes that are expressed in neurons in
response to synaptic input or membrane
depolarization generally fall into two categor-
ies: (1) those that are expressed rapidly and
transiently within minutes of neuronal stimu-
lation, referred to as cellular immediate early
genes; and (2) those that are expressed or
repressed with a time frame of hours, called
late response genes (reviewed by Sheng and
Greenberg, 1990). Immediate early genes
may function as transcription factors, regulat-
ing the expression of several late response
genes. One of the more extensively studied
immediate early genes is c-fos, the protein
product of which combines with other imme-
diate early gene products to form transcrip-
tional activators or repressors.

Using in situ hybridization to localize c-fos
mRNA in rat retina, Yoshida et al. (1993)
described a differential pattern of c-fos
expression in the inner and outer retina
during the light/dark cycle. In the inner
nuclear and ganglion cell layers, labeling
was transiently increased in a subpopulation
of cells shortly after light onset. In contrast,
c-fos expression in outer nuclear layer cells,
presumably photoreceptor cells, increased
rapidly early in the dark phase of the light/
dark cycle, remained elevated throughout
the night, and was low during the light
phase (Figure 2.5). This rhythm persisted in
constant darkness, indicating that it was
controlled by a circadian oscillator. The
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expression of c-foo mRNA at night was
rapidly suppressed to daytime levels by
exposure to light for 30 min. A similar pattern
of c-fos expression was observed by Northern
blot analysis of mouse retina, but attempts to
demonstrate circadian control in mouse
retina were not successful (Nir and Agarwal,
1993). The role of c-fos expression in photo-
receptor metabolism is currently unknown,
but the c-fos gene product is a candidate
transcriptional regulator for one or more of
the genes in photoreceptor cells that are
expressed in a diurnal or circadian fashion.

The expression of mRNA for NGFI-A,
another immediate early gene, in mouse
retina has also recently been shown to
fluctuate in a diurnal fashion, with high
expression at night (Agarwal, 1994). How-
ever, the cellular localization of this rhythm
has not yet been established.

2.2.7 MELATONIN BIOSYNTHESIS AND
RELEASE

Melatonin is a putative neuromodulator that
influences many aspects of dark-adaptive and
rhythmic retinal physiology (reviewed by
Besharse et al., 1988a). Photoreceptor cells are
the primary, if not exclusive, retinal cell type
that synthesizes melatonin (e.g., Redburn
and-Mitchell, 1989; Iuvone et al., 1990; Cahill
and Besharse, 1993; Thomas et al., 1993;
Wiechmann and Craft, 1993). Melatonin bio-
synthesis in retina occurs as a diurnal or
circadian rhythm (reviewed by Iuvone, 1986a;
Cahill et al., 1991; Cahill and Besharse, 1991;
Zawilska and Nowak, 1992). Synthesis and
release of melatonin are high at night and are
acutely suppressed by light exposure (Figure
2.5). The circadian regulation of melatonin
biosynthesis has been extensively examined
in retinas of chickens, quail, and African
clawed frogs (e.g., Hamm and Menaker, 1980;
Besharse and Iuvone, 1983; Iuvone and Bes-
harse, 1983; Underwood et al., 1988). Diurnal
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Figure 2.5 Schematic illustration of the similar
rhythms of cyclic AMP levels, c-fos mRNA abun-
dance, and melatonin biosynthesis in photorecep-
tor cells. Cyclic AMP induces the expression of
c-fos and the activity of serotonin N-acetyl-
transferase, a key regulatory enzyme in the
biosynthetic pathway for melatonin (see text for
references). Cyclic AMP levels, c-fos expression
and melatonin synthesis in photoreceptors are low
in light (daytime), and increase in darkness (at
night). Exposure to light at night decreases cyclic
AMP to daytime levels within 15 min (e.g.,
DeVries et al., 1978). Light exposure decreases c-fos
mRNA abundance and N-acetyltransferase activity
to daytime levels within 30 and 60 min, respectiv-
ely (e.g., Hamm et al., 1983; Yoshida et al., 1993).

rhythms of melatonin levels and the activity
of serotonin N-acetyltransferase, a key regulat-
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ory enzyme in melatonin biosynthesis, have
been observed in a variety of other animals,
including several mammalian species, but it
is unknown if the rhythms in these animals
are driven by the light/dark cycle or by
circadian oscillators.

In retinas of chicks, quail and African
clawed frogs, the circadian rhythm of mel-
atonin biosynthesis is generated by parallel
rthythms in the activities of two regulat-
ory enzymes in the biosynthetic pathway,
tryptophan hydroxylase and serotonin N-
acetyltransferase (Hamm and Menaker, 1980;
Iuvone and Besharse, 1983; Cahill and Bes-
harse, 1990; Thomas and Iuvone, 1991; H.
Underwood and P.M. Iuvone, unpublished
observations). The circadian oscillator that
regulates these rhythms is in the retina and
appears to be contained within the photo-
receptor cells (Besharse and Iuvone, 1983;
Underwood et al., 1988, 1990; Zawilska and
Iuvone, 1992; Cahill and Besharse, 1993;
Thomas et al., 1993). The nocturnal expres-
sion of both these enzymes is sensitive to
protein synthesis inhibitors, suggesting
involvement of de novo protein synthesis
(Iuvone and Besharse, 1983; Iuvone et al.,
1990; Thomas and Iuvone, 1991). The expres-
sion of N-acetyltransferase activity is also
blocked by the RNA synthesis inhibitor
actinomycin D (Iuvone et al., 1990). Recently,
Green and colleagues (Green and Besharse,
1994; Green et al., 1994) demonstrated that
tryptophan hydroxylase mRNA in frog retina
is expressed primarily in photoreceptor cells
and that the rate of transcription of the
tryptophan hydroxylase gene is regulated by
the circadian clock.

Light has two distinct effects on the syn-
thesis of melatonin: (1) light exposure at
night acutely and rapidly reduces N-
acetyltransferase activity and melatonin syn-
thesis and release (Hamm et al., 1983; Iuvone
and Besharse, 1983; Cahill and Besharse,
1991); and (2) light entrains the circadian
clock that regulates melatonin biosynthesis



(e.g., Besharse and Iuvone, 1983; Cahill and
Beshare, 1991; Thomas and Iuvone, 1991).
The induction of serotonin N-
acetyltransferase activity in chick, Xenopus
and rat retinas, and in cultured chick photo-
receptor cells and human retinoblastoma cells
is stimulated by cyclic AMP (Iuvone and
Besharse, 1983, 1986¢; Iuvone, 1990; Iuvone
et al., 1990; Nowak, 1990; Wiechmann et al.,
1990; Zawilska et al., 1991; Janavs et al., 1991).
Melatonin production and release from
retinoblastoma cells is also stimulated by cyc-
lic AMP (Pierce et al., 1989; Wiechmann et al.,
1990; Deng et al., 1991; Janavs et al., 1991).
The dark-dependent, nocturnal induction of
N-acetyltransferase activity in Xenopus and
chicken retinas is dependent on extracellular
Ca?* and is blocked by inhibitors of L-type
voltage-gated Ca?* channels (Iuvone and
Besharse, 1986b; Zawilska and Nowak, 1990).
Similarly, depolarization-evoked induction of
N-acetyltransferase activity in photoreceptor-
enriched chick retinal cell cultures requires
Ca”" influx through L-type channels (Aven-
dano et al., 1990) and involves a Ca®>* depen-
dent activation of cyclic AMP formation
(ITuvone et al., 1991 a,b). These observations
are consistent with a working model in which
melatonin biosynthesis at night is stimulated
in darkness via a cascade involving depolari-
zation of the photoreceptor cell, Ca’* influx
through voltage-gated channels and a conse-
quent accumulation of intracellular cyclic
AMP, and activation of cyclic AMP-
dependent protein kinase. The kinase phos-
phorylates proteins that regulate gene
expression and protein synthesis. In light,
the photoreceptor cells hyperpolarize, clos-
ing the Ca®* channels and decreasing cyclic
AMP formation, resulting in a decrease in
N-acetyltransferase activity and melatonin
production. The decrease in cyclic AMP
may lower N-acetyltransferase activity in
multiple ways, including decreasing the pro-
tein synthesis-dependent expression of
enzyme activity and enhancing the rate of
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N-acetyltransferase inactivation (A. Alonso
Gomez and P.M. Iuvone, unpublished ob-
servations).

The temporal pattern of c-fos expression in
photoreceptor cells closely resembles that of
melatonin production (Figure 2.5). In other
systems, c-fos expression has been shown to
be regulated by Ca’* and cyclic AMP-
dependent mechanisms (Sheng and Green-
berg, 1990). These correlations suggest that
the c-fos gene product in photoreceptor cells
may play a role in the transcriptional regula-
tion of the serotonin N-acetyltransferase and
tryptophan hydroxylase genes.

2.2.8 IS THE OCULAR CIRCADIAN
CLOCK IN PHOTORECEPTOR CELLS?

The circadian clock that regulates rhythms of
melatonin production is in the eye, and it is
likely that this clock regulates other photo-
receptor thythms as well. Recent evidence
suggests that the clock may be a component
of the photoreceptor cell. Circadian rhythms
of serotonin N-acetyltransferase activity and
tryptophan hydroxylase activity in chick
retina persist following retinal lesions with
kainic acid, a neurotoxin that destroys most
inner retinal neurons but spares photorecep-
tor cells (Zawilska and Iuvone, 1992; Thomas
et al., 1993). Furthermore, circadian release of
melatonin from isolated, cultured Xenopus
photoreceptor layers has been demonstrated
(Cahill and Besharse, 1993). Although these
observations do not exclude the presence of
circadian clocks in other retinal cell types,
they strongly support the hypothesis that
photoreceptor cells contain the clock that
regulates melatonin biosynthesis. The circa-
dian clock that regulates the transcription of
the iodopsin gene also appears to reside
within the photoreceptor, as the rhythm was
observed in dissociated cell cultures from
embryonic chick retina (Pierce et al., 1993).
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2.3 INFLUENCE OF
NEUROTRANSMITTERS ON
METABOLISM IN PHOTORECEPTOR
CELLS

Although the primary input to photoreceptor
cells is light and the control of many of the
functions of photoreceptor cells are self-
contained within the visual cell or the
photoreceptor-pigment epithelial complex,
aspects of photoreceptor metabolism are sub-
ject to modulation by neurotransmitters
or neuromodulators. This section reviews
studies demonstrating effects of dopamine,
melatonin, adenosine and glutamate on
photoreceptor cell biology and metabolism.

2.3.1 DOPAMINE

Dopamine is a neuromodulator synthesized
and released from amacrine and/or interplexi-
form cells of the inner retina (reviewed by
Iuvone, 1986a; Dowling, 1989; Djangoz and
Wagner, 1992). These dopamine neurons are
activated by steady or flickering light (e.g.,
Kramer, 1971; Dowling and Watling, 1981;
Iuvone et al., 1978, Godley and Wurtman,
1988; Boatright et al., 1989; Kirsch and
Wagner, 1989; Dearry and Burnside, 1989;
Kolbinger et al., 1990). An extensive literature
now documents effects of dopamine on many
aspects of photoreceptor metabolism. Photo-
receptor cells of mammalian and non-
mammalian vertebrates contain dopamine
receptors. Pharmacologically and immuno-
logically, these dopamine receptors appear to
be of the D2 and/or D4 subtypes (e.g., Zarbin
et al., 1986; Brann and Young, 1986; Vuvan
et al., 1993; Muresan and Besharse, 1993;
Wagner and Behrens, 1993), and mRNA for
these receptors has been localized to photo-
receptor cells by in situ hybridization (Dearry
et al., 1991; Cohen et al., 1992). Activation of
dopamine receptors on mouse photoreceptor
cells inhibits cyclic AMP formation, presum-
ably in the same pool of cyclic nucleotide that
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is reduced by light exposure (Cohen and
Blazynski, 1990). Stimulation of D2/D4 recep-
tors also appears to reduce cyclic AMP
formation in Xenopus and chick photorecep-
tor cells (Iuvone, 1986b; Iuvone et al., 1990).
In contrast, no evidence of D2 receptor-
mediated inhibition of adenylate cyclase was
observed in bovine rod outer segments (Sitar-
amayya et al., 1993). This could be due to
species differences or to selective localization
of D2/D4 receptors to cell body and synaptic
terminal areas, where light-evoked inhibition
of cyclic AMP levels is most apparent (Orr
et al., 1976; DeVries et al., 1979).

Dopamine regulates photoreceptor retino-
motor movements in teleost fish and Xenopus
retinas. Application of dopamine or D2 dop-
amine receptor agonists to retinas or isolated
cone inner/outer segments in darkness elicits
light-adaptive cone contraction (Pierce and
Besharse, 1985; Dearry and Burnside, 1986;
Burnside et al., 1993). Dopamine also mimics
the effect of light on photomechanical
movement of cultured chick photoreceptors
(Stenkamp et al., 1994). D2 receptors in
photoreceptor cells are negatively coupled to
cyclic AMP formation (see above), and cyclic
AMP induces dark-adaptive cone elongation
and inhibits cone contraction (Besharse et al.,
1982; Burnside et al., 1982). Thus, dopamine
can influence retinomotor movements by
decreasing cyclic AMP formation. D2 dop-
amine receptor antagonists inhibit light-
evoked cone contraction and promote cone
elongation in retinas prepared and incubated
in light. Furthermore, intraocular injection
of D2 antagonists in fish inhibits cone con-
traction at expected dawn (Douglas et al.,
1992; McCormack and Burnside, 1992). These
observations suggest a functional role
for dopamine in light-evoked and circa-
dian retinomotor movements. However, 6-
hydroxydopamine-induced lesions of dop-
amine neurons in fish retina reduce, but do
not eliminate, circadian cone movements,
indicating the presence of other regulatory



mechanisms for controlling circadian cone
retinomotor movements (Douglas et al.,
1992).

Dopamine and D2 dopamine receptor
agonists inhibit rod outer segment disc shed-
ding in Rana pipiens eye cups in vitro (Pierce
and Besharse, 1986; Besharse et al., 1988a).
Application of the agonists during the dark-
priming period, but not during the light-
triggering transition from darkness to light,
dramatically decreased shedding and phago-
cytosis. Dopamine receptor agonists have
no apparent effect on the processes of disc
detachment or phagocytosis. Thus, dop-
amine may be a mediator of daytime or light-
mediated suppression of shedding. Consist-
ent with these observations, clorgyline and
methamphetamine, drugs that increase
dopamine levels and stimulate release, re-
spectively, reduced the rhythm of disc shed-
ding in rat retina (Remé et al., 1984; 1991).

Dopamine and D2 dopamine receptor
agonists mimic the effect of acute light
exposure on N-acetyltransferase activity and
melatonin  biosynthesis (Iuvone, 1986b;
Iuvone and Besharse, 1986a; Zawilska and
Iuvone, 1989; Cahill and Besharse, 1991).
Activation of dopamine receptors at night
also shifts the phase of the circadian clock
that regulates melatonin biosynthesis, with a
phase-response relationship similar to that
produced by pulses of light (Cahill and
Besharse, 1991). Responses to dopamine
persist in reduced retinas in which most of
the inner retina is destroyed by neurotoxins
or detergent lysis (Zawilska and Iuvone,
1992; Cahill and Besharse, 1992), in low-
density photoreceptor-enriched cell cultures
(Tuvone et al., 1990), and in isolated photo-
receptor cells (Cahill and Besharse, 1993).
Thus, these effects appear to be direct,
receptor-mediated responses in photorecep-
tor cells. The inhibitory effects of dopamine
appear to be mediated by D2- and/or D4-like
dopamine receptors, and involve inhibition
of cyclic AMP formation (Iuvone, 1986b;
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Zawilska and Iuvone, 1989; Cahill and Bes-
harse, 1991; Iuvone et al., 1991b; Zawilska
and Nowak., 1994).

The physiological role of dopamine in
regulating melatonin biosynthesis is as yet
unclear. In cultured Xenopus eye cups, dop-
amine receptor antagonists do not block the
effects of light on N-acetyltransferase activity,
melatonin release, or the phase of the circa-
dian rhythm of melatonin release (Iuvone et
al., 1987; Cahill and Besharse, 1991). How-
ever, dopamine antagonists in combination
with cyclic nucleotide phosphodiesterase
inhibitors do attenuate the acute inhibitory
effects of light (Iuvone et al., 1987). In vivo,
administration of dopamine receptor antago-
nists alone antagonize the acute inhibition of
N-acetyltransferase activity by light in chick
retina (Zawilska et al., 1991; Kazula et al.,
1993). The ability of dopamine receptor anta-
gonists to reverse the effects of light varies as
a function of light intensity, being most
effective in very dim light (Iuvone et al.,
1992). This latter observation suggests that
dopamine may function as an amplifying
signal for regulating melatonin biosynthesis
under conditions of dim light, such as that
which occurs at dawn.

2.3.2 MELATONIN

Melatonin, which is synthesized in photo-
receptor cells in darkness, regulates photo-
receptor metabolism. However, the effects of
melatonin may be indirect. Radioligand bind-
ing studies using the high affinity ligand 2-
["*I]iodomelatonin indicate that melatonin
receptors are localized primarily to the inner
nuclear and plexiform layers of the neural
retina and to the retinal pigment epithelium
(Laitinen and Saavedra, 1990; Blazynski and
Dubocovich, 1991; Chong and Sugden, 1991;
Wiechmann  Wirsig-Wiechmann,  1991),
although some apparent specific binding over
photoreceptor cells has also been observed.
Melatonin promotes dark-adaptive cone
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elongation in light-exposed Xenopus retinas
(Pierce and Besharse, 1985, 1987) and mimics
the effect of darkness on photoreceptor
length in chick retinal cell cultures (Stenkamp
et al., 1994). The effect of melatonin on cone
retinomotor movements may be indirect and
related to the regulation of dopamine release.
Exogenous dopamine or D2 dopamine recep-
tor agonists prevent melatonin-induced cone
elongation in light, and inhibit dark-induced
cone elongation (Pierce and Besharse, 1985).
In contrast, dopamine receptor antagonists
and melatonin have the same effect on cone
position. Melatonin inhibits light-evoked
dopamine release in Xenopus retina (Boatright
and Iuvone, 1989; Boatright et al., 1994).
Inhibition of dopamine release by melatonin
has also been demonstrated in chick and
rabbit retinas (Dubocovich, 1983; Dubocovich
and Takahashi, 1987; Nowak, 1988). Thus, it
seems likely that melatonin regulates cone
retinomotor movement indirectly, by inhibit-
ing dopamine release. This hypothesis is
consistent with the observed localization of
melatonin receptors to the inner nuclear and
plexiform layers, where the cell bodies and
processes of dopaminergic neurons are found
(reviewed by Ehinger, 1977).

Melatonin also influences rod outer seg-
ment disc shedding. Melatonin activates
shedding in Xenopus eye cups cultured under
conditions that do not support a normal
shedding response (Besharse and Dunis,
1983; Besharse et al., 1984; Pierce and Bes-
harse, 1986). In these experiments, melatonin
had to be applied in darkness, before light
onset, for shedding to occur. In eye cups pre-
pared from constant light-treated frogs, brief
exposure to either darkness or melatonin
increases disc shedding. Thus, melatonin
may be a component of the dark-priming
mechanism for regulation of outer segment
turnover. The site of action for activation of
disc shedding by melatonin is unknown. As
dopamine inhibits dark priming (section
2.3.1), melatonin’s effect on disc shedding
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may be partially mediated by suppression of
dopamine release. Melatonin may also
influence disc shedding by an action on the
pigment epithelium. Cyclic AMP suppresses
disc shedding (section 2.2.1), at least in part
by an action on the pigment epithelium
(Edwards and Bakshian, 1980). In many cell
types, including cultured retinal cells, mela-
tonin receptor activation inhibits cyclic AMP
formation (Iuvone and Gan, 1994; reviewed
in Morgan et al., 1994). Thus, melatonin may
activate shedding by reducing cyclic AMP
levels in pigment epithelial cells.

2.3.3 ADENOSINE

Adenosine functions as a neuromodulator in
the brain and retina (reviewed by Fredholm
et al., 1993; Blazynski and Perez, 1991).
Adenosine receptors have been localized
throughout the retina, with different sub-
types found in the inner and outer retina.
Adenosine receptors are broadly divided into
Al and A2 subtypes (reviewed by Collis and
Hourani, 1993). Al adenosine receptors have
been localized primarily to the inner nuclear,
inner plexiform and ganglion cell layers
(Braas et al., 1987; Blazynski, 1990). In these
areas, adenosine may function to regulate
neurotransmitter release (Blazynski et al.,
1992) and to modulate neurotransmitter
receptor—effector coupling (Paes de Carvalho
and deMello, 1985). In contrast, A2 adeno-
sine receptors are localized primarily on
photoreceptor cells and pigment epithelial
cells (Friedman et al., 1989; Blazynski, 1990;
McIntosh and Blazynski, 1994). A2 adenosine
receptors in retina and in pigment epithelium
stimulate adenylate cyclase (Friedman et al.,
1989; Blazynski and McIntosh, 1993).
Adenosine receptors are involved in the
regulation of melatonin biosynthesis in photo-
receptor cells. Intravitreal administration of
adenosine receptor agonists stimulates sero-
tonin N-acetyltransferase activity in light-
exposed chick retinas (Gan et al., 1994).



Adenosine receptor agonists also stimulated
the induction of N-acetyltransferase activity
in low-density, photoreceptor-enriched
retinal cell cultures, suggesting a direct effect
on photoreceptor cells. The stimulation
of N-acetyltransferase activity is receptor-
mediated and blocked by adenosine receptor
antagonists. Preliminary pharmacological
characterization of the response indicates the
involvement of an A2-like adenosine receptor
(Gan et al., 1994).

Adenosine is also a potential modulator of
photoreceptor disc shedding. Activation of
A2 adenosine receptors on cultured pigment
epithelial cells inhibited phagocytosis of
outer segment fragments (Gregory et al.,
1994). This may be related to the stimulation
of cyclic AMP accumulation in RPE cells
caused by adenosine receptor activation.

In chick retina, adenosine-like immuno-
reactivity has been observed in photoreceptor
cells (Paes de Carvalho et al., 1992), but in
most mammalian species, immunoreactivity
has been observed primarily in ganglion cells
and inner nuclear cells, presumably amacrine
cells (Braas et al., 1987). However, A2 adeno-
sine receptors are located on photoreceptor
and pigment epithelial cells of a variety of
mammalian species, including human (Braas
et al., 1987; Blazynski, 1990; Friedman et al.,
1989). This observation raises the question of
the source of endogenous adenosine that
occupies these receptors in the outer retina.
Adenosine may diffuse from the inner retina,
as has been proposed for dopamine (re-
viewed in Besharse et al., 1988a; Witkovsky
and Dearry, 1991; Besharse and Iuvone,
1992). Adenosine may be produced in outer
retina as a function of photoperiod, perhaps
at night. Thus, adenosine-like immunoreact-
ivity would not be observed in retinas fixed
during the day. Alternatively, extracellular
adenosine may be derived from adenine
nucleotides via the action of ectonucleoti-
dases, such as that found in synaptic clefts of
photoreceptor synapses (Kreutzberg and
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Hussain, 1984). Another possibility is that
adenosine receptors in the outer retina are
only occupied under certain pathophysiologi-
cal conditions, such as ischemia, which are
known to stimulate the production and
release of adenosine in the nervous system
(Fredholm et al., 1993).

2.3.4 GLUTAMATE

The putative photoreceptor neurotransmitter
glutamate, as well as aspartate, massively
stimulate rod photoreceptor disc shedding in
a light-independent manner in amphibian
eye cups (Greenberger and Besharse, 1985).
The shedding response to glutamate is 3-5
times greater than the usual light-evoked
shedding response, and is accompanied by
the formation of large pseudopods from the
apical surface of the RPE that ensheathe the
distal tips of the outer segments (Matsumoto
et al., 1987). Glutamate also produced an
apparent increase in adhesion between the
RPE and photoreceptor cells (Matsumoto
et al., 1987), but this appears to be unrelated
to the stimulation of disc shedding (Defoe
et al., 1989).

Although the mechanism involved in the
shedding response to excitatory amino acids
is unknown, it appears to be receptor-
mediated. The effect of glutamate on disc
shedding is mimicked by micromolar concen-
trations of kainic acid, an agonist of a subtype
of ionotrophic glutamate receptors (Green-
berger and Besharse, 1985; Besharse and
Spratt, 1988). Shedding is not stimulated
by N-methyl-p-aspartate (NMDA), an agonist
of a different subtype of ionotropic glutamate
receptor, and only weakly stimulated by
quisqualic acid, an agonist of G-protein-
coupled glutamate receptors. Kainate-
induced disc shedding is inhibited by the
glutamate receptor antagonists kynurenic
acid, p-O-phosphoserine, and cis-piperidine
dicarboxylic acid (cis-PDA) (Besharse et al.,
1988b). Remarkably, kynurenate and D-O-
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phosphoserine, but not cis-PDA, also blocked
light-evoked disc shedding, suggesting that
activation of kynurenate-sensitive glutamate
receptors may be involved in the ‘light-
triggering” mechanism.

The location of the glutamate receptors
involved in the regulation of disc shedding is
unknown. Glutamate depolarizes photo-
receptor cells, but this response may be
related to electrogenic uptake of glutamate
into photoreceptor cells rather than an action
on cell surface glutamate receptors (Chapter
6). The receptors may be located in the inner
retina, where excitatory amino acids cause
profound neurotoxicity. In addition to block-
ing kainate-induced disc shedding, kynuren-
ate and other glutamate receptor antagonists
block the neurotoxic effect of kainic acid
(Besharse et al., 1988b). However, the neuro-
toxicity may be unrelated to disc shedding,
because NMDA caused a similar neurotoxic
effect but failed to stimulate disc shedding,
and other amino acids, such as glycine and
taurine, stimulated disc shedding while hav-
ing little or no neurotoxic effects (Green-
berger and Besharse, 1985).

Glutamate may stimulate disc shedding by
a direct action on the RPE. Glutamate binds
to high affinity, saturable binding sites in
membranes prepared from primary cultures
of chick RPE (Lépez—Colomé et al., 1993).
Interestingly, specific binding of glutamate to
these putative receptors is enhanced by
glycine and taurine.

2.4 SPECULATIONS ON THE ROLE OF
RHYTHMIC METABOLISM IN
PHOTORECEPTOR PATHOLOGY

Having discovered the dynamics of outer
segment turnover, it became obvious that a
balance must be achieved between disc
assembly and disc shedding for the mainten-
ance of normal outer segment length and
function (Young, 1976). The importance of
disc shedding is perhaps best illustrated with
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the Royal College of Surgeons (RCS) rat,
whose RPE fail to phagocytize outer segment
discs (Herron et al., 1969; Bok and Hall, 1971).
Initially, photoreceptor cells of RCS rats
appear to develop normally, with usual
morphology and electroretinographic (ERG)
function (Dowling and Sidman, 1962). This is
followed later in development by an accumu-
lation of rhodopsin, a disorganized lamellar
network of outer segment membranes
between the photoreceptor cells and RPE
cells, and a depression of the a-wave (photo-
receptor component) of the ERG. Ultimately,
the photoreceptor cells degenerate and die.
The site of the genetic mutation is the
pigment epithelium (Mullen and LaVail,
1976).

Thus, disruption of circadian disc shedding
may be a cause of photoreceptor cell death.
Disruption of other aspects of rhythmic photo-
receptor metabolism may also influence
photoreceptor survival. For example, rds
mice, which have a mutation in the peri-
pherin gene that ultimately leads to photo-
receptor cell death (Travis, 1991), fail to show
the normal diurnal expression of the arrestin
gene (Agarwal ef al., 1994). Arrestin gene
expression appears to be locked in the day-
time, light-exposed pattern. Exposing the
retina to continuous light, which disrupts
circadian retinal physiology, causes profound
photoreceptor degeneration (Noell, 1980).
Recently, Fain and Lisman (1993) proposed
the ‘equivalent light hypothesis’ to explain
the photoreceptor cell death associated with
vitamin A deficiency and retinitis pigmentosa
caused by rhodopsin mutations. They sug-
gested that in these disorders constitutively
active opsin may continuously activate the
visual transduction cascade, producing the
equivalent of continuous light. This equival-
ent light might disrupt retinal circadian
rhythms, such as those of disc shedding,
protein synthesis or neuromodulator produc-
tion, leading to photoreceptor degeneration.

Neuromodulators that are produced in a



rhythmic fashion may also influence retinal
degeneration. Administration of melatonin
enhances light-induced photoreceptor degen-
eration in rats (Bubenik and Purtill, 1980;
Leino et al., 1984; Wiechmann and O’Steen,
1992). In contrast, dopamine has been sug-
gested to have a survival-promoting effect on
photoreceptor cells (Bubenik and Purtill,
1980). Bromocriptine, a D2 dopamine recep-
tor agonist, apparently reduces light-induced
photoreceptor degeneration and the degener-
ation in RCS rat retina (Bubenik and Purtill,
1980). In rds mice, the diurnal regulation of
dopaminergic activity is absent or greatly
reduced, and abnormally low dopamine syn-
thesis is present prior to the onset of photo-
receptor cell death (Nir and Iuvone, 1994).
Thus, if dopamine indeed has a survival-
promoting, trophic action on photoreceptor
cells, the low level of dopaminergic activity
may contribute to the photoreceptor cell
death associated with the rds/peripherin
mutation.

2.5 CONCLUSIONS AND FUTURE
PERSPECTIVES

It is now clear that many aspects of photo-
receptor cell biology are influenced by light,
circadian clocks and neuromodulators. At
least some of the cellular processes regulated
by these stimuli are essential for the proper
functioning and even survival of the cell. Itis,
as yet, unclear why several processes reg-
ulated by photoperiod show different pat-
terns of expression, and why the rhythms of
similar processes differ in rods and cones.
The molecular basis of the circadian clock that
regulates photoreceptor metabolism is un-
known. In many cases it is also unclear which
rhythmic processes in photoreceptor cells are
light-driven and which are coupled to a
circadian clock. Although the role of a
photoreceptor-based clock has been emphas-
ized in this chapter, it is important to
recognize that networks of oscillators, within

Conclusions and future perspectives

and outside the eye, may exist and function
in a coordinate manner to regulate photo-
receptor metabolism in vivo (e.g., Tierstein
et al., 1980). In this regard, it is noteworthy
that retinal dopamine neurons, which
influence many aspects of photoreceptor
metabolism, are targets of the centrifugal
neurons that project from the brain to the
retina in some species (Zucker and Dowling,
1987; Behrens et al., 1993). Continued
research into rhythmic photoreceptor meta-
bolism holds promise for gaining new
insights into visual cell function, and possibly
into the processes that lead to disease-related
photoreceptor cell death.

Much remains to be learned about rhyth-
mic retinal physiology. Although psycho-
physical and electroretinographic studies
indicate that circadian processes influence
visual sensitivity and adaptation, little or no
electrophysiological data are available on the
effects of clock output at the cellular level.
Such an approach will be essential in fully
understanding the ways in which the photo-
receptor circadian clock regulates the adapt-
ive state of the retina. Another important
future direction is to understand the molecu-
lar mechanism of the circadian clock. Having
recently identified genes in photoreceptor
cells whose expression is regulated in a
circadian fashion, it should now be possible
to determine the regulatory elements of those
genes that are specifically controlled by clock
output. A particularly exciting prospect is the
possibility that pharmacological approaches
could be used to manipulate rhythmic photo-
receptor metabolism in retinal disease. If the
equivalent light hypothesis of Fain and Lis-
man (1993) is correct and dopamine receptor
agonists entrain the photoreceptor circadian
clock in humans as it does in Xenopus (Cahill
and Besharse, 1991), it may be possible to
prevent or delay the progression of photo-
receptor cell death in some forms of retinitis
pigmentosa using drugs to manipulate the
clock or mimic its output.

45



Cell biology and metabolic activity of photoreceptor cells

ACKNOWLEDGEMENTS

The author wishes to acknowledge the many
colleagues who spent time discussing issues
related to this chapter, who sent preprints
and reprints, and brought key references to
my attention, especially Cheryl Craft, Jeff
Boatright, Joe Besharse, Charlotte Remé and
David Williams. Special thanks to Jeff Boat-
right for his helpful comments on the manu-
script, to Bonnie Johnson for her help in
preparing figures, to Joe Besharse who
greatly influenced my thinking on the subject
of this chapter, and to the members of my
laboratory, Jiwei Gan, Angel Alonso, Chad
Friel, Leon Goe and B. Johnson for their
accomplishments and patience while my
attentions were directed to this chapter.
Retinal research in the author’s lab is sup-
ported by NIH grants RO1-EY(04864 and
RO1-EY09737.

REFERENCES

Abe, T., Nakabayashi, H., Tamada, H. et al. (1990)
Analysis of the human, bovine and rat 33-kDa
proteins and ¢DNA in retina and pineal gland.
Gene, 91, 209-15.

Adler, R., Lindsey, J.D. and Elsner, C.L. (1984)
Expression of cone-like properties by chick
embryo retina cells in glial-free monolayer
cultures. Journal of Cell Biology, 99, 1173-8.

Agarwal, N. (1994) Diurnal expression of NGF1-A
mRNA in retinal degeneration slow (rds)
mutant mouse retina. FEBS Letters, 339, 253-7.

Agarwal, N., Nir, I. and Papermaster, D.S. (1994)
Loss of diurnal arrestin gene expression in rds
mutant mouse retinas. Experimental Eye
Research, 58, 1-8.

Anderson, D.H., Stern, W.H., Fisher, S.K. et al.
(1983) Retinal detachment in the cat: the pig-
ment epithelial-photoreceptor interface. Invest-
igative Ophthalmology and Visual Science, 24,
906-26.

Avendano, G., Butler, B.J. and Iuvone, P.M.
(1990) K*-Evoked depolarization increases
serotonin  N-acetyltransferase activity in
photoreceptor-enriched retinal cell cultures.

46

Involvement of calcium influx through L-type
calcium channels. Neurochemisry International,
17, 117-26.

Axelrod, J., Burch, R.M. and Jelsema, C.L. (1988)
Receptor-mediated activation of phospholipase
A, via GTP-binding proteins: arachidonic acid
and its metabolites as second messengers.
Trends in Neuroscience, 11, 117-23.

Azarian, S.M., Schlamp, C.L. and Williams, D.S.
(1993) Characterization of calpain II in the
retina and photoreceptor outer segments. Jour-
nal of Cell Science, 105, 787-98.

Barnes, S. and Hille, B. (1989) Ionic channels of the
inner segment of tiger salamander cone photo-
receptors. Journal of General Physiology, 94, 719—
43.

Basinger, S., Hoffman, R. and Matthes, M. (1976)
Photoreceptor shedding is initiated by light in
the frog retina. Science, 194, 1074-6.

Behrens, U.D., Douglas, R.H. and Wagner, H.-].
(1993) Gonadotropin-releasing hormone, a
neuropeptide of efferent projections to the
teleost retina induces light-adaptive spinule
formation on horizontal cell dendrites in dark-
adapted preparations kept in vitro. Neuroscience
Letters, 164, 59-62.

Bernstein, P.S., Law, W.C. and Rando, R. (1987)
Isomerization of all-trans retinoids to 11-cis
retinoids in vitro. Proceedings of the National
Academy of Sciences, LISA, 84, 1849-53.

Berridge, M.]J. (1993) Inositol trisphosphate and
calcium signalling. Nature, 361, 315-25.

Besharse, J.C. (1982) The daily light-dark cycle and
rhythmic metobolism in the photoreceptor—
pigment epithelial complex, in Progress in Reti-
nal Research (eds N. Osborne and G. Chader),
Pergamon, Oxford pp.81-124.

Besharse, J.C. (1986) Photosensitive membrane turn-
over: differentiated membrane domains and
cell—cell interaction, in The Retina: A Model for
Cell Biology Studies, Part I (eds R. Adler and D.
Faber), Academic Press, Orlando, pp.297-352.

Besharse, J.C. and Dunis, D.A. (1983) Methoxy-
indoles and photoreceptor metabolism: activa-
tion of rod shedding. Science, 219, 1341-3.

Besharse, J.C. and Horst, C.J. (1990) The photo-
receptor connecting cilium: a model for the
transition zone, in Ciliary and Flagellar Mem-
branes (ed. R.A. Bloodgood), Plenum, New
York, pp.389-417.



Besharse, J.C. and Iuvone, P.M. (1983) Circadian
clock in Xenopus eye controlling retinal sero-
tonin N-acetyltransferase. Nature, 305, 133-5.

Besharse, J.C. and Iuvone, P.M. (1992) Critique: is
dopamine a light-adaptive or a dark-adaptive
modulator in retina. Neurochemistry Inter-
national, 20, 193-9.

Besharse, J.C. and Spratt, G. (1988) Excitatory
amino acids and rod photoreceptor disc shed-
ding: analysis using specific agonists. Experi-
mental Eye Research, 47, 609-20.

Besharse, J.C., Hollyfield, J.G. and Rayborn, M.E.
(1977) Turnover of rod photoreceptor outer
segments: II. Membrane addition and loss in
relationship to light. Journal of Cell Biology, 75,
507-27.

Besharse, J.C., Dunis, D.A. and Burnside, B.
(1982) Effects of cyclic adenosine 3', 5’-mono-
phosphate on photoreceptor disc shedding and
retinomotor movement. Inhibition of shedding
and stimulation of cone elongation. Journal of
General Physiology, 79, 775-90.

Besharse, J.C., Dunis, D.A. and Iuvone, P.M.
(1984) Regulation and possible role of serotonin
N-acetyltransferase in the retina. Federation
Proceedings, 43, 2704-8.

Besharse, J.C., Spratt, G. and Forestner, D.M.
(1986) Light-evoked and kainic acid-induced
disc shedding by rod photoreceptors: differen-
tial sensitvity to extracellular calcium. Journal of
Comparative Neurology, 251, 185-97.

Besharse, J.C., Tuvone, P.M. and Pierce, M.E.
(1988) Regulation of rhythmic photoreceptor
metabolism: a role for post-receptoral neurons,
in Progress in Retinal Research, 7th edn (eds N.
Osborne and G.J. Chader), Perganon Press,
Oxford, pp.21-61.

Besharse, J.C., Spratt, G. and Reif-Lehrer, L.
(1988) Effects of kynurenate and other excitat-
ory amino acid antagonists as blockers of light-
and kainate-induced retinal rod photoreceptor
disc shedding. Journal of Comparative Neurology,
274, 295-303.

Blazynski, C. (1990) Discrete distributions of
adenosine receptors in mammalian retina. Jour-
nal of Neurochemistry, 54, 648-55.

Blazynski, C. and Dubocovich, M.L. (1991) Local-
ization of 2-['®IJiodomelatonin binding sites in
mammalian retina. Journal of Neurochemistry, 56,
1873-80.

References

Blazynski, C. and McIntosh, H. (1993) Character-
ization of adenosine A, receptors in bovine
retinal membranes. Experimental Eye Research,
56, 585-93.

Blazynski, C. and Perez, M.-T.R. (1991) Adeno-
sine in vertebrate retina: localization, receptor
characterization, and function. Cellular and
Molecular Neurobiology, 11, 463-84.

Blazynski, C., Woods, C. and Mathews, G.C.
(1992) Evidence for the action of endogenous
adenosine in the rabbit retina: modulation of
the light-evoked release of acetylcholine. Jour-
nal of Neurochemistry, 58, 761-7.

Boatright, ].H. and Iuvone, P.M. (1989) Melatonin
suppress the light-evoked release of endo-
genous dopamine from retinas of frogs (Xeno-
pus laevis). Society for Neuroscience Abstracts, 15,
1395.

Boatright, J.H., Hoel, M.J. and Iuvone, P.M.
(1989) Stimulation of endogenous dopamine
release and metabolism in amphibian retina by
light and K*-evoked depolarization. Brain
Research, 482, 164-8.

Boatright, J.H., Rubim, N.M. and Iuvone, P.M.
(1994) Regulation of endogenous dopamine
release in amphibian retina by melatonin: the
role of GABA. Visual Neuroscience, 11, 1013-18.

Bok, D. (1985) Retinal photoreceptor-pigment
epithelium interactions. Investigative Ophthal-
mology and Visual Science, 26, 1659-94.

Bok, D. (1993) The retinal pigment epithelium: a
versatile partner in vision. Journal of Cell Science,
106 Suppl. 17, 189-95.

Bok, D. and Hall, M.O. (1971) The role of the
pigment epithelium in the etiology of inherited
retinal dystrophy in the rat. Journal of Cell
Biology, 49, 664-82.

Bowes, C., VanVeen, T. and Farber, D.B. (1988)
Opsin, G-protein and 48-kDa protein in normal
and rd mouse retinas: developmental expres-
sion of mRNAs and proteins and light/dark
cycling of mRNAs. Experimental Eye Research,
47, 369-90.

Braas, K.M., Zarbin, M.A. and Snyder, S.H.
(1987) Endogenous adenosine and adenosine
receptors localized to ganglion cells of the
retina. Proceedings of the National Academy of
Sciences, UISA, 84, 3906-10.

Brann, M.R. and Cohen, L.V. (1987) Diurnal
expression of transducin mRNA and transloca-

47



Cell biology and metabolic activity of photoreceptor cells

tion of transducin in rods of rat retina. Science,
235, 585-7.

Brann, M.R. and Young, W.S5.1. (1986) Dopamine
receptors are located on rods in bovine retina.
Neuroscience Letters, 69, 221-6.

Bubenik, G.A. and Purtill, R.A. (1980) The role of
melatonin and dopamine in retinal physiology.
Canadian Journal of Physiology and Pharmacology,
58, 1457-62.

Burnside, B. and Ackland, N. (1984) Effects of
circadian rhythm and cAMP on retinomotor
movements in the green sunfish, Lepomis cyanel-
lus. Investigative Ophthalmology and Visual
Science, 25, 539-45.

Burnside, B. and Dearry, A. (1986) Cell motility in
the retina, in The Retina: A Model for Cell Biology
Studies, Part I (eds R. Adler and D. Farber),
Academie Press, Orlando, pp.151-206.

Burnside, B. and Nagle, B. (1983) Retinomotor
movements of photoreceptors and retinal pig-
ment epithelium: mechanisms and regulation.
Progress in Retinal Research, 2, 67-109.

Burnside, B., Evans, M., Fletcher, R.T. and
Chader, G.]. (1982) Induction of dark-adaptive
retinomotor movement (cell elongation) in
teleost retinal cones by cyclic adenosine 3’, 5'-
monophosphate. Journal of General Physiology,
79, 759-74.

Burnside, B., Wang, E., Pagh-Roehl, K. and Rey,
H. (1993) Retinomotor movements in isolated
teleost retinal cone inner-outer segment pre-
parations (CIS-COS): effects of light, dark and
dopamine. Experimental Eye Research, 57, 709—
22.

Cahill, G.M. and Besharse, ]J.C. (1990) Circadian
regulation of melatonin in the retina of Xenopus
laevis: limitation by serotonin availability. Jour-
nal of Neurochemistry, 54, 716-19.

Cahill, G.M. and Besharse, J.C. (1991) Resetting
the circadian clock in cultured Xenopus eyecups:
regulation of retinal melatonin rhythms by light
and D, dopamine receptors. Journal of Neuro-
science, 11, 2959-71.

Cahill, G.M. and Besharse, J.C. (1992) Light-
sensitive melatonin synthesis by Xenopus
photoreceptors after destruction of the inner
retina. Visual Neuroscience, 8, 487-90.

Cahill, G.M. and Besharse, J.C. (1993) Circadian
clock functions localized in Xenopus retinal
photoreceptors. Neuron, 10, 573-7.

48

Cahill, G.M., Grace, M.S. and Besharse, ]J.C.
(1991) Rhythmic regulation of retinal mel-
atonin: metabolic pathways, neurochemical
mechanisms, and the ocular circadian clock.
Cellular and Molecular Neurobiology, 11, 529-60.

Cavallaro, B. and Burnside, B. (1988) Prostaglan-
dins E, E; and D, induce dark-adaptive retino-
motor movements in teleost retinal cones and
RPE. Investigative Ophthalmology and Visual
Science, 29, 882-91.

Chong, N.W.S. and Sugden, D. (1991) Guanine
nucleotides regulate 2-[*IJiodomelatonin bind-
ing sites in chick retinal pigment epithelium but
not in neuronal retina. Journal of Neurochemistry,
57, 685-9.

Cohen, A.I. (1982) Increased levels of 3', 5'-cyclic
adenosine monophosphate induced by cobal-
tous ion or 3-isobutylmethylxanthine in the
incubated mouse retina: evidence concerning
location and response to ions and light. Journal
of Neurochemistry, 38, 78-96.

Cohen, A.L. and Blazynski, C. (1990) Dopamine
and its agonists reduce a light-sensitive pool of
cyclic AMP in mouse photoreceptors. Visual
Neuroscience, 4, 43-52.

Cohen, A.I., Todd, R.D., Harmon, S. and O’Mal-
ley, K.L. (1992) Photoreceptors of mouse ret-
inas possess D, receptors coupled to adenylate
cyclase. Proceedings of the National Academy of
Sciences, ULISA, 89, 12093-7.

Collis, M.G. and Hourani, 5.M.O. (1993) Adeno-
sine receptor subtypes. Trends in Pharmacological
Science, 14, 360-6.

Corey, D.P., Dubinsky, J.M. and Schwartz, E.A.
(1984) The calcium current in inner segments of
rods from the salamander (Ambystoma tigrinum)
retina. Journal of Physiology (London), 354, 557—
75.

Craft, C.M., Whitmore, D.H. and Donoso, L.A.
(1990) Differential expression of mRNA and
protein encoding retinal and pineal S-antigen
during the light/dark cycle. Journal of Neuro-
chemistry, 55, 1461-73.

Dearry, A. and Burnside, B. (1986) Dopaminergic
regulation of cone retinomotor movement in
isolated teleost retinas. I. Induction of cone
contraction is mediated by D2 receptors. Journal
of Neurochemistry, 46, 1006-21.

Dearry, A. and Burnside, B. (1989) Light-induced
dopamine release from teleost retinas acts as a



light-adaptive signal to the retinal pigment
epithelium. Journal of Neurochemistry, 53, 870-8.

Dearry, A., Falardeau, P., Shores, C. and Caron,
M.G. (1991) D, dopamine receptors in the
human retina: cloning of cDNA and localization
of mRNA. Cellular and Molecular Neurobiology,
11, 437-53.

Defoe, D.M., Matsumoto, B. and Besharse, J.C.
(1989) Cytochalasin D inhibits L-glutamate-
induced disc shedding without altering L-
glutamate-induced increase in adhesiveness.
Experimental Eye Research, 48, 641-52.

Deng, M.H., Lopez G.-Coviella, 1., Lynch, H.]J.
and Wurtman, R.J. (1991) Melatonin and its
precursors in Y79 human retinoblastoma cells:
effect of sodium butyrate. Brain Research, 561,
274-8.

Denton, T.L., Yamashita, C.K. and Farber, D.B.
(1992) The effects of light on cyclic nucleotide
metabolism of isolated cone photoreceptors.
Experimental Eye Research, 54, 229-237.

DeVries, G.W., Cohen, A.lL., Hall, I.A. and Fer-
rendelli, J.A. (1978) Cyclic nucleotide levels in
normal and biologically fractionated mouse
retina: effects of light and dark adaptation.
Journal of Neurochemistry, 31, 1345-51.

DeVries, G.W., Cohen, A.I, Lowry, O.H. and
Ferrendelli, J.A. (1979) Cyclic nucleotides in the
cone-dominant ground squirrel retina. Experi-
mental Eye Research, 29, 315-21.

Djamgoz, M.B.A. and Wagner, H.-J. (1992) Local-
ization and function of dopamine in the adult
vertebrate retina. Neurochemistry International,
20, 139-91.

Douglas, R.H., Wagner, H.-J., Zaunreiter, M. et al.
(1992) The effect of dopamine depletion on
light-evoked and circadian retinomotor move-
ments in the teleost retina. Visual Neuroscience,
9, 335-43.

Dowling, J.E. (1989) Neuromodulation in the
retina: the role of dopamine. Seminars in the
Neurosciences, 1, 35-43.

Dowling, J.E. and Sidman, R.L. (1962) Inherited
retinal dystrophy in the rat. Journal of Cell
Biology, 14, 73-109.

Dowling, ]J.E. and Watling, K.J. (1981) Dopamin-
ergic mechanisms in the teleost retina. IIL
Factors affecting the accumulation of cydlic
AMP in pieces of intact carp retina. Journal of
Neurochemistry, 36, 569-79.

References

Dubocovich, M.L. (1983) Melatonin is a potent
modulator of dopamine release in the retina.
Nature, 306, 782-4.

Dubocovich, M.L. and Takahashi, J.S. (1987) Use
of 2-['®Iliodomelatonin to characterize mel-
atonin binding sites in chicken retina. Proceed-
ings of the National Academy of Sciences, USA, 84
3916-20.

Edwards, R.B. and Bakshian, S. (1980) Phagocyto-
sis of outer segments by cultured retinal pig-
ment epithelium: reduction by cyclic AMP and
phosphodiesterase inhibitors. Investigative Oph-
thalmology, 19, 1184-8.

Ehinger, B. (1977) Synaptic connections of the
dopaminergic retinal neurons. Advances in Bio-
chemical Psychopharmacology, 16, 299-306.

Eskin, A. (1971) Properties of the Aplysia visual
system: in vitro entrainment of the circadian
rhythm and centrifugal regulation of the eye.
Zeitschrift fur Vergleichende Physiologie, 74, 353
71.

Fain, G.L. and Lisman, J.E. (1993) Photoreceptor
degeneration in vitamin A deprivation and
retinitic pigmentosa: the equivalent light
hypothesis. Experimental Eye Research, 57, 335—
40.

Fain, G.L., Gerschenfeld, H.M. and Quandt F.N.
(1980) Calcium spikes in toad rods. Journal of
Physiology (London), 303, 495-513.

Farber, D.B., Souza, D.W., Chase, D.G. and
Lolley, R.N. (1981) Cyclic nucleotides of cone-
dominant retinas. Reduction of cyclic AMP
levels by light and cone degeneration Investig-
ative Ophthalmology and Visual Science, 20, 24-31.

Flannery, J.G. and Fisher, S.K. (1984) Circadian
disc shedding in Xenopus retina in vitro.
Investigative Ophthalmology and Visual Science,
25, 229-32.

Fredholm, B.B., Johansson, B., Van der Ploeg, I.
et al. (1993) Neuromodulatory roles of purines.
Drug Development Research, 28, 349-53.

Friedman, Z., Hackett, S.F., Linden, J. and Cam-
pochiaro, P.A. (1989) Human retinal pigment
epithelial cells in culture possess A,-adenosine
receptors. Brain Research, 492, 29-35.

Gan, J. and Iuvone, P.M. (1993) Calcium influx
through dihydropyridine sensitive channels
stimulates inositol phosphate accumulation in
photoreceptor-enriched retinal cell cultures.

49



Cell biology and metabolic activity of photoreceptor cells

Investigative Ophthalmology and Visual Science,
34, 1326(Abstract).

Gan, J., Rosenbaum, S., Mowrey, J.O. et al. (1994)
Melatonin biosynthesis in chick retinal photo-
receptor cells: stimulation of serotonin N-
acetyltransferase activity by adenosine receptor
agonists. Investigative Ophthalmology and Visual
Science, 35, 1583 (Abstract).

Ghalayini, A. and Anderson, R.E. (1984) Phos-
phatidylinositol 4, 5-bisphosphate: light-
mediated breakdown in the vertebrate retina.
Biochemical and Biophysical Research Communica-
tions, 124, 503-6.

Ghalayini, A.J. and Anderson, R.E. (1992) Activa-
tion of bovine rod outer segment phospho-
lipase C by arrestin. Journal of Biological
Chemistry, 267, 17977-82.

Gleason, E., Mobbs, P., Nuccitelli, R. and Wilson,
M. (1992) Development of functional calcium
channels in cultured avian photoreceptors.
Visual Neuroscience, 8, 315-27.

Godley, B.F. and Wurtman, R.J. (1988) Release of
endogenous dopamine from the superfused
rabbit retina in vitro: effect of light stimulation.
Brain Research, 452, 393-5.

Goldman, A.l., Tierstein, P.S. and O’Brien, P.].
(1980) The role of ambient lighting in circadian
disc shedding in the rod outer segment in the
rat retina. Investigative Ophthalmology and Visual
Science, 19, 1257-67.

Green, C.B. and Besharse, J.C. (1994) Tryptophan
hydroxylase expression is regulated by a circa-
dian clock in Xenopus laevis retina. Journal of
Neurochemistry, 62, 2420-8.

Green, C.B., Cahill, G.M. and Besharse, ]J.C.
(1994) Tryptophan hydroxylase in Xenopus
laevis retina: localization to photoreceptors and
circadian rhythm in vitro. Investigative Ophthal-
mology and Visual Science, 35, 1701 (Abstract).

Greenberger, L.M. and Besharse, ]J.C. (1983)
Photoreceptor disc shedding in eye cups: in-
hibition by deletion of extracellular divalent
cations. Investigative Ophthalmology and Visual
Science, 24, 1456-64.

Greenberger, L.M. and Besharse, J.C. (1985)
Stimulation of photoreceptor disc shedding and
pigment epithelial phagocytosis by glutamate,
aspartate, and other amino acids. Journal of
Comparative Neurology, 239, 361-72.

50

Gregory, C.Y., Abrams, T.A. and Hall, M.O.
(1994) Stimulation of A, adenosine receptors
inhibits the ingestion of photoreceptor outer
segments by retinal pigment epithelium. Invest-
igative Ophthalmology and Visual Science, 35, 819—
25.

Hall, M.O. and Abrams, T. (1987) Kinetic studies
of rod outer segment binding and ingestion by
cultured rat RPE cells. Experimental Eye Research,
45, 907-22.

Hall, M.O., Bok, D. and Bacharach, A.D.E. (1969)
Biosynthesis and assembly of the rod outer
segment membrane system. Formation and fate
of visual pigment in the frog retina. Journal of
Molecular Biology, 45, 397-406.

Hamm, H.E. and Menaker, M. (1980) Retinal
rhythms in chicks — circadian variation in
melatonin and serotonin N-acetyltransferase.
Proceedings of the National Academy of Sciences,
USA, 77, 4998-5002.

Hamm, H.E., Takahashi, J.S. and Menaker, M.
(1983) Light-induced decrease of serotonin N-
acetyltransferase activity and melatonin in the
chicken pineal gland and retina. Brain Research,
266, 287-93.

Hayashi, F. and Amakawa, T. (1985) Light-
mediated breakdown of phosphatidylinositol-
4,5-bisphosphate in isolated rod outer seg-
ments of frog photoreceptor. Biochemical and
Biophysical Research Communications 128, 954-9.

Herron, W.L., Reigel, B.W., Myers, O.E. and
Rubin, M.L. (1969) Retina dystrophy in the rat —
a pigment epithelial disease. Investigative Oph-
thalmology, 8, 595-604.

Heth, C.A. and Marescalchi, P.A. (1994) Inositol
triphosphate generation in cultured rat retinal
pigment epithelium. Investigative Ophthalmology
and Visual Science, 35, 409-16.

Heth, C.A. and Schmidt, S.Y. (1991) Phagocytic
challenge induces changes in phosphorylation
of retinal pigment epithelium proteins. Current
Eye Research, 10, 1049-57.

Hollyfield, ].G. and Witkovsky, P. (1974) Pig-
mented retinal epithelium involvement in
photoreceptor development and function. Jour-
nal of Experimental Zoology, 189, 357-8.

Iuvone, P.M. (1986a) Evidence for a D2 dopamine
receptor in frog retina that decreases cyclic
AMP accumulation and serotonin N-acetyl-
transferase activity. Life Sciences, 38, 331-42.



Iuvone, P.M. (1986b) Neurotransmitters and
neuromodulators in the retina: regulation,
interactions and cellular effects, in The Retina,
a Model for Cell Biology Studies, Part II (eds R.
Adler and D. Farber), Academic Press,
Orlando, pp. 1-72.

Iuvone, P.M. (1990) Development of melatonin
biosynthesis in chicken retina: regulation of
serotonin N-acetyltransferase activity by light,
circadian oscillators, and cyclic AMP. Journal of
Neurochemistry, 54, 1562-8.

Iuvone, P.M. and Besharse, ].C. (1983) Regulation
of indoleamine N-acetyltransferase activity in
the retina: effects of light and dark, protein
synthesis inhibitors and cyclic nucleotides.
Brain Research, 273, 111-19.

Iuvone, P.M. and Besharse, J.C. (1986a) Dop-
amine receptor-mediated inhibition of seroto-
nin N-acetyltransferase activity in retina. Brain
Research, 369, 168-76.

Iuvone, P.M. and Besharse, J.C. (1986b) Involve-
ment of calcium in the regulation of serotonin
N-acetyltransferase in retina. Journal of Neuro-
chemistry, 46, 82-8.

Iuvone, P.M. and Besharse, J.C. (1986c) Cyclic
AMP stimulates serotonin N-acetyltransferase
activity in Xenopus retina in vitro. Journal of
Neurochemistry, 46, 33-9.

Iuvone, P.M. and Gan, ]J. (1994) Melatonin
receptor-mediated inhibition of cyclic AMP
accumulation in chick retinal cell cultures.
Journal of Neurochemistry, 63, 118-24.

Iuvone, P.M., Galli, C.L., Garrison-Gund, C.K.
and Neff, N.H. (1978) Light stimulates tyrosine
hydroxylase activity and dopamine synthesis in
retinal amacrine neurons. Science, 202, 901-2.

Iuvone, P.M., Boatright, ].H. and Bloom, M.M.
(1987) Dopamine mediates the light-evoked
suppression of serotonin N-acetyltransferase
activity in retina. Brain Research, 418, 314-24.

Iuvone, P.M., Avendano, G., Butler, B.J. and
Adler, R. (1990) Cyclic AMP-dependent induc-
tion of serotonin N-acetyltransferase activity in
photoreceptor-enriched chick retinal cell cul-
tures: characterization and inhibition by dop-
amine. Journal of Neurochemistry, 55, 673-82.

Iuvone, P.M., Gan, J. and Avendano, G. (1991a)
K*-evoked depolarization stimulates cyclic
AMP accumulation in photoreceptor-enriched
retinal cell cultures: role of calcium influx

References

through hydropyridine-sensitive calcium chan-
nels. Journal of Neurochemistry, 57, 615-21.

Iuvone, P.M., Gan, J., Avendano, G. and Butler,
B.J. (1991b) Role of cyclic AMP in K*-evoked,
Ca?*-dependent induction of serotonin N-
acetyltransferase activity in photoreceptor-
enriched retinal cell cultures. Journal of Neuro-
chemistry, 57, S67D(Abstract).

Iuvone, P.M., Taylor, M., Tigges, M. et al. (1992)
Melatonin biosynthesis in chick retinal photo-
receptor cells: evidence for a rod pathway to
dopamine to cone regulatory mechanism.
Experimental Eye Research, 35 (Suppl. 1),
5182(Abstract).

Janavs, J.L., Pierce, M.E. and Takahashi, ].S.
(1991) N-acetyltransferase and protein syn-
thesis modulate melatonin production by Y79
human retinoblastoma cells. Brain Research, 540,
138-44.

Jelsema, C.L. and Axelrod, J. (1987) Stimulation of
phospholipase A2 activity in bovine rod outer
segments by By subunits of transducin and its
inhibition by the a subunit. Proceedings of the
National Academy of Sciences, USA, 84, 3623-7.

Jung, H.H., Remé, C.E. and Pfeilschifter, ]J. (1993)
Light evoked inositol trisphosphate release in
the rat retina in vitro. Current Eye Research, 12,
727-32.

Kazula, A., Nowak, J.Z. and Iuvone, P.M. (1993)
Regulation of melatonin and dopamine biosyn-
thesis in chick retina: The role of GABA. Visual
Neuroscience, 10, 621-9.

Kirsch, M. and Wagner, H.-J. (1989) Release
pattern of endogenous dopamine in teleost
retinae during light adaptation and pharma-
cological stimulation. Vision Research, 29, 147-
54.

Kohler, K., Kolbinger, W., Kurz-Isler, G. and
Weiler, R. (1990) Endogenous dopamine and
cyclic events in the fish retina, II: Correlation of
retinomotor movement, spinule formation, and
connexon density of gap junctions with dop-
amine activity during light/dark cycles. Visual
Neuroscience, 5, 417-28.

Kolbinger, W., Kohler, K., Oetting, H. and
Weiler, R. (1990) Endogenous dopamine and
cyclic events in the fish retina, I: HPLC assay of
total content release, and metabolic turnover
during different light/dark cycles. Visual Neuro-
science, 5, 143-9.

51



Cell biology and metabolic activity of photoreceptor cells

Korenbrot, J.I. and Fernald, R.D. (1989) Circadian
rhythm and light regulate opsin mRNA in rod
photoreceptors. Nature, 337, 454-7.

Kramer, S.G. (1971) Dopamine: a retinal neuro-
transmitter. I. Retinal uptake, storage, and light
stimulated release of H3-dopamine in vivo.
Investigative Ophthalmology, 10, 438-52.

Kreutzberg, G.W. and Hussain, S.T. (1984) Cyto-
chemical localization of 5'-nucleotidase activity
in retinal photoreceptor cells. Neuroscience, 11,
857-66.

Laitinen, J.T. and Saavedra, J.M. (1990) The chick
retinal melatonin receptor revisited: localization
and modulation of agonist binding with guan-
ine nucleotides. Brain Research, 528, 349-52.

LaVail, M.M. (1976) Rod outer segment disc
shedding in rat retina: relationship to cyclic
lighting. Science, 194, 1071-4.

LaVail, M.M. and Ward, P.A. (1978) Studies on
the hormonal control of circadian outer seg-
ment disc shedding in the rat retina. Investig-
ative Ophthalmology and Visual Science, 17, 1189—
93.

Lee, R.H., Brown, B.M. and Lolley, R.N. (1984)
Light-induced dephosphorylation of a 33K pro-
tein in rod outer segments of rat retina.
Biochemistry, 23, 1972-7.

Lee, R.H., Brown, B.M. and Lolley, R.N. (1990)
Protein kinase A phosphorylates retinal phos-
ducin on serine 73 in situ. Journal of Biological
Chemistry, 265, 15860-6.

Lee, R.H., Lieberman, B.S. and Lolley, R.N. (1987)
A novel complex from bovine visual cells of a
33 000-dalton phosphoprotein the B- and vy-
transducin: purification and subunit structure.
Biochemistry, 26, 3983-90.

Leino, M., Aho, I.-M., Kari, E. et al. (1984) Effects
of melatonin and 6-methoxy-tetrahydro-B-
carboline in light induced retinal damage: a
computerized morphometric method. Life
Sciences, 35, 1997-2001.

Lépez-Colomé, A.M., Salceda, R. and Fragoso, G.
(1993) Specific interaction of glutamate with
membranes from cultured retinal pigment
epithelium. Journal of Neuroscience Research, 34,
454-61.

Matsumoto, B., Defoe, D.M. and Besharse, ]J.C.
(1987) Membrane turnover in rod photorecep-
tors: ensheathment and phagocytosis of outer
segment distal tips by pseudopodia of the

52

retinal pigment epithelium. Proceedings of the
Royal Society of London B, 230, 339-54.

McCormack, C.A. and Burnside, B. (1991) Effects
of circadian phase on cone retinomotor move-
ments in the Midas cichlid. Experimental Eye
Research, 52, 431-8.

McCormack, C.A. and Burnside, B. (1992) A role
for endogenous dopamine in circadian regula-
tion of retinal cone movement. Experimental Eye
Research, 55, 511-20.

McGinnis, J.F., Whelan, J.P. and Donoso, L.A.
(1992) Transient, cyclic changes in mouse visual
cell gene products during the light-dark cycle.
Journal of Neuroscience Research, 31, 584-90.

McIntosh, H.H. and Blazynski, C. (1994) Charac-
terization and localization of adenosine A,
receptors in bovine rod outer segments. Journal
of Neurochemistry, 62, 992-7.

Millar, F.A., Fisher, S.C., Muir, C.A. et al. (1988)
Phosphoinositide hydrolysis in response to
light stimulation of rat and chick retina and
retinal rod outer segments. Biochimica et Biophy-
sica Acta, 970, 205-11.

Molday, R.S., Hicks, D. and Molday, L.L. (1987)
Peripherin: a rim-specific protein of rod outer
segment discs. Investigative Ophthalmology and
Visual Science, 28, 50-61.

Morgan, P.J., Barrett, P., Howell, H.E. and
Helliwell, R. (1994) Melatonin receptors: local-
ization, molecular pharmacology and physiolo-
gical significance. Neurochemistry International,
24, 101-46.

Mullen, R.J. and LaVail, M.M. (1976) Inherited
retinal dystrophy: primary defect in pigment
epithelium determined by experimental chim-
eras. Science, 192, 799-801.

Muresan, Z. and Besharse, J.C. (1993) D2-like
dopamine receptors in amphibian retina: local-
ization with fluorescent ligands. Journal of
Comparative Neurology, 331, 149-60.

Newton, A.C. and Williams, D.S. (1993a) Does
protein kinase C play a role in rhodopsin
densensitization? Trends in Biochemical Science,
18, 275-277.

Newton, A.C. and Williams, D.S. (1993b) Rhodop-
sin is the major in situ substrate of protein
kinase C in rod outer segments of photorecep-
tors. Journal of Biological Chemistry, 268, 18181-6.

Nir, I. and Agarwal, N. (1993) Diurnal expression



of c-fos in the mouse retina. Molecular Brain
Research, 19, 47-54.

Nir, I. and Iuvone, P.M. (1994) Alterations in light-
evoked dopamine metabolism in dystrophic
retinas of mutant rds mice. Brain Research, 649,
85-94.

Nir, I. and Ransom, N. (1993) Ultrastructural
analysis of arrestin distribution in mouse
photoreceptors during dark/light cycle. Experi-
mental Eye Research, 57, 307-18.

Nishizuka, Y. (1992) Intracellular signaling by
hydrolysis of phospholipids and activation of
protein kinase C. Science, 258, 607-14.

Noell, W.K. (1980) Possible mechanism of photo-
receptor damage by light in mammalian eyes.
Vision Research, 20, 1163-71.

Nowak, J.Z. (1988) Melatonin inhibits [*H]-
dopamine release from the rabbit retina evoked
by light, potassium and electrical stimulation.
Medical Science Research, 16, 1073-5.

Nowak, J.Z. (1990) Control of melatonin formation
in vertebrate retina. Advances in Pineal Research,
4, 81-90.

Orr, H.T., Lowry, O.H., Cohen, A.l. and Ferren-
delli, J.A. (1976) Distribution of 3’,5'-cyclic
AMP and 3',5'-cyclic GMP in rabbit retina in
vivo: selective effects of dark and light adap-
tation and ischemia. Proceedings of the National
Academy of Sciences, USA, 73, 4442-5.

Paes de Carvalho, R., Braas, K.M., Adler, R. and
Snyder, S.H. (1992) Developmental regulation
of adenosine A; receptors, uptake sites and
endogenous adenosine in the chick retina.
Developmental Brain Research, 70, 87-95.

Paes de Carvalho, R. and deMello, F.G. (1985)
Expression of A; adenosine receptors modulat-
ing dopamine-dependent cyclic AMP accumu-
lation in the chick embryo retina. Journal of
Neurochemistry, 44, 845-51.

Pagh-Roehl, K., Han, E. and Burnside, B. (1993)
Identification of cyclic nucleotide-regulated
phosphoproteins, including phosducin, in
motile rod inner-outer segments of teleosts.
Experimental Eye Research, 57, 679-91.

Papermaster, D.S. and Dreyer, W.]. (1974) Rho-
dopsin content in the outer segment mem-
branes of bovine and frog retinal rods.
Biochemistry, 13, 2438-44.

Papermaster, D.S., Converse, C.A. and Siu, J.
(1975) Membrane biosynthesis in the retina:

References

opsin transport in the photoreceptor cell. Bio-
chemistry, 14, 1343-52.

Papermaster, D.S., Schneider, B.G., Zorn, M.A.
and Kraehenbuhl, J.P. (1978) Immunocyto-
chemical localization of a large intrinsic mem-
brane protein to the incisures and margins of
frog rod outer segment disks. Journal of Cell
Biology, 78, 415-25.

Peng, Y.-W_, Sharp, A.H., Snyder, S.H. and Yau,
K.-W. (1991) Localization of the inositol 1,4,5-
trisphosphate receptor in synaptic terminals in
the vertebrate retina. Neuron, 6, 525-31.

Philp, N.J., Chang, W. and Long, K. (1987) Light-
stimulated protein movement in rod photo-
receptor cells of the rat retina. FEBS Letters, 225,
127-32.

Pierce, M.E. and Besharse, J.C. (1985) Circadian
regulation of retinomotor movements. I. Inter-
action of melatonin and dopamine in the
control of cone length. Journal of General Physio-
logy, 86, 671-89.

Pierce, M.E. and Besharse, ]J.C. (1986) Melatonin
and dopamine interactions in the regulation of
rhythmic photoreceptor metabolism, in Pineal
and Retinal Relationships (eds P.J. O’Brien and
D.C. Klein), Academic Press, Orlando, pp.219-
37.

Pierce, M.E. and Besharse, ]J.C. (1987) Melatonin
and rhythmic photoreceptor metabolism:
melatonin-induced cone elongation is blocked
by high light intensity. Brain Research, 405, 400—
4

Pierce, M.E., Barker, D., Harrington, J. and
Takahashi, J.S. (1989) Cyclic AMP-dependent
melatonin production in Y79 human retinoblas-
toma cells. Journal of Neurochemistry, 53, 307-10.

Pierce, M.E., Sheshberadaran, H., Zhang, Z. et al.
(1993) Circadian regulation of iodopsin gene
expression in embryonic photoreceptors in
retinal cell culture. Neuron, 10, 579-84.

Redburn, D.A. and Mitchell, C.K. (1989) Darkness
stimulates rapid synthesis and release of mel-
atonin in rat retina. Visual Neuroscience, 3, 391—
403.

Remé, C., Wirz-Justice, A., Aeberhard, B. and
Rhyner, A. (1984) Chronic clogyline dampens
rat retinal rhythms. Brain Research, 298, 99-106.

Remé, C., Wirz-Justice, A., Rhyner, A. and
Hoffman, S. (1986) Circadian rhythm in the

53



Cell biology and metabolic activity of photoreceptor cells

light response of rat retinal disk shedding and
autophagy. Brain Research, 369, 356—60.

Remé, C.E., WirzJustice, A. and Terman, M.
(1991) The visual input stage of the mammalian
circadian pacemaking system: I. Is there a clock
in the mammalian eye. Journal of Biological
Rhythms, 6, 5-29.

Sheng, M. and Greenberg, M.E. (1990) The regula-
tion and function of c-fos and other immediate
early genes in the nervous system. Neuron, 4,
477-85.

Shimizu, T. and Wolfe, L.5. (1990) Arachidonic
acid cascade and signal transduction. Journal of
Neurochemistry 55, 1-15.

Sitaramayya, A., Lombardi, L. and Margulis, A.
(1993) Influence of dopamine on cyclic nucleo-
tide enzymes in bovine retinal membrane
fractions. Visual Neuroscience, 10, 991-6.

Steinberg, R.H., Fisher, S.K. and Anderson, D.H.
(1980) Disc morphogenesis in vertebrate photo-
receptors. Journal of Comparative Neurology, 190,
501-18.

Stenkamp, D.L., Iuvone, P.M. and Adler, R.
(1994) Photomechanical movements of cultured
embryonic photoreceptors: regulation by exo-
genous neuromodulators and by a regulable
source of endogenous dopamine. Journal of
Neuroscience, 14, 3083-96.

Stiemke, M.M., Landers, R.A., Al-Ubaidi, M.R.,
Rayborn, M.E. and Hollyfield, J.G. (1994)
Photoreceptor outer segment development in
Xenopus laevis: influence of the pigment epithe-
lium. Developmental Biology, 162, 169-80.

Tamai, M., Tierstein, P., Goldman, A. et al. (1978)
The pineal gland does not control rod outer
segment shedding and phagocytosis in the rat
retina and pigment epithelium. Investigative
Ophthalmology and Visual Science, 17, 558-62.

Terman, J.S., Remé, C.E. and Terman, M. (1993)
Rod outer segment disk shedding in rats with
lesions of the suprachiasmatic nucleus. Brain
Research, 605, 256-64.

Thomas, K.B. and Iuvone, P.M. (1991) Circadian
rhythm of tryptophan hydroxylase activity in
chicken retina. Cellular and Molecular Neurobio-
logy, 11, 511-27.

Thomas, K.B., Tigges, M. and Iuvone, P.M. (1993)
Melatonin synthesis and circadian tryptophan
hydroxylase activity in chicken retina follow-
ing destruction of serotonin immunoreactive

54

amacrine and bipolar cells by kainic acid. Brain
Research, 601, 303-7.

Tierstein, P.S., Goldman, A.Il. and O’Brien, P.].
(1980) Evidence for both local and central
regulation of rat rod outer segment disc shed-
ding. Investigative Ophthalmology and Visual
Science, 19, 1268-73.

Travis, G.H. (1991) Molecular characterization of
the retinal degeneration slow (rds) mutation in
mouse. Progress in Clinical and Biological
Research, 362, 87-114.

Underwood, H., Siopes, T. and Barrett, R.K.
(1988) Does a biological clock reside in the eye
of quail? Journal of Biological Rhythms, 3, 323-31.

Underwood, H., Barrett, R.K. and Siopes, T.
(1990) The quail’s eye: a biological clock. Journal
of Biological Rhythms, 5, 257-65.

Vale, R.D., Schnapp, B.]J., Mitchison, T. et al.,
(1985) Different axoplasmic proteins generate
movement in opposite directions along micro-
tubules in vitro. Cell, 43, 623-32.

Vuvan, T., Geffard, M., Denis, P. et al. (1993)
Radioimmunoligand  characterization and
immunohistochemical localization of dopamine
D, receptors on rods in the rat retina. Brain
Research, 614, 57-64.

Wagner, H.-J. and Behrens, U.D. (1993) Micro-
anatomy of the dopaminergic system in the
rainbow trout retina. Vision Research, 33, 1345-
58.

Welsh, J.H. and Osborne, C.M. (1937) Diurnal
changes in the retina of the catfish, Ameiurus
nebulosus. Journal of Comparative Neurology, 66,
349-60.

Whelan, J.P. and McGinnis, J.F. (1988) Light-
dependent subcellular movement of photo-
receptor proteins. Journal of Neuroscience
Research, 20, 263-70.

Wiechmann, A.F. and Craft, C.M. (1993) Local-
ization of mRNA encoding the indolamine
synthesizing  enzyme,  hydroxyindole-O-
methyltransferase, in chicken pineal gland and
retina by in situ hybridization. Neuroscience
Letters, 150, 207-11.

Wiechmann, A.F. and O’Steen, W.K. (1992) Mel-
atonin increases photoreceptor susceptibility to
light-induced damage. Investigative Ophthal-
mology and Visual Science, 33, 1894-902.

Wiechmann, A.F. and Wirsig-Wiechmann, C.R.
(1991) Localization and quantification of high-



affinity melatonin binding sites in Rana pipiens
retina. Journal of Pineal Research, 10, 174-9.

Wiechmann, A.F., Kyritsis, A.P., Fletcher, R.T.
and Chader, G.J. (1990) Cyclic AMP and
butyrate modulate melatonin synthesis in Y79
human retinoblastoma cells. Journal of Neuro-
chemistry, 55, 208-14.

Williams, D.S. (1991) Actin filaments and photo-
receptor membrane turnover. BioEssays, 13,
171-8.

Witkovsky, P. and Dearry, A. (1991) Functional
roles of dopamine in the retina, in Progress in
Retinal Research, Vol. 11 (eds N.N. Osborne and
G.J. Chader), Pergamon, Oxford, pp. 247-92.

Yoshida, K., Kawamura, K. and Imaki, J. (1993)
Differential expression of c-fos mRNA in rat
retinal cells: Regulation by light/dark cycle.
Neuron, 10, 1049-54.

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

Young, R.W. (1976) Visual cells and the concept of
renewal. Investigative Ophthalmology, 15, 700-25.

Young, R.W. (1978) The daily rhythm of shedding
and degradation of rod and cone outer segment
membranes in the chick retina. Investigative
Ophthalmology, 17, 105-16.

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

Young, R.-W. and Droz, B. (1968) The renewal of
protein in retinal rods and cones. Journal of Cell
Biology, 39, 169-84.

Zarbin, M.A., Wamsley, J.K., Palacios, ].M. and
Kuhar, M.]. (1986) Autoradiographic localiza-
tion of high affinity GABA, benzodiazepine,

References

dopaminergic, adrenergic and muscarinic
receptors in the rat, monkey, and human
retina. Brain Research, 374, 75-92.

Zawilska, ]J. and Iuvone, P.M. (1989) Catechol-
amine receptors regulating serotonin N-acetyl-
transferase activity and melatonin content of
chicken retina and pineal gland: D,-dopamine
receptors in retina and alpha-2 adrenergic recep-
tors in pineal gland. Journal of Pharmacology and
Experimental Therapeutics, 250, 86-92.

Zawilska, ]J.B. and Iuvone, P.M. (1992) Melatonin
synthesis in chicken retina: effect of kainic acid-
induced lesions on the diurnal rhythm and
D,-dopamine receptor-mediated regulation of
serotonin N-acetyltransferase activity. Neuros-
cience Letters, 135, 71-4.

Zawilska, ]J.B. and Nowak, J.Z. (1990) Calcium
influx through voltage-sensitive calcium chan-
nels regulates in vivo serotonin N-acetyl-
transferase (NAT) activity in hen retina and
pineal gland. Neuroscience Letters, 118, 17-20.

Zawilska, ]J.B. and Nowak, J.Z. (1992) Regulatory
mechanisms in melatonin biosynthesis in
retina. Neurochemistry International, 20, 23-36.

Zawilska, J.B. and Nowak, ]J.Z. (1994) Does D,
dopamine receptor mediate the inhibitory effect
of light on melatonin biosynthesis in chick
retina. Neuroscience Letters, 166, 203-6.

Zawilska, J.B., Kazula, A., Zurawska, E. and
Nowak, J.Z. (1991) Serotonin N-acetyl-
transferase activity in chicken retina: in vivo
effects of phosphodiesterase inhibitors, fors-
kolin, and drugs affecting dopamine receptors.
Journal of Pineal Research, 11, 116-22.

Zucker, C.L. and Dowling, J.E. (1987) Centrifugal
fibers synapse on dopaminergic interplexiform
cells in the teleost retina. Nature, 330, 166-8.

55



3

Determinants of visual
pigment spectral location
and photoreceptor cell

spectral sensitivity

ELLIS R. LOEW

3.1 INTRODUCTION

What factors determine where the visual
pigments of an animal will be spectrally
located? This question remains a stimulus for
scientific speculations and investigations
today as it has for the last 120 years (see
historical reviews in Crescitelli, 1991a,b). In
the early 1970s, the umbrella term ‘Visual
Ecology’ was coined to define more formally a
specific approach to this and similar
questions (e.g. why do animals have the
number of visual pigments they do? or why
do photoreceptor cells look the way they
do?), which always take into account the
visual tasks of an animal within a given
photic environment.

A subdiscipline of visual ecology con-
cerned specifically with visual pigment spec-
tral location was born from studies that
attempted to correlate the spectral location of
extractable visual pigments (almost exclus-
ively from rods) with the characteristics of the
photic environment (see review in Munz and
McFarland, 1975, 1977). With the develop-
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ment of microspectrophotometry (MSP) this
approach was extended to cones with some
success (Loew and Lythgoe, 1978, 1985;
Levine and MacNichol, 1979; Lythgoe, 1991;
Lythgoe and Partridge, 1989, 1991; Partridge,
1990; see Bowmaker, 1991). Almost all of
these survey data are for fish, although some
data both for visual pigments and oil droplets
in birds (Partridge, 1989; Varela et al., 1993)
and reptiles (Crescitelli, 1991a) are available.
A number of excellent reviews covering the
evolution and ecology of visual pigments,
particularly as regards colour vision, from the
molecular to the environmental have been
published over the past four years (Appendix
1). The aims of this chapter are instead to
review the photochemistry of visual pig-
ments as it relates to photoreceptor cell
spectral sensitivity, outline the biophysical/
biochemical mechanisms providing the varia-
tion upon which selection can act to shift and
locate visual pigments and photoreceptor cell
spectral sensitivity, and present some of the
as yet unexplained aspects of visual pigment
spectral sensitivity placement.
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3.2 PHOTOCHEMICAL
CONSIDERATIONS

The most fundamental law of vision, and
photobiology in general, is that only those
photons absorbed are effective in stimulating
a photic process. This means that for retinal
photoreceptor cells, the photochemical
properties of the contained visual pigment
set the fundamental limit on photon capture
probability and, therefore, visual perception.
The only way to characterize a visual pigment
in this context is to measure its light-
absorbing properties. Ideally, this measure-
ment should be made on single molecules,
but this is obviously impossible. Rather, the
properties of single molecules must be
deduced from measurements of numerous
molecules in solution or in situ. The methods
of extraction- and microspectrophotometry
(MSP) have been covered in depth by Dart-
nall (1957) and Knowles and Dartnall (1977)
along with the photochemical principles
needed for proper data analysis and pre-
sentation. For this discussion, the following
terminology of Knowles and Dartnall (1977)
has been adopted. Absorption is the algebraic
difference between the number of quanta
incident on a solution or photoreceptor cell
and the number exiting along a parallel path.
The fractional absorption (the absorption
divided by the number of incident quanta)
is the absorptance. Absorbance (some-
times called optical density, density or extinc-
tion) is the log;, of the number of quanta
incident divided by the number of quanta
exiting. Variations of these with wavelength
yield absorptance or absorbance spectra. The
shape of an absorbance spectrum normal-
ized to its peak is concentration independent
and thus is representative of single mol-
ecules.

A visual pigment is characterized not only
by the shape of its normalized absorbance
spectrum but also by its photosensitivity,
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where photosensitivity is the product of
the extinction coefficient and the quantum
efficiency of bleaching (Dartnall, 1957;
Knowles and Dartnall, 1977). Thus, photo-
sensitivity is a measure of photochemical
bleaching under defined conditions and is
directly related to the probability that a
photon will be absorbed (the effective re-
action cross-sectional area). Rhodopsin solu-
tions follow the Beer-Lambert laws, and the
quantum efficiency for bleaching is essen-
tially independent of wavelength (above
430 nm), concentration, temperature and pH,
being approximately 0.67 for rhodopsins and
0.64 for porphyropsins (Dartnall, 1968). Com-
parisons between photosensitivity measure-
ments made at different wavelengths and the
absorbance spectra for rhodopsin are coinci-
dent for wavelengths above 430 nm (Dartnall,
1957), meaning that the extinction coefficient
varies exactly as the absorbance spectrum.
Thus, the probability that a photon of a given
wavelength will be absorbed can be obtained
directly from the absorbance spectrum, and
photons having the same probability of
absorption will have the same photochemical
effect (i.e. produce the same photoreceptor
cell response) regardless of their wavelength.
This is known as the Principle of Univar-
iance.

As mentioned, the probability that any
single molecule of visual pigment, whether in
solution or in a photoreceptor cell, will
absorb a photon at a particular wavelength
falling within its capture cross-section is
predicted by the normalized absorbance
spectrum and is concentration and path-
length independent. However, the prob-
ability that a photon will encounter a visual
pigment molecule on its passage through a
solution or photoreceptor cell is predicted by
the absorptance spectrum. The term ‘axial
density’ is often used for photoreceptor cells
and is the absorptance for a photoreceptor of
known length along its optic axis. The more



concentrated the pigment and the longer the
pathlength, the greater the probability of
absorption.

One consequence of this concentration-
and pathlength-dependence is that as either
increases, the total fraction of photons
absorbed increases and the absorption spec-
trum becomes broader. In the limit of a single
molecule, the absorbance and absorptance
spectra are identical. For an infinitely concen-
trated or long photoreceptor, all photons
would be absorbed and the cell would be
perfectly black over its spectral absorbance
range.

Vision proceeds directly from the absorp-
tion of photons that produce chromophore
isomerization leading to activation of the
visual pigment and transductional cascade.
Thus, it is the absorptance spectrum that
should predict the spectral sensitivity of a
photoreceptor cell, not the absorbance spec-
trum of its visual pigment. The more optically
dense the cell, the greater will be its luminous
sensitivity and the broader its spectral sensit-
ivity. This was first validated by Dartnall and
Goodeve (1937) who found that the calcu-
lated absorptance spectrum for rhodopsin in
the frog retina agreed with Granit’s electro-
physiologically derived frog scotopic spectral
sensitivity data much better than the nar-
rower rthodopsin absorbance spectrum (see
also Dartnall, 1953).

It is rarely possible to measure the actual
absorption of visual photoreceptors in situ.
Rather, the axial density is calculated from
the specific absorbance of the pigment
(optical density per unit path in micro-
meters), and measurements of outer segment
length. In innumerable cases, the absorption
spectra calculated this way has been fitted to
presumed photoreceptor spectral sensitivities
or visual system action spectra quite well.
However, this has not always been the case.
In fitting human psychophysical data to
visual pigment absorption curves for rods

Photochemical considerations

and cones, calculated from MSP absorbance
data modified by the contributions of pre-
receptoral filtering, it was found that the CIE
(Commission Internationale de I’Eclairage)
scotopic (rod) sensitivity was narrower than
the absorptance spectrum (Bowmaker and
Dartnall, 1980). Instead, this CIE curve was
best fitted by the absorptance spectrum calcu-
lated for zero pathlength, that is, the absorb-
ance spectrum. Since the absorbance and
absorptance spectra are essentially identical
for densities less than 0.1 (Dartnall, 1957),
this sets a limit on the ‘effective’ length of
human rods at less than 6.6 um, assuming a
specific density of 0.015 (Bowmaker and
Dartnall, 1980; based their absorption calcula-
tions on a peak axial density of 0.475).

The explanation for this discrepancy
remains obscure, particularly as this match-
ing process worked well for human cones.
The suggestion by Bowmaker and Dartnall
(1980) that only the portion of the rod outer
segment close to the inner segment is visually
effective helps, but is not sufficient. Neither
is the idea that only a small proportion of the
visual pigment present in a human rod is
capable of initiating the events leading to
transduction. It is better to suppose in this,
and perhaps other cases, that the effective
axial density is not strictly predicted by
transverse specific density estimates and
photoreceptor cell length. Structural and
waveguiding properties, to be discussed
below, may also influence photon absorption
and, therefore, the magnitude of the axial
density.

Theoretically, photoreceptor quantum
catch could be increased by evolving visual
pigments having greater photosensitivity,
increasing visual pigment concentration per
unit distance, or increasing outer segment
length. Of these three, the latter seems to be
the most prevalent solution. However,
increasing absorptance to increase sensitivity
is not without other consequences. First, the
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‘dark’ noise produced by spontaneous
thermal isomerizations of visual pigment will
increase in proportion to the concentration of
pigment thereby degrading signal detection
capabilities (Barlow, 1964, see Lythgoe, 1988).
Second, the absorptance spectrum will flatten
out which will decrease hue discrimination if
the photoreceptor is part of a colour vision
mechanism. In fact, it may be necessary to
keep the axial density of cones low, and their
outer segments short, to preserve this func-
tion.

All of the above considerations have been
directed at the main, or the a-absorbance
band. However, visual pigments show sub-
stantial absorbance (never less than about
20%) on the short-wavelength side of the
a-band peak well into the ultraviolet (UV)
(Abrahamson and Japar, 1972; Abrahamson
and Wiesenfeld, 1972; Morton, 1972). There
is a large, visually ineffective protein absorb-
ance due to aromatic amino acids at 278 nm,
and a B-band in the near-UV due to the
chromophore. For rhodopsin, the B-band
peaks between 350 nm and 370 nm, and
represents a higher energy state of the visual
pigment. Its maximum absorbance is about
30% of the a-peak, due probably to a smaller
extinction coefficient (Abrahamson and Wie-
senfeld, 1972). Since the a-band electron
transitions overlap those responsible for the
B-band (Abrahamson and Japar, 1972, Abra-
hamson and Wiesenfeld, 1972), it could be
that it is only the a-band tail absorbance that
has the most visual relevance. Nevertheless,
photons absorbed in the B-band region
bleach visual pigment in the usual way
and can presumably be visually effective
(Dartnall, 1957; Knowles and Dartnall, 1977).
Unfortunately, the presence of photo-
products and other ‘contaminants’ make
matching of spectral sensitivity curves and
absorption spectra unreliable in this spectral
region. Consequently, the question of B-band
efficacy temains open.
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3.3 SPECTRAL TUNING OF
PHOTORECEPTOR CELL SPECTRAL
SENSITIVITY

Photoreceptor cell types can be defined by
their spectral sensitivity, the mechanisms
responsible for this sensitivity and their
biochemical/biophysical characteristics. Any
mechanism altering spectral sensitivity can
act as a selective focus. In an evolutionary
sense it is not necessarily important how this
spectral sensitivity is achieved. As with all
adaptive processes, there must be some
phenotypic polymorphism within the popu-
lation as a whole upon which selection can
act. The main determinant for selection will
be the conferring of a fitness advantage to
some variant(s).

A number of mechanisms are available by
which animals can alter or tune the spectral
sensitivity of their visual photoreceptors.
These are not only the mechanisms respons-
ible for ‘classical’ spectral differences seen
between, say, red- and blue-sensitive cone
classes, but also those producing small differ-
ences within the spectral types that lead to
class polymorphism within an animal or a
group. Phenotypic variation of visual photo-
receptor cell spectral sensitivity may result
from the following.

1. Opsin differences which originally derive
from random assortment or gene mutation
(i.e. amino acid sequence alterations) and
possible differences in post-translational
modification of the expressed opsins.

2. Variation in the expression and/or activity
of the enzymes involved in chromophore
synthesis and/or cycling.

3. Variation in pathways responsible for
regulating the ionic environment in and
around the photoreceptors.

4. Variation in the synthetic and/or regu-
latory pathways responsible for inner
segment absorptive or scattering filter
production and location.
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5. Variation in the structural genes respons-
ible for photoreceptor cell size and shape.

The phenotype of an individual may be
determined at conception and show little
variation throughout life, or there may be
much variation which is either random
among retinal cells or shows definite life-
cycle correlations. Since a given animal may
have demonstrable variation of more than
one of these factors, the potential for tuning
is great. How ‘fit’ a given individual will be
and how much variation may exist in a
population will, of course, be determined by
the selective pressures acting on spectral
sensitivity.

3.3.1 OPSIN TUNING

Primary structure (i.e. amino acid sequence)
differences between opsins are the classic
explanation for visual pigment absorbance
differences among photoreceptor cell classes
(see historical treatment in Knowles and
Dartnall, 1977). Whereas the protonated
Schiff base linkage between the opsin and the
chromophore (assumed here to be retinal-
dehyde) produces a spectral shift out of the
ultraviolet (360 nm peak) and into the blue
(430 nm peak), conferring ‘color” to the visual
pigment, it is the 3-dimensional energy state
around this bond and within the hydropho-
bic chromophore ‘pocket’ that is responsible
for further red-shifting. Amino acid substitu-
tions at sites far from this pocket may
influence spectral position through long-
range interactions, and certainly counter-ion
position will also have effects. In some cases,
it appears that a very small set of amino acids
at defined positions may be responsible for
most, if not all, spectral tuning (Bowmaker,
1991; Tovee, 1994). It is not necessarily the
case that each spectral state of an opsin is
achieved by a single amino acid sequence -
different sequences may produce isochromic
visual pigments. Thus, rods and cones may

have the same absorbance spectrum, but
differ substantially in the primary sequence
of their opsins in the region of the binding
pocket.

Before the introduction of quantitative
MSP and modern molecular biological tech-
niques, it was widely believed that there was
little, if any, variation in the wavelength-
determining domain of an opsin expressed
by a given class of photoreceptor within a
species. Any variation seen was put to experi-
mental error, A;/A, chromophore mixing,
photoproduct contamination or the presence
of other retinal isomers (see discussion in
Knowles and Dartnall, 1977). The implication
from this belief in invariability was that the
spectral position of a visual pigment was so
critical, that any variation was maladaptive
and quickly selected against. However, if
there was no variability, what did selection
act upon to shift A ,, when it was adaptive to
do so? The first paper to suggest that there
was, indeed, opsin variability capable of
producing small spectral shifts within a
single class of photoreceptor came from in
situ and MSP measurements on frogs (Bow-
maker et al., 1975). It had already been shown
that the A, of extracted and in situ rhod-
opsin could differ by as much as 3 nm in a
given animal (Bowmaker, 1973), but varia-
tions between animals of up to 8 nm were
totally unexpected; such variation was never
seen within the rods of a single animal.

The idea of intraspecific spectral differ-
ences in separate photoreceptor cell classes
was tested again with the behavioral and
MSP data from primates (see review of early
work in Mollon et al., 1984; also see Tovee,
1994). For example, Jacobs et al. (1981) found
a bimodal distribution of long-wavelength
sensitivity in squirrel monkeys that corre-
lated with polymorphic visual pigments in
the red-sensitive receptor mechanism with
A Values varying by about 20 nm; the
cluster wavelengths were at 552 nm and
568 nm. It is now well established that there
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are many amino acid substitutions that can
produce spectral shifts in A, while still
meeting the requirements for a functional
visual pigment. This area is covered extens-
ively in Chapter 4.

One last area for discussion here is the
concept of visual pigment ‘clustering’. Dart-
nall and Lythgoe (1965) considered the
question of whether visual pigments were
continuously tunable, or whether there were
constraints on the A\, position that a visual
pigment could attain. This could have
obvious evolutionary consequences. A histo-
gram of visual pigment A, values for the
rhodopsins or porphyropsins from all verte-
brates examined to that date indicated that
there were certain preferred spectral
locations or clusters. The distance between
clusters was approximately 6 nm for rhod-
opsins and 12 nm for porphyropsins. The
model proposed to explain that this phenom-
enon involved discrete charge interactions
along the length of the chromophore separate
from those at the Schiff’s base — that is, opsin
tuning (Dartnall and Lythgoe, 1965). More
recent examination of data from deep sea fish
using frequency domain analysis, and mam-
malian data also support spectral clustering
(Partridge et al., 1989; Jacobs and Neitz, 1985;
Jacobs, 1993). Although this type of inter-
specific analysis is suggestive, the fact that
there are still A, values falling between
cluster points leaves the question of continu-
ous tunability for opsins within a given
species or individual unanswered. Restating
the side-chain interaction model of Dartnall
and Lythgoe (1965) in more contemporary
terms, one can ask whether the amino acid
substitutions known to be involved in spec-
tral tuning and intraspecific polymorphism
interact to shift A\, in discrete steps. The
answer would appear to be ‘yes’. In attempt-
ing to rationalize the spectral positions of
primate red- and green-sensitive cones in
terms of specific amino acid substitutions,
Neitz et al. (1991) came to the conclusion that
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spectral shifts occurred in discrete steps.
Their model involved amino acid substitu-
tions (hydroxyl-bearing for non-polar resi-
dues) at three positions (180, 277 and 285)
which produced spectral shifts of 5.33, 9.5
and 15.5 nm. The actual \,, of a pigment
produced by different opsins is determined
by simple summation of the sequence differ-
ences at these three locations. In this model,
the minimum shift possible by a single amino
acid substitution would be 56 nm, remark-
ably similar to the distance between inter-
specific clusters! The 5 nm minimum also
seems to hold for invertebrates like octopus
(Morris et al., 1993). Whether this ‘rule of five’
holds for all visual pigment tuning at the
primary structure level remains to be seen.

3.3.2 CHROMOPHORE TUNING

The A\, of a visual pigment depends not
only on the structure of the opsin, but also on
the form of vitamin A — aldehyde used as the
chromophore. The four naturally occurring
retinaldehydes used for visual pigment syn-
thesis are retinaldehyde (A,), 3,4-didehydro-
retinaldehyde (A,), 3-hydroxyretinaldehyde
and 4-hydroxyretinaldehyde. For the same
opsin, substitution of the chromophore
results in a spectral shift. The 3-hydroxy-
retinaldehyde chromophore is found only in
insects where it is always associated with
short-wavelength-sensitive pigments (Smith
and Goldsmith, 1990; see Goldsmith, 1990).
The 4-hydroxy form has only been found in
the firefly squid, Watasenia scintillans, and
produces a blue-shift when substituted for
retinaldehyde in bovine rhodopsin (Kito et al.,
1992).

In vertebrates, it is A, — A, substitution that
is most widely used for spectral sensitivity
tuning. The A; chromophore produces rhod-
opsin and iodopsin, whereas A, produces
porphyropsin and cyanopsin (see Crescitelli,
1972 for historical treatment). Substitution of
A, for A, produces a red-shift in the absorb-
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ance spectrum of the visual pigment. The
amount of this shift depends on the spectral
location of the A, parent pigment — the longer
the wavelength of the parent pigment, the
greater the shift with chromophore substitu-
tion. For 562 nm iodopsin, A, substitution
produced cyanopsin at 620 nm (Wald et al.,
1953). Interestingly, it was not until 12 years
later that MSP data from goldfish proved the
existence of cyanopsin (Marks, 1965). The
quantitative relationship between A,/A, pig-
ment pairs was first published by Dartnall
and Lythgoe (1965) and later refined by
Whitmore and Bowmaker (1989). A, substitu-
tion carries with it consequences other than a
spectral shift. The extinction coefficient is
less, the absorbance spectrum broader and
the visual pigment less thermally stable
(Bridges, 1972).

It was realized early on that the chromo-
phore used by vertebrates could be asso-
ciated with its environment. Freshwater
species or developmental stages utilized A,
whereas marine and terrestrial forms used A,
(see reviews by Bridges, 1972, and Beatty,
1984). The consequences were obvious —
freshwater forms could be more inherently
red-sensitive than marine/terrestrial forms.
As with any general rule, however, it is the
exceptions that often prove more interesting.
It is now known that deep-sea marine species
can synthesize A,-based pigments (Bow-
maker et al., 1988; see Partridge, 1990) as
can at least one fully terrestrial vertebrate,
the common chameleon Anolis carolinensis
(Provencio et al., 1992).

The utilization of A, or A, chromophore
need not be exclusive within a cell or across a
retina. Many species are known to incorpor-
ate mixtures of the two chromophores within
a single photoreceptor. In these cases the
mixture ratio will determine the spectral
sensitivity of the cell which can be truly
continuous between the pure chromophore
extremes. In some cases, such as certain
wrasses, the mixture ratio appears to be fairly

constant (Lythgoe, 1979). However, the more
usual situation is for the ratio to vary depend-
ing on the developmental stage, life history
or age. During downstream migration, anad-
romous or catadromous species switch from
A, to A, presumably as an adaptation to the
‘bluer’ marine environment. The switch is
reversed during upstream migration (see
extensive review in Crescitelli, 1972). In some
species, mixture variation can be seasonal
(Beatty, 1984). Lastly, there seems to be a
tendency for older, post-reproductive sal-
monids and cyprinids to ‘peg out’ in the pure
A, condition (E. Loew and H.J.A. Dartnall,
unpublished observations; Bridges, 1972).
The adaptive significance of chromophore
shifting remains conjectural. The simple idea
that animals in ‘redder’ environments utilize
A, to maximize sensitivity does not hold up
to scrutiny. Neither is there any real evidence
to show that in seasonally variable species
the time of increased retinal A, correlates
with a ‘redder’ environment or ‘red” visual
tasks.

The use of the A; or A, chromophore by a
photoreceptor appears to be non-selective in
all retinas except those of a few deep sea
species (Bowmaker et al., 1988; Partridge,
1990). It is the composition of the local
chromophore pool established by the retinal
pigment epithelium (RPE) that will determine
the chromophore ratio of contiguous photo-
receptors. This goes for both rods and cones
as they both draw from the same local
chromophore pool (Loew and Dartnall,
1976). Within the RPE there must be a specific
dehydrogenase for synthesizing the A, chro-
mophore from the A, form. The final ratio
will be established by the activity of this
enzyme as well as by a probable 3,4-
hydrogenase operating in the reverse direc-
tion (Bridges, 1972; Provencio et al., 1992).

It is likely that the selective pressures
favoring A, are applied at the photopic (cone)
rather than the scotopic (rod) level. In par-
ticular, it appears to be the red-sensitive
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photoreceptor mechanism that is targeted.
First, A, substitution for the long-wavelength
cone moves the animal’s spectral sensitivity
range into previously unavailable regions.
For example, a 625 nm A,-based visual
pigment can utilize the reflective edge of
chlorophyll above 730 nm at photopic levels
for contrast enhancement (J. Lythgoe and E.
Loew, unpublished calculations). A similar
argument for spectral sensitivity extension
may also explain the use of A, by deep sea
fish (Bowmaker et al., 1988). It is noteworthy
that in the chameleon the sensitivity of the
‘red’ cone is shifted to 625 nm, whereas the
opsins of the other cones have been selected
so that their A, forms have A, values similar
to those found for pure A, lizards (Provencio
et al., 1992; E. Loew, unpublished obser-
vations). Second, small variations in chromo-
phore ratio can produce large variations in
sensitivity for the longer-wavelength cones.
Lastly, the action spectrum for the chromo-
phore shift produced by the action of light in
rainbow trout and the common shiner does
not match the rhodopsin spectrum, but peaks
above 550 nm suggesting photopic control
(Munz and McFarland, 1977).

It should be pointed out that just because
an animal does not use the A, chromophore
for visual pigment production does not mean
that this potential is genetically excluded.
Humans do not use A, and, in fact, appear to
have a powerful hydrogenase in the RPE that
converts any A, present into A, (see discus-
sion in Yoshikami et al., 1969). However,
vitamin A, is found in great abundance in
skin showing that the enzymatic pathways
for its production are in the human genome
(Torma and Vahlquist, 1990).

3.3.3 IONIC TUNING

Any change in the energy state of the opsin/
chromophore interaction may be expected to
affect the absorbance spectrum. Such
changes need not come about solely by
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amino acid substitution. The presence of ions
bound at or near the binding site or pocket
may also affect the energy state and produce
spectral shifts.

Crescitelli (1977) was the first to demon-
strate an ionochromic effect on visual pig-
ments. He found that extraction of the gecko
521 nm pigment in NaCl-free solution gave
instead a visual pigment at 483 nm. When
NaCl was added to this extract, the A,
shifted to 505 nm. The degree of red-shift was
concentration dependent and reversible.
Crescitelli (1977) demonstrated that the Cl™
was responsible for the effect and not the
cation. The ‘chloride effect’ could not be
demonstrated for rhodopsins that have very
hydrophobic binding pockets. However,
chicken iodopsin was found to be ClI™ sensit-
ive (Knowles, 1976). These findings clearly
support the presence of an anion-specific
binding site in the region of the protonated
Schiff base.

It now appears that the long-wavelength
pigments from a number of other species are
also Cl™ sensitive in situ (Novitskii et al., 1989;
Kleinschmidt and Hérosi, 1992). This also
holds for closely related pigments such as the
green/red pair in primates and may, in fact,
apply to all long wavelength-sensitive pig-
ments (Kleinschmidt and Hérosi, 1992). Spec-
tral shifts of up to 55 nm can be seen in some
cases. Other anions (e.g. NO,”, SO},
ClO,") can also shift A, in either direction
but it appears that only Cl1~ and Br~ produce
native pigment A __ values when bound to
opsin. On the assumption that the CI~
binding site on the long-wavelength opsin is
always saturated, which seems reasonable
given that the K, is one to two orders of
magnitude lower than the intracellular CI™
concentration (Kleinschmidt and Harosi,
1992), the above suggests that Cl~ binding
has been selected for as a tuning mechanism
in this class of pigments. In fact, it may be
that the only way to attain A\, values for
retinaldehyde-based pigments above 540 nm
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is via an ionochromic mechanism. This raises
some interesting questions concerning the
origins of the different cone classes. There is
also the possibility that anion concentration
can be used for rapid and gradual shifts in
A

max*

3.3.4 ABSORPTIVE TUNING

This results from the presence of inner
segment filter elements which can signific-
antly modify the spectral distribution of
photons reaching the outer segment. The
best example is the use of highly colored oil
droplets by reptiles and birds (see review in
Bowmaker, 1991). The filtering properties of
oil droplets are determined both by the
nature of the filtering molecule, almost
always a carotenoid, and its concentration.
Although it is not possible to obtain really
accurate absorbance spectra for oil droplets
in situ due to their often high optical density
(O.D. >20) and refractive problems, compar-
isons within species show little obvious varia-
tion among normal individuals (Partridge,
1989; Bowmaker 1991; E. Loew, unpublished
observations). However, carotenoid-stressed
individuals may show saturation decreases
that can progress to a colorless state (Meyer
et al., 1971, Bowmaker ef al., 1993). How this
affects fitness due to alterations in visual cap-
abilities is unknown, and in any case would
be difficult to assess as most carotenoid-
deficient animals suffer from other significant
health problems.

After examining the phylogenetic distribu-
tion of oil droplets and relating this to
ecotype, Walls (1967) proposed that oil drop-
lets appeared early in vertebrate evolution
along with hue discrimination. As a species
moved toward nocturnality, the density of
pigment in the oil droplets decreased and
eventually the oil droplet was lost. Once this
occurred, any descendants that moved toward
diurnality could not regain the droplets.

The function of oil droplets is presumed to

be improvement in hue discrimination by
spectral sharpening (Govardovskii, 1983;
Partridge, 1989; Bowmaker, 1991). This is a
pure photopic function linked directly to the
adaptive value of color vision. The position-
ing of the oil droplet absorptive edges would
be selected so that, together with the post-
droplet visual pigments, hue discrimination
in ecologically important spectral regions
would be enhanced. For example, subtle
differences in hue along the red and magenta
axes might signal fruit ripeness or carbohyd-
rate content to birds (Lythgoe, 1979).

Oil droplets are not the only inner segment
filters possible. In reptiles, one class of cone
contains a pigment, presumably a carot-
enoid, distributed diffusely throughout the
inner segment. Its density is much lower
than in an oil droplet and refractive effects
are minimal, but its function may be the
same. Mitochondrial cytochromes can also
act as filters if in high concentration along the
light path. This has been found in guppies
where at least some of the cone spectral
sensitivities are narrowed by cytochrome c in
the ellipsosome (MacNichol et al., 1978).

3.3.5 STRUCTURAL TUNING

Since the refractive index of photoreceptors is
different from that of the surrounding
medium, these cells can be expected to act as
optical waveguides. The fact that waveguide
modal patterns can be viewed at the tips of
the outer segments is direct evidence for this
process (Enoch and Tobey, 1981). This wave-
guiding shows wavelength selectivity so that
light reaching the outer segments has already
passed through a ‘structural filter’” (Enoch,
1963). The effect of such filtering is to shift the
photoreceptor’s absorptance and, presum-
ably its spectral sensitivity. The magnitude of
this filtering depends on many factors includ-
ing the refractive indices of all optical com-
partments, visual pigment density and cell
geometry. Calculations by Horowitz (1981),
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assuming a 500 nm rhodopsin in several
model cells, yield ‘blue-shifts’ of as much as
20 nm! Even without resorting to variations
in refractive indices, structural differences in
photoreceptor size, particularly radius,
should theoretically affect spectral sensitivity
— the smaller the radius, the greater the blue-
shift. It should be noted that along with this
shift is a decrease in absolute absorptance
and a broadening of the spectrum. There is
tremendous diversity in the size and shape of
retinal photoreceptors, not only between
species and individuals, but even within the
same retina. Although outer segment dia-
meter, length and shape can be rationalized
in terms of adaptations for quantum catch,
the same cannot be said for inner segment
metrics. The only realistic quantitative model
incorporating different inner segment shapes
is that of Rowe et al. (1994) done within the
context of birefringence due to waveguiding
by fish double cones (see also Harosi, 1981).
However, there is no unifying theory as to
why photoreceptors are shaped as they are.
And there is certainly no direct evidence that
there is significant spectral tuning using cell
shape or size changes alone. It is even
possible that any spectral tuning that would
arise by changes in geometry are offset by
refractive index changes so that any potential
structural filtering is negated. This whole
area remains virtually unexplored and cer-
tainly demands more attention.

3.4 ENVIRONMENTAL AND
ECOLOGICAL CONSIDERATIONS

3.4.1 THE SENSITIVITY HYPOTHESIS

This was the first, and is the most fundamen-
tal, of the hypotheses attempting to explain
the spectral location of visual pigments in an
environmental context. It is also the one for
which there is the most supporting evidence.
Since it deals with sensitivity, it is almost
always applied to the visual pigments of
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rods, although it can also be applied to cones
with less certainty (Lythgoe and Partridge,
1989, 1991). It states that scotopic visual
pigments will be spectrally located so as to
maximize quantal catch in the spectral
environment for which maximal sensitivity
and the visual tasks subserved by this
sensitivity are of greatest survival value (the
author’s emphasis). Although not particu-
larly obvious for broadband environments,
one would expect this hypothesis to be
testable in spectrally narrow, dim ones, such
as blue-shifted oceanic waters at depth. This
was proposed by Clarke (1936) and Bayliss et
al. (1936), although the latter authors failed to
find the expected blue-shift in their extract
data. Since that time, numerous studies have
confirmed the general idea that for oceanic
species, there is a blue-shift in the A\, of
the scotopic pigments correlated with hab-
itat depth (Figure 3.1 (Bowmaker, 1990, 1991;
Crescitelli et al., 1985; Denton, 1990)). The
apparent contradictory findings of long-
wavelength pigments in the rods of deep-sea
fishes can be resolved by taking into account
ambient bioluminescence or vertical migrat-
ory behaviors (Crescitelli et al., 1985; Denton,
1990).

Are all scotopic pigments located for max-
imal quantum catch? If so, what does this say
about the tight clustering of the rhodopsins
around 500 nm? The sensitivity hypothesis
would predict that this position would max-
imize quantal catch under night-time illum-
ination coming from the moon and stars.
However, spectroradiometric measurements
of the night-time sky show that there are
relatively more long-wavelength photons
present than in daylight. This means that in
switching between photopic and scotopic
systems (the ‘Purkinje shift’), the spectral
sensitivity of many vertebrates goes in the
wrong direction (Munz and McFarland,
1977). The sensitivity hypothesis does, how-
ever, apply if the twilight sky is considered
to be the selective illuminant. During this
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Figure 3.1 Relationship between \,,,, of the best match visual pigment for fish living at different depths
in various waters, and the wavelength of maximal transmission (i.e. penetration) for the particular
water. (a) Clear oceanic water has maximal transmission between 470 and 480 nm (vertical line). With
depth, the A, of the best match pigment decreases from about 530 nm to 480 nm. This is predicted by
the sensitivity hypothesis. The maximal transmission of the very red fresh water of Rancocas Creek,
New Jersey is shown. The long-wave pigments of fish from this water are in the region of 600-640 nm.
The lack of match is probably due to biophysical constraints on A,,,.

period there is substantial long-wavelength
absorption which shifts the quantal distribu-
tion towards the blue. The match between
the position of this absorptance and the long-
wavelength limb of 500 nm rhodopsin is quite
good. The ‘twilight hypothesis’ of Munz and
McFarland (1977) eliminates the enigma of
the Purkinje shift, at least qualitatively.

The sensitivity hypothesis applied to cones
is more tentative, but still operative in a
broad sense. For detection of objects at a
distance in water at either scotopic or photo-
pic light levels, a visual pigment matched to
the background spacelight is most adaptive

given the filtering characteristics of water (see
historical review of this idea in Munz and
McFarland, 1977). This holds for silhouette
detection against downwelling light at depth,
as well as shallow horizontal detection at a
distance. The cone extraction data of Munz
and McFarland (1975) and almost all MSP
surveys (Bowmaker, 1991) show that there is
always at least one cone type fairly well
matched, at least qualitatively, to the domin-
ant background spacelight. This also holds
for freshwater species where the long-
wavelength cone tends to track the ‘redness’
of the water (Lythgoe, 1979, 1991; Lythgoe
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Figure 3.1 (cont.) (b) For Lake Baikal, the visual pigment \_,,, shows a shift toward shorter wavelengths
with depth, as seen for oceanic species, but the estimated transmission maximum is around 550 nm.
This situation is in apparent violation of the sensitivity hypothesis.

and Partridge, 1989, 1991, E. Loew and ]J.
Lythgoe, unpublished observations).

An apparent contradiction to the above
‘rules’ occurs for the cottoid fish of Lake
Baikal (Bowmaker ef al., 1994). Both the rod
and cone pigments show a clear blue-shift in
A .« with depth as seen for oceanic species
(Figure 3.1b). However, the downwelling
light becomes greener, not bluer, with depth.
These freshwater species also use vitamin A,
as their visual pigment chromophore. The
sensitivity hypothesis can still be applied by
supposing that the ‘greening’ of Baikal is a
geologically recent event and the deep-water
fish are showing adaptations for the earlier,
‘bluer’ condition (J. Bowmaker, personal
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communication). This suggests that the deep-
water species are somehow maladapted in
their present environment and could be
excellent subjects for future fitness studies.
There is no doubt that the sensitivity
hypothesis is qualitatively correct. However,
the exact A\, of those pigments adapted for
sensitivity are subject to other pressures and
restrictions besides just quantum catch. Our
lack of knowledge about what is important
visually to most species, the spectral char-
acteristics of relevant targets, and the actual
spectral sensitivity of the visual photo-
receptors containing the visual pigment in
question limits our ability to employ the
sensitivity hypothesis in quantitative models.



3.4.2 THE CONTRAST HYPOTHESIS

Maximizing quantal catch in dim, spectrally
narrow environments by adjusting photo-
receptor absorption probability is expected of
any photoreceptor, be it plant or animal.
However, visual systems are concerned not
just with detecting the presence or absence of
environmental photons, but with two-
dimensional target detection. For this task
there must not only be sufficient photons
absorbed to produce a perceptual signal
above the background noise, but there must
also be adequate contrast between the target
and the background against which it is being
viewed. This applies for scotopic, single
pigment target detection as well as multi-
pigment detection or color vision systems.
For detection of an absorptive, dark or
silhouetted target against a spectrally filtered
background, a pigment matched to the
brighter background radiance will maximize
both detection and contrast. The same can be
assumed for a broadband reflective target
viewed at moderate distance in dim light
where detection is limiting (see discussion in
Lythgoe, 1968, 1972; and Munz and McFar-
land, 1977). This is the sensitivity hypothesis
applied to target detection problems. How-
ever, in brighter, photopic conditions where
quantal flux is not limiting, detection is less of
a problem than contrast. For a broadband
reflective (i.e. bright) target viewed against a
spectrally narrower background, contrast
may be improved by offsetting the visual
pigment A from the spectral peak of the
background. This will have the effect of
making the background appear darker and,
thus improve the contrast for the near-field,
broadband reflector. It is possible to calculate
the optimal spectral position for a visual
pigment that will maximize contrast under
these conditions as long as all necessary
spectral data are available (Lythgoe, 1968;
Munz and McFarland, 1977). These include
the spectral radiance of the target and back-
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ground, the optical characteristics of the
medium between the target and detector,
and the contributions from any pre-
photoreceptor filters. Rarely are all these
parameters available, but using reasonable
assumptions, Munz and McFarland (1977)
were able to calculate optimal offsetting for
pigments under different conditions, and
compare their results to the positions of
putative cone pigments for a number of coral
reef fish. Their results certainly support the
foundations of the hypothesis. For the di-
chromatic species in their sample, one visual
pigment was always matched to the back-
ground spacelight optimizing that photo-
receptor class for sensitivity and dark target
detection. The other visual pigment was
offset to a degree in rough agreement with
predictions of the model applied to the
particular species, and apparently maximizes
bright target contrast at the expense of
absolute detection.

The spectral positions of cone visual pig-
ments subserving color vision involve adjust-
ments presumed to maximize just noticeable
differences between relevant targets differing
in spectral reflectance against a range of
backgrounds and under various illuminants.
The necessity of dealing with both contrast
and signal-to-noise parameters for a system
that must handle both luminance and chro-
matic information can place conflicting
requirements on cone spectral position (Osorio
and Bossomaier, 1992) and make modeling
particularly difficult. However, mathematical
implementations of the contrast hypothesis
suitable for assessing the ability of various
pigment pairs to discriminate objects on the
basis of hue alone have been formulated and
applied (Lythgoe and Partridge, 1989, 1991;
Lythgoe et al., 1994). An example of this type
of modeling is seen in Figure 3.2 for the case
of fish living in the highly red-stained water
of Rancocas Creek in the New Jersey Pine
Barrens (E. Loew and J. Lythgoe, unpub-
lished observations). This water has a maxi-
mum spectral transmission in the region of
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Figure 3.2 Results from applying the computational model of Lythgoe and Partridge (1991) to the
visual situation in the deep red water of Rancocas Creek, NJ. The number in each cell is the number of
objects that can be discriminated by the combination of two visual pigment A ., values intersecting at
that cell. (a) For a gray object, the two ‘best’ visual pigments have A, around 620 nm (matching) and
470 nm (offset). (b) With spectral reflectance data for 30 ‘brown’ objects input into the model, and using a
discrimination threshold of 50%, the two best pigments peak in the region of 630 nm and 530 nm (see

text).
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740 nm. The question addressed by the
model is: what visual pigment pairs are best
able to distinguish between a number of
colored objects in a given photic environment
based only on their spectral reflectance? A
threshold of 50% discrimination is set, in this
case 15 out of 30 objects. The model uses the
spectral reflectances of the objects and the
radiance of the spacelight. Figure 3.2(a)
shows the case of the model applied to a
single ‘gray’ object. The model predicts a
pigment with A\, matching the spacelight
and one offset into the blue (a limit of 630 nm
was put on the available visual pigment A, ).
This is expected from the predictions of the
Contrast Hypothesis. When the model is
applied to 30 ‘brown’ objects collected from
Rancocas Creek, the graph in Figure 3.2(b) is
obtained. A matching pigment pushed as far
out into the red as possible, and a second
pigment having \_,, in the region of 520-540
nm is predicted. This is not far from what is
found in fish endemic to the Pine Barrens,
except that the N\ ,, of the second, ‘green’
pigment is somewhat longer than is actually
measured (E. Loew and J. Lythgoe, unpub-
lished observations). However when both
green and brown objects are used in the
model, a second pigment closer to 500 nm is
predicted. It is hard to assess the success of
these models since the number of assump-
tions needed due to lack of actual data is
great. However, they do yield results that are
qualitatively predictive of visual pigment
location in a number of dichromatic and some
trichromatic fish species (Lythgoe and Par-
tridge, 1991; Lythgoe, et al., 1994).

Models attempting to rationalize the spec-
tral position of the three cone pigments in
humans and other trichromats have also been
put forward (Goldsmith, 1990; Mollon, 1991;
Osorio and Bossomaier, 1992). These require
more simplifying assumptions concerning
chromatic variability of relevant targets and
backgrounds than needed for dichromatic
models. However, both the dichromatic

Environmental and ecological considerations

model of Lythgoe and Partridge (1989, 1991)
for fish and the trichromatic one of Osorio
and Bossomaier (1992) for humans give great
evolutionary significance to the need for target
discrimination against chlorophyll (both
positive and negative contrast), and simplify
the rest of the world into ‘broadband grey’
and ‘red-grey/brown-grey’ backgrounds.

Given the number of assumptions that
must be made when applying these models,
it is not surprising that they have generally
failed when used to try and predict which
visual pigments a given animal will actually
have under a given set of visual circum-
stances. The same can be said for techniques
adopted from remote sensing image analysis
which use principal components to deter-
mine which set of optical filter functions will
maximize target discrimination. True, we
lack the specific knowledge for any species
needed to test the models predictively, but
there could be something more fundament-
ally wrong. Perhaps the error is not in the
specifics used or assumptions made, but in
the belief that visual pigments measured
today will be optimally located in a given
species. Maybe the measured spectral sensit-
ivities represent adaptations to past visual
tasks and environments and are actually not
optimized at present, as suggested above for
the Baikal fish. Assuming that the present
environment remains stable in Baikal, could
we expect selection to ‘push’ the Baikal fish to
the calculated ‘optimal’ positions? Thus, in
the absence of a true measure of fitness
conferred on a given animal by its spectral
sensitivities, predictive failure of a model
does not necessarily mean that the assump-
tions and data are insufficient or that the
model is inherently wrong.

3.4.3 THE NOISE HYPOTHESIS

Fundamental to all detection systems is the
necessity of separating the signal from noise.
Some of the noise sources are external, such
as temporal and spatial uncertainties in pho-
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ton flux due to quantum statistics (Barlow,
1964; Falk and Fatt, 1972, Lythgoe, 1988;
Laming, 1991; Dusenbery, 1992). Others are
internal, such as membrane and synaptic
noise. However, for most animals studied,
the detection limit is set by photoreceptor cell
noise, in particular the thermal activation of
visual pigment (Barlow, 1988; Barlow et al.,
1993). This ‘dark noise” or ‘dark light” (Bar-
low, 1964) would be indistinguishable from
the normal photochemical activation of visual
pigment. Obviously, this limit must be taken
into account in any quantitative model based
on the sensitivity or contrast hypotheses.

One might expect that there would be
much selective pressure to minimize noise of
this type by favoring more thermally stable
molecular configurations. This could take the
form of selecting for particular opsins, or min-
imizing the formation of thermally unstable
visual pigment configurations resulting from
ionic or membrane lipid interactions affecting
the chromophore binding site (Barlow et al.,
1993). In either case, these attempts to
minimize noise might affect the spectral
location of the pigments via one of the
mechanisms outlined above (section 3.3).
That is, there might be a relationship
between spectral position of a visual pigment
and its thermal stability.

Although this idea is certainly not new,
and has been incorporated in explanations
for spectral clustering (Dartnall and Lythgoe,
1965) and noise minimization in vertebrate
rods associated with the use of 500 nm
rhodopsin (Falk and Fatt, 1972), formaliza-
tion of this idea into a ‘noise hypothesis’ for
spectral selection has only recently been done
by Govardovskii and his collaborators (Gov-
ardovskii, 1972; Donner et al., 1990; Firsov
and Govardovskii, 1990; and V. Govardov-
skii, personal communications). According to
this hypothesis, the spectral position for
scotopic pigments is not an adaptation for
spectral matching as predicted by the sensit-
ivity hypothesis (section 3.4.1), but rather an
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adaptation for noise reduction. Thus, the
prevalence of 500 nm rhodopsins in dim,
broadband spectral environments, and the
blue-shift seen in aquatic species with depth
is determined by noise minimization rather
than quantal catch maximization. The only
hard evidence for this is the finding by Firsov
and Govardovskii (1990) that there is a
minimum dark-noise for visual pigments
located around 500 nm, with increasing noise
as one moves in either spectral direction. The
noise hypothesis can explain the apparent
violation of the sensitivity hypothesis men-
tioned above for Lake Baikal fish.

Porphyropsins are inherently more ‘noisy’
than rhodopsins (Donner et al., 1990) and it
seems logical to suppose that in their evolu-
tionary quest for noise reduction, all scotopic
or ‘dim light” photoreceptors would use the
vitamin A; chromophore. However, the spec-
tral characteristics of the environment may
necessitate the use of porphyropsins. Firsov
and Govardovskii (1990) have calculated that
the signal-to-noise ratio in yellow water is
maximal for rods containing pigments with
Amax Detween 530 nm and 540 nm. It would
appear that the only way to achieve these
A . Values in rods is through the use of the
A, chromophore.

Even though the number of photons is not
limiting, and the photochemical bleaching
rate is usually far greater than that resulting
from thermal bleaching, photopic systems
must still cope with noise as this will certainly
limit luminous and color contrast. Here, the
noise hypothesis predicts that whereas qual-
itative spectral positioning is determined by
the simultaneous requirements of maximiz-
ing both contrast and sensitivity for particular
visual situation, exact spectral location would
be selected for minimal thermal noise. This
is a restatement of the cluster hypothesis.
Only experimental measurements of receptor
noise for a wide range of photoreceptor cell
spectral classes under physiological normal
conditions of pH, anionic concentration and



temperature can adequately test this hypo-
thesis.

3.5 CONCLUSIONS AND FUTURE
PERSPECTIVES

It is clear that there are many available
mechanisms upon which selection can act to
spectrally tune visual pigments, and many
hypotheses attempting to rationalize how
environmental and biophysical considera-
tions conspire to ‘push’ visual pigments to
particular spectral locations. Most of these
factors have been incorporated into predic-
tive models that have been qualitatively
successful in explaining why the visual pig-
ments of some species are spectrally located
where they are. However, there is no case
where it can be said with certainty why the
visual pigments are spectrally located exactly
where they are. Our level of ignorance about
visual pigment spectral constraints, the rel-
ative importance of all the potential tuning
factors, and, finally, what visual tasks are
most important to an animal in determining
fitness is too great at present.

Where should future studies be directed to
alleviate these deficiencies? Our ignorance as
to the exact molecular mechanisms underly-
ing spectral tuning is certainly temporary
given the almost exponential increase in the
number of reports appearing on this subject
each month. What is not clear is the extent to
which polymorphism is allowable within a
selective context. Certainly, red/green poly-
morphism in primates is evolutionarily toler-
ated, but is the same true for other species?
Or put another way, how wide is the
selectively neutral spectral band for a given
photoreceptor cell class. As previously men-
tioned, this speaks to the question of fitness,
and only studies on populations over many
generations can address these questions. Of
course, any question of fitness must be asked
within the context of relevant visual tasks.
Here is where field ecologists and animal
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behaviorists must concentrate their attention
as regards vision. Lastly, mathematical models
for fitness assessment must be refined and
made more easily manipulated. This will
require the application of newer spectro-
radiometric technologies along with state-of-
the-art visualization routines. In the end, we
are sure to understand why visual pigments
are spectrally located where they are, at least
for a few ‘simple’ systems like larval or deep-
sea fish. However, adequate modeling of
species, like man, with very complex visual
systems and behavioral repertoires is likely to
be a much more difficult task.
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Molecular biology of visual

pigments

SIMON ARCHER

4.1 INTRODUCTION

The vertebrate retina is a tissue that has
become adapted through evolution to act as
an efficient collector of photons of light. The
retina acts as a two-dimensional array detec-
tor that samples light from different points in
space within set time intervals, integrating
the signal and counting the frequency of
photon arrival. Cells in the neural retina
perform some initial processing and enhance-
ment on the captured image before it is
relayed to higher order processing areas in
the brain. One of the most astonishing
features of the retina is that, in performing
this function of converting a complex visual
scene into a neural representation, all of the
information initially passes via one type of
cellular membrane ‘receptor’, the so-called
‘visual pigments’. When visual pigments
were first extracted from the retina two
important characteristics were noted. One
formed the basis of the now largely aban-
doned visual pigment naming system and
concerned the fact that the visual pigments
were colored (i.e. rhodopsin, porphyropsin,
cyanopsin etc.). The other was that this
coloration soon bleached away in the light
and demonstrated that the visual pigments
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were the photosensitive component of the
retina.

The fact that visual pigments absorb light
selectively underlines another very important
function of the retina which is the color
coding of the image. Human beings have
been aware for some time that light can be
split up into its spectral components and our
varying sensitivity to different regions of the
spectrum forms the basis of our color vision.
We now know that our sensitivity to different
wavelengths is based on the existence of
three different classes of cone photoreceptor
in our retinas and that each of these contains
a visual pigment that samples light from a
different region of the spectrum. The dis-
tribution of these different cone types in the
retina ensures that the retinal array, or at
least part of it, not only detects luminance but
also distinguishes between wavelengths.

In the time since the first visual pigments
were extracted there has been great advance
in spectrophotometric techniques that now
allow the measurement of visual pigment
absorbance within single photoreceptors.
The ability to characterize the spectral absorb-
ance of visual pigments in single cells has
enabled the investigation of how visual
sensitivity in animals has become adapted to



Molecular biology of visual pigments

different environments, which has led to an
appreciation of the ecology of vision (Chapter
3). Very recently, we have begun to under-
stand how the structure of the visual pigment
molecule is responsible for absorbing light of
different wavelengths, and much progress
has been made from studying the molecular
biology of the human visual pigments where
there is a desire to explain both normal and
abnormal functions. There are also many
other vertebrates (and invertebrates) with
advanced color vision capabilities and many
of these possess visual pigments that have
sensitivities which are different from those of
humans. Molecular studies of visual pig-
ments from other vertebrates could explain
how the adaptation of visual sensitivity is
achieved. It is the purpose of this chapter to
explain the features of the photoreceptor
visual pigment molecule that are important
for converting photons of light into a neural
signal and to discuss how visual pigment
membrane receptors may have evolved to
become sensitive to many different light
wavelengths thus conferring visual adapt-
ability on the vertebrates that possess them.

4.2 THE GENERAL MOLECULAR
STRUCTURE OF VISUAL PIGMENTS

The photoreceptors in the vertebrate retina
can generally be divided into rods that
provide for scotopic, dim-light vision and
cones that are responsible for photopic,
bright-light vision. Both types of photorecep-
tor are made up of an outer segment, inner
segment, nucleus and synaptic body and the
two types of retinal photoreceptor have been
called collectively ‘rods’ and ‘cones’ because
the outer segments of each resemble these
forms. Apart from this shape difference and
the manner in which the outer segment
membrane folds, the outer segments of rods
and cones are very similar and are highly
adapted for the absorption of light photons.
Whereas the inner segment contains numer-
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ous mitochondria and other cellular machin-
ery, the outer segment is composed almost
entirely of folded membrane stacked along
the length of the outer segment with the
plane of the membrane perpendicular to the
axis of the cell (Figure 4.1a). This membrane
stack provides a large surface area through
which photons of light pass as they travel
through the photoreceptor. It is here that the
light-sensitive visual pigment molecules are
positioned, embedded in the outer segment
membrane in high density (Figure 4.1b). A
frog rod outer segment can contain around
10° visual pigment molecules (Saibil, 1986),
and one photon of light is sufficient to
isomerize one molecule which can, via ampli-
fication, generate a signal (Khorana, 1992).
Visual pigment molecules consist of a
protein, called ‘opsin’, coupled with a chro-
mophore. In vertebrates the chromophore is
a derivative of either vitamin A, (retinal) or
vitamin A, (3-dehydroretinal) which are pri-
marily manufactured from beta-carotene
ingested with food. The opsin protein and
the chromophore are bound by a Schiff’s base
at a specific lysine in the peptide. Various
analyses of the opsin protein structure (e.g.
proteolysis, antibody and lectin binding, X-
ray diffraction) have revealed that about 50%
of the protein is composed of regions that are
buried within the membrane connected by
regions that are outside the membrane (Har-
grave et al., 1983; Chabre and Deterre, 1989;
Hargrave and McDowell, 1992). Recent clon-
ing of opsin genes has also demonstrated that
there are seven hydrophobic amino acid
domains of roughly equal length separated
by shorter, more hydrophilic sections (Figure
4.5). This evidence strongly suggests that
opsin is a transmembrane protein with seven
membrane spanning, helical sections and
that on average the protein is 348 amino acids
in length with an overall mass of 40 kDa.
Bacteriorhodopsin is a proton pump found
in the membranes of some bacteria and is
structurally very similar to opsin. X-ray
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The general molecular structure of visual pigments

Figure 4.1 Schematic representation of the visual pigment molecule in situ. (a) The rod photoreceptor
cell is divided into outer segment (OS), inner segment (IS), nucleus (N), and synapse (S). The outer
segment contains numerous membrane disks stacked along its length. Light enters from the bottom of
the cell and travels vertically through it. (b) and (c) {(cytoplasmic view from above). The outer segment
disk membrane contains many visual pigment molecules. The seven transmembrane bundles of the
opsin component of the molecule are embedded in the membrane and connected by short protein loops.
The retinal chromophore (represented here as a simple bent line) lies in the plane of the membrane,

surrounded by the opsin transmembrane bundles.

diffraction measurements made with crystals
of that protein showed that the seven trans-
membrane domains surround the chromo-
phore which is buried in a central pocket
(Henderson and Schertler, 1990) and it is
likely that visual pigments have a similar
spatial structure in the membrane (Figures
4.1b, c and 4.2).

Visual pigments are members of the super-
family of G-protein coupled receptors that
includes the beta-adrenergic, muscarinic
acetylcholine and dopamine receptors (Hall,
1987 and Trumpp-Kallmeyer et al., 1992 give
discussion and model of group). The rho-
dopsin receptor protein has several distinct
domains: an N-terminal tail in the intradiscal
space, a C-terminal in the cytoplasmic space,
and seven transmembrane helices separated
by cytoplasmic and intradiscal loops (Figure
4.2). Specific functions have been assigned to
each of these domains and these will be
discussed in section 4.3. The current model

for the visual pigment molecule is one where
the seven helices of the opsin protein sur-
round the chromophore which lies horizon-
tally within the membrane (Figure 4.1c). The
chromophore is bound at a lysine residue in
the seventh helix but is believed to have
functionally important interactions with the
other helices (section 4.3). Upon absorption
of a photon of light, the chromophore iso-
merizes from an 1l-cis form to an all-trans
form. This isomerization causes some con-
formational change in the molecule which
allows the binding of the G-protein trans-
ducin to opsin which, in turn, initiates a
cascade of reactions that eventually leads to
the hyperpolarization of the cell membrane
(Chapter 5).

Visual pigments do not absorb light of only
one wavelength but instead have bell-shaped
absorbance curves with a broad wavelength
bandwidth (Figures 4.3 and 4.4). The wave-
length of maximum absorbance (\_,,) serves
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Figure 4.2 Plan view of the rhodopsin protein in
the membrane. There are seven hydrophobic
transmembrane segments (groups of angled lines)
and retinal is bound by the Schiff base at a lysine
in the seventh segment (labeled K). The coun-
terion (Glu 113) for the Schiff base is found in
segment three (box at base of segment). In the
cytoplasm there are four amino acid loops (labeled
C1-C4) connecting the transmembrane segments,
the fourth being formed by palmityolation at
cysteines 322 and 323. A Glu/Arg residue pair
important for G protein binding is located at the
boundary of loop C2 (boxed at top of segment
three). The main site of phosphorylation in the
carboxyl terminus (labeled C) is boxed (labeled
Ph). The three intradiscal loops are labeled I1-I3.
The structurally important disulfide bond between
cysteines 110 and 187 is shown by a line connect-
ing loop 12 and the base of transmembrane
segment three. The two sites of glycosylation in
the amino terminus (labeled N) are labeled G.

as a useful label for distinguishing visual
pigments with different wavelength sensitiv-
ities. The human cone visual pigments are
commonly described as absorbing in the
blue, green and red regions of the spectrum
but can be more accurately described as
having A, values of around 420, 530 and
560 nm (but see section 4.4 and Figure 4.3 for
more detail). Color vision requires at least
two visual pigments with overlapping ab-

82

sorbance spectra so that the output of one
photoreceptor can be compared to the other
thus coding the wavelength of light illumin-
ating both. Rod visual pigments in many
vertebrates have a A, around 500 nm
(Lythgoe, 1972, 1979; Lythgoe and Partridge,
1989).

Not all vertebrates have visual pigments
with the same A, values as humans and this
is especially true for aquatic vertebrates that
have been well studied and shown to be able
to adapt the sensitivity of their visual pig-
ments to the different types of colored water
they inhabit (Lythgoe and Partridge, 1989;
and Chapter 3). The A, of a visual pigment
can be altered by either substituting one
chromophore for another or by changing the
amino acid sequence of the opsin protein
(sections 4.3 and 4.4). Vertebrate visual
pigments are usually referred to as rhodop-
sins if they incorporate an A; chromophore,
or porphyropsins if they incorporate an A,
chromophore. The majority of land and
marine vertebrates examined possess rho-
dopsins in their photoreceptors whereas
many freshwater fish possess porphyropsins
(Lythgoe, 1979). Some fish that move
between marine and fresh water swap from
rhodopsin to porphyropsin (or have a chang-
ing mixture of both) in their retinas (Beatty,
1984). The switch from rhodopsin to por-
phyropsin is achieved by substituting one
chromophore with the other within the visual
pigment molecule (as can be demonstrated
by HPLC) and causes a long-wave directed
jump of around 25 nm for a rhodopsin of A .,
500 nm (Wood et al., 1992; Figure 4.4 and
Chapter 3). This change in \,,, is predictable
if the starting A, of the visual pigment is
known and a linear numerical relationship
exists that can predict this translation for any
wavelength (Lythgoe, 1979). Interestingly,
there appears to be a point around 465 nm
where no shift in A, occurs and below this
point the shift occurs in the opposite direc-
tion.



The general molecular structure of visual pigments
S.sciureus

1071
0971
081

06t
051
041
03¢
021
o1t

360 410 460 510 560 610 660
Wavelength (nm)

Normalized OD

H.sapiens
1.0

091
081t
071
061t
051
041
03t
02%t
011t
0 + + + + + -
360 410 460 510 560 610 660
Wavelength (nm)

Figure 4.3 The normalized optical density templates of the cone visual pigments typically found in
New World primates (this example, Saimiri sciureus, squirrel monkey) and Old World primates (this
example, Homo sapiens, human). Both species have a cone pigment with a similar blue sensitivity
(approximate M, values of 431 nm, S. sciureus, and 420 nm, H. sapiens). In the long-wavelength region
of the spectrum the squirrel monkey has three cone pigments with A, values around 538, 551 and 561
nm, whereas H. sapiens has two cone pigments with A, values around 530 and 557 nm. The two
systems are genetically very different. In the squirrel monkey there is one X-linked, long-wave opsin
gene locus and three alleles that give rise to the three observed visual pigments. That system produces
three male and three female dichromat phenotypes (the blue pigment plus any one of the long-wave
pigments) and, because of X chromosome inactivation, three female trichromat phenotypes (the blue
pigment plus any pair of the long-wave pigments). In humans there are two X-linked, long-wave opsin
genes (positioned next to each other) which means that males and females are normally trichromats. The
situation in humans is complicated by the fact that the X-linkage and misaligned recombination events
between the long-wave genes gives rise to a proportion of abnormal male long-wave phenotypes. These
include dichromats which lack one or other of the long-wave pigments and anomalous trichromats that
posses one or other of the long-wave pigments plus an anomalous pigment (not shown in figure) that
has a A, intermediate to those of the normal long-wave pigments. In addition the more red-sensitive
human long-wave pigment is polymorphic and can have a A, of 552 or 557 nm. See main text for more
detail and references.

Normalized OD
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Figure 4.4 Normalized optical density templates for the visual pigments involved in adaptive
mechanisms in four species of fish. In Scoperlarchus analis there may be a swap from a juvenile pigment
(Amax 505 nm (A,), line with diamond symbols) to an adult pigment (A, 444 nm (A,), line with square
symbols) and this probably involves a change in opsin gene expression (Partridge et al., 1992). In the eel,
Anguilla anguilla, several visual pigment changes can occur. Eel rods can contain a variable mixture of
two visual pigments (., 501 and 523 nm, lines with diamond and triangular symbols respectively) that
have the same opsin but differ in whether they contain an A, (former) or an A, (latter) chromophore.
This mixture is replaced by a single A; pigment based on a new opsin when eels migrate back to the deep
sea (Apax 482 nm, line with squares) (Wood and Partridge, 1993). When larval pollack (Pollachius
pollachius) move from shallow sea water to deeper water when they mature they change one of their cone
visual pigments from a violet-sensitive pigment (A, 420 nm (A,), line with squares) to a blue-sensitive
one (Ap, 460 nm (A;), line with diamonds). This change appears to be a gradual one involving the
substitution of one opsin with another (Shand et al., 1988). The long-wavelength cone pigment classes in
the guppy, Poecilia reticulata, have similar spectral sensitivities to the primate long-wavelength sensitive
pigments (.., 533 nm, line with squares, 543 nm, line with diamonds, and 572 nm, line with triangles,
all A)). Like the primates, guppies are also polymorphic for these pigments and individual fish can
posses any combination of the three and it is possible that the polymorphism in the guppy is based on
the differential expression of several different opsin genes (Archer and Lythgoe, 1990). See main text for
more details.

The possibilities open to an animal for
changing the spectral position of its A,
value by swapping chromophores are
limited. Another option is to somehow
modify the interaction between the protein
and the chromophore so that different wave-
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lengths of light are more or less effective at
producing the necessary isomerization of the
chromophore and the conformational change
in the molecule. It is now clear that this is the
mechanism that can explain the wide variety
of visual pigment \_,, values that are found



in vertebrates and the next section describes
what is presently known about how the
opsin amino acid sequence can determine
visual pigment sensitivity.

4.3 VISUAL PIGMENT STRUCTURE
AND FUNCTION

Progress in determining the structure and
function of rhodopsin has been aided by the
high density of visual pigment present in the
retina. Much of what has been learnt from
the structure of rhodopsin now forms a
model for other members of the GTP-binding
protein receptors and rhodopsin was the first
member of this family to have its gene
sequence (and hence protein sequence)
determined (Nathans and Hogness, 1983).
The rhodopsin molecule is composed of three
main domains: the membrane domain, the
cytoplasmic domain and the intradiscal
domain. In the following sections these
domains and their functions are discussed
(refer also to Figure 4.2).

4.3.1 THE MEMBRANE DOMAIN

The portion of the visual pigment that resides
in the membrane is almost certainly the most
important for determining the spectral sensit-
ivity function of the molecule. The seven
transmembrane sections of the opsin protein
form a pocket in which the chromophore lies
and interacts. It is the nature of this inter-
action that determines the visual pigment
sensitivity. Free, unprotonated retinal in a
methanol solution has an absorbance spec-
trum with a bell shape that resembles the
absorbance of the visual pigment. The A, of
the absorbance is 380 nm (Nathans, 1990a)
and the interaction between the chromo-
phore and the opsin protein must modify this
absorbance and shift the A, into the absorb-
ance range of the ultraviolet to far-red visual
pigments that are known to exist. One of the
main factors responsible for shifting the A,

Visual pigment structure and function

of retinal is the Schiff base that binds the
chromophore to the opsin (Nathans, 1990a).

The chromophore is bound by the Schiff
base at a particular lysine residue at roughly
the midpoint in the seventh transmembrane
helix, and this residue is conserved in all the
visual pigments that have so far been exam-
ined (Figure 4.5; Yokoyama, 1994). The Schiff
base is stabilized by a counterion which has
been shown to be a conserved glutamate
residue (Glu 113 in bovine rhodopsin) in the
third transmembrane segment (Sakmar et al.,
1989; Nathans, 1990a). Substitution of this
glutamate for glutamine shifts the normal
A nax Of bovine rhodopsin from around 500 nm
down to 380 nm. The A\, of the mutated
form can be shifted back up to around 500 nm
with the addition of protonating halides,
confirming the stabilizing role of the con-
served glutamate. In order for the negatively
charged side chain of the glutamate residue
to interact electrostatically with the lysine
Schiff base, transmembrane helices three and
seven must be in close proximity (Khorana,
1992) and this arrangement has been demon-
strated for the equivalent residues in bacterio-
rhodopsin (Henderson and Schertler, 1990;
Baldwin, 1993).

Protonation of free retinal in solution
moves the peak absorbance from 380 to
around 440 nm (Nathans, 1990a). The inter-
action between the chromophore and the
opsin protein produces the ‘opsin shift’
which moves the A, to other regions of the
spectrum. During transduction, the positive
charge at the Schiff base is delocalized and
the opsin shift in different visual pigments is
probably attributable to combinations of factors
that make delocalization more or less easy.
These factors must perturb the chromo-
phore/opsin interaction, altering the energy
difference between ground and excited states
and leading to a change in the absorbance
spectrum (Nathans, 1992). Changes in inter-
action between the chromophore and the
opsin in the binding pocket could be achieved
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in several ways. Increasing the distance
between the Schiff base and the counterion
would decrease their interaction and produce
a red shift. A second negative charge, in
addition to the counterion, placed some-
where along the polyene chain of the retinal
(the point charge model) could encourage
delocalization and cause a red shift in absorb-
ance. For mutants of bovine rhodopsin the
latter has been shown not to be effective
(Zhukovsky and Oprian, 1989; Nathans,
1990a, b) but its importance in other visual
pigments cannot be ruled out. Related to this
is the possibility that the UV sensitivity in the
zebrafish may be achieved by the presence of
a basic lysine amino acid in helix three that
could negate the effect of the counterion and
shift the absorbance back to around 360 nm
(Robinson et al., 1993). The presence of polar
or polarizable amino acids (in positions that
can interact with the polyene chain) could
also affect delocalization, and hydoxyl bear-
ing amino acid side chains appear to be
important in this respect (section 4.4). Visual
pigments that absorb maximally in the blue
region of the spectrum close to 440 nm may
have very little opsin shift due to chromo-
phore perturbation, whereas those absorbing
in the green or red regions of the spectrum
will show increasingly more. Examples of the
latter type of A\, tuning can be found in the
primates, including humans and these will be
discussed specifically in section 4.4.

As described, the absorbance of the visual
pigment is sensitive to the charge environ-
ment of the Schiff base counterion complex.
Recently it has been demonstrated that
anions in solution can also affect visual
pigment spectral tuning by interacting with
this charge complex (Kleinschmidt and Har-
osi, 1992; Harosi and Kleinschmidt, 1993; and
Chapter 3). It appears that short wavelength-
sensitive (UV, violet and blue sensitive
cones) and medium wavelength-sensitive
(rods and some green-sensitive cones) visual
pigments are insensitive to anion, whereas
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long wavelength-sensitive (green and red-
sensitive cones) visual pigments are anion
sensitive. The anion sensitive cone pigments
can have their A, shifted by up to 55 nm
depending on the anion applied. These cone
pigments may have a complex Schiff base
counterion like that found in bacteriorhodop-
sin where the complex is made up of three
charged residues (Marti et al., 1992). Wild-
type bacteriorhodopsin is anion insensitive
but if any of the three counterion residues is
mutated to an uncharged residue, then the
molecule becomes sensitive to anions which
can compensate for the charge loss (Marti
et al., 1992). Kleinschmidt and Harosi (1992)
proposed that anions can interact with the
counterion complex in anion sensitive cones
and that native tuning of these pigments is
achieved by the binding of CI™ at the com-
plex. CI” gives the maximum \,,, but
progressive blue shifts in A\, are observed
when CI” is removed or replaced with other
anions (e.g. nitrate). These observations are
obviously closely linked to the results
obtained with bovine rhodopsin where CI~
applied in solution can restore almost normal
spectral sensitivity in a mutant where the
counterion Glu 113 has been replaced with
GIn (Nathans, 1990a). Even though it is not
known how physiologically significant this
type of tuning is in general, it is evident that
the modification caused by anions can play
an important role in the A\, shift found in
some long-wavelength cone pigments.

4.3.2 THE CYTOPLASMIC DOMAIN

Once the visual pigment has absorbed light
and retinal has isomerized, the molecule
must somehow transfer the signal to the
other components of the transduction cas-
cade, and when this has occurred activation
must be terminated (Chapter 5 gives more
details). The cytoplasmic domain plays an
important role in both of these activities.
When rhodopsin is bleached it passes



through several distinct intermediates. Upon
absorption of a photon, isomerization of
retinal occurs in a matter of femtoseconds.
After several milliseconds, the intermediate
metarhodopsin II is formed and it is in that
form that the molecule transmits its signal to
the cytoplasmic cascade that culminates in
the hyperpolarization of the cell. Meta-
rhodopsin II is conformationally different
from rhodopsin and provides cytoplasmic
binding sites with altered configurations that
allow the binding of other proteins involved
in transduction (for review see Hargrave and
McDowell, 1992; and Chapter 5).

The first protein to bind and provide the
link between metarhodopsin II and the
cytoplasm is the opsin-coupled G-protein,
transducin. Transducin is a heterotrimeric
protein made up of a-, B- and y-subunits.
When transducin binds to metarhodopsin 11
it becomes activated. The a-subunit binds
GTP and dissociates from the By-component.
The activated a-subunit with bound GTP
then activates cGMP-phosphodiesterase and
the hydrolysis of cGMP that follows leads to
the closure of cGMP-gated channels in the
membrane and the associated hyperpolariza-
tion (for more details see Chapter 5).

Rhodopsin has three cytoplasmic loops
(labelled C1, C2 and C3 in Figure 4.2) that
connect membrane spanning helices and one
cytoplasmic loop (labelled C4 in Figure 4.2)
that connects the seventh helix with two
palmityolated cysteines attached to the mem-
brane (bovine Cys322 and Cys323). Loop C4
has been implicated in transducin binding
(Konig et al., 1989) but the true functional
significances of the loop and the palmityola-
tion sites are unclear, especially because cone
opsins do not appear to have them. Site-
directed mutagenesis has now demonstrated
that loops C2 and C3 are important for
transducin binding and activation (Franke
etal., 1992; Khorana, 1992). Large deletions in
loop C3 and smaller deletions in C2 do not
affect retinal binding. A large deletion in C2
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does affect retinal binding but normal bind-
ing can be restored by replacing the deleted
amino acids with unrelated amino acids.
These results indicate as expected, that, the
absolute size of C2 is critical for correct opsin
configuration but that the size of C3 is not so
important. The latter is not expected and may
mean that helices 5 and 6 are very close
together, or that the C3 loop is bigger than
thought. Deletions to C2 do not allow trans-
ducin activation, and opsin with amino acid
replacements in this loop also fails to activate
transducin suggesting that this loop and its
amino acid sequence are important for trans-
ducin activation. Similarly, all types of dele-
tion to C3 reduce or abolish transducin
activation depending on the exact position in
the loop. Transducin activity is more sens-
itive to mutations in regions of C3 closer to
the C terminus so this part of the loop is
supposed to be more interactive. Single
amino acid substitutions have also revealed
that a Glu/Arg charge pair, located in helix
3 close to the membrane boundary with
loop C2, is very important in transducin
interaction and is required for transducin
activation (Franke et al., 1992). The exact
positioning of this pair relative to the mem-
brane is somewhat unclear but it is worth
noting that this pair (or Asp/Arg and in
particular the Arg residue) is found in almost
all G-protein coupled receptors so far exam-
ined. It has been found that mutating the Glu
residue (bovine Glul34) of this pair to Gln
increases the activity of opsin in the absence
of a bound chromophore and this indicates
that the negative charge at the Glu residue is
important for stabilizing the inactive state of
the opsin (Cohen et al., 1993).

Once the visual signal has been transduced
via the G-protein, the activation is termin-
ated. Activation of the metarhodopsin II-
transducin complex involves phosphory-
lation by rhodopsin kinase and subsequent
binding of the protein ‘arrestin’. There are
several threonine and serine residues in the
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carboxyl terminus that become phosphory-
lated (McDowell et al., 1993). There are also
two threonine residues and a serine residue
in cytoplasmic loop C3 that also become
phosphorylated (Franke et al., 1992) and
cleavage of this loop reduces phosphory-
lation indicating that the C3 loop is also
important in rhodopsin kinase binding.
When metarhodopsin II has become phos-
phorylated then arrestin can bind to the
cytoplasmic domain and exclude transducin
thus terminating activation. Phosphorylation
of rhodopsin is important for the binding of
arrestin and there are carboxyl-terminal
domains in arrestin that bind specifically to
the phosphorylated form (Gurevich and
Benovic, 1992).

4.3.3 THE INTRADISCAL DOMAIN

Much of the correct functioning of rhodopsin
must rely on the opsin protein forming the
correct tertiary structure. A specific configu-
ration of opsin must be necessary to align
the seven helices in the correct positions to
form the interactive retinal binding pocket.
The membrane and cytoplasmic domains
obviously contribute to forming tertiary
structure. For example, the sections of hydro-
phobic residues that traverse the membrane
are important in determining how the protein
is inserted into the membrane (Hargrave and
McDowell, 1992) and the size of the cytoplas-
mic loops must have some influence on the
spacing of the helices. From the bacteriorho-
dopsin model (Henderson and Schertler,
1990; Baldwin, 1993) it is likely that a precise
rhodopsin structure is required for specific
interaction with the chromophore (although
this interaction must be adaptable to provide
different wavelength sensitivity). Whereas
the membrane and cytoplasmic domains
have other active functions, the intradiscal
domain appears to have a primary role in
maintaining correct structure (Doi et al.,
1990).
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The intradiscal domain of rhodopsin has
two glycosylation sites (Asp2 and Aspl5 in
bovine) in the N terminal region and these
sites are conserved in many opsins (Figure
4.5). There are also two cysteines (Cys110
and Cysl87 in bovine) that are highly con-
served among the opsins and in other G-
protein linked receptors. These two cysteines
have been shown to be essential for forming a
disulfide bond that is necessary for the
formation of a functional rhodopsin and it is
likely that the disulfide bond is important for
configuring the helices in the membrane
domain and the loops in the cytoplasmic
domain (Karnik and Khorana, 1990). Exten-
sive mutation studies on the residues of the
intradiscal domain have shown that almost
all deletions to the intradiscal loops (labeled
I1-I3 in Figure 4.2) gave rise to defective
phenotypes (Doi et al., 1990). A small number
of single deletions in loop 12 had no effect on
phenotype and these correspond to a small
section of residues in this loop that appear to
be completely unconserved among the
opsins and may have no functional or struc-
tural value other than spacing (in Figure 4.5
this section is obvious in the rod opsins and
corresponds to bovine residues 194-198). All
other mutants regenerate the rhodopsin
chromophore poorly or not at all and show
aberrant glycosylation. When these mutants
are expressed in tissue culture most of them
are retained in the endoplasmic reticulum
confirming that they are structurally defective
(Khorana, 1992).

4.4 THE GENETIC BASIS FOR
PRIMATE COLOR VISION AND COLOR
VISION VARIATION

Not surprisingly, the primate opsin genes
have been the most studied to date. These
studies have revealed mechanisms that give
rise to wavelength tuning and have proposed
models that account for the observed wave-



length sensitivity variation. The situation,
however, is far from resolved with the results
of some studies contradicting the findings of
others. One result seems clear, however: the
variation in visual sensitivity in humans may
be far more subtle than previously imagined
and more investigation is required before we
can completely appreciate the mechanisms
concerned.

4.4.1 COLOR VISION IN PRIMATES

As expected, visual pigment sensitivities
among the primates that have been studied
are very similar. Both Old World (catar-
rhines) and New World (platyrrhines) pri-
mates, in common with many land
vertebrates, have a rod pigment with a A,
close to 500 nm and a blue cone pigment with
a A, in the 420436 nm range (Tovee, 1994).
The groups differ, however, in the long-
wavelength cone pigments that they possess
(Figure 4.3). Old World primates (including
humans) normally possess a green and a red
sensitive cone pigment with A, values close
to 533 and 566 nm whereas New World
primates have the equivalent green and red
pigments and an additional long-wavelength
cone pigment with an intermediate A,
(Bowmaker et al., 1991; Tovee, 1994). Micro-
spectrophotometric and behavioral studies
have shown that the platyrrhines are sexually
dimorphic for long-wavelength visual pig-
ment sensitivity (Bowmaker et al., 1987; Hunt
et al., 1993; Tovee, 1994). Generally, females
are either trichromats (possessing a blue
absorbing pigment and the green and red
pigment) or dichromats (lacking one of the
long-wavelength pigments) whereas males
are always dichromats (with only one long-
wavelength pigment plus the short-
wavelength pigment). Males can have any
one of the three green/red pigments and
females can have any two (Figure 4.3). The
model that has been proposed to explain
these visual pigment phenotypes is that there
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are two gene loci, one for the blue cone
pigment and one for the green/red cone
pigments. The long-wavelength pigment
locus is linked to the X chromosome and has
three alleles that give rise to the three green/
red pigments. Because of X chromosome
inactivation, females can express one or two
long-wavelength alleles and be trichromats or
dichromats, whereas males only ever express
one allele and are dichromats. The catar-
rhines, on the other hand, are normally
trichromatic (Bowmaker et al., 1991; Tovee,
1994). In this case, there are two long-
wavelength cone pigment loci that are also
linked to the X chromosome and individuals
have blue, green and red sensitive cones
(Figure 4.3). Because the green and red cone
pigment genes are X linked, some sex de-
pendent polymorphism does occur and this is
discussed for humans in section 4.4.2.

The genes coding for the opsins of the
human rod visual pigment and cone visual
pigments have been cloned (Nathans and
Hogness, 1984; Nathans et al., 1986a, b). The
amino acid sequences of the green and red
opsins are very similar (Figure 4.5) and their
genes are arranged in a tandem array on the
distal tip of the X chromosome (Nathans
et al., 1986a; Vollrath et al., 1988). The green
and red opsin amino acid sequences are 96%
identical compared to around 43% identity
for all other human opsin comparisons.
Consequently, there are very few candidate
amino acid substitutions in the membrane
domain (only 13) that could be responsible
for the approximately 25 nm shift in A, from
the green cone pigment to the red cone
pigment. Of the 13 amino acid differences
only seven are considered likely to be import-
ant for spectral tuning because they involve
non-conservative substitutions of amino
acids with or without hydroxyl groups and
these groups are likely to influence tuning via
interaction with the chromophore (Nathans
et al., 1992). Tamarins and squirrel monkeys
have a long-wavelength red sensitive cone

89



Molecular biology of visual pigments

pigment in common with humans (A,
around 560 nm determined by electroretino-
graphy) and three cone pigments with sensit-
ivities between the human red and green
pigments (A,., = 547 nm in the squirrel
monkey and 556 and 541 nm in the tamarin)
(Neitz et al., 1991). Neitz et al. (1991) obtained
opsin sequence for these cone pigments from
the platyrrhines and compared the seven
amino acid sites that were suspected to be
important in green/red wavelength tuning in
the human opsins. They found that different
combinations of substitutions at three of the
seven sites were responsible for the observed
Ay differences and that these three substitu-
tions are present in the human cone pig-
ments where they probably combine to
produce the observed 30 nm shift in A_,,.
These sites and their amino acids in green or
red cone opsins (respectively) are: 180 Ala or
Ser, 277 Phe or Tyr and 285 Ala or Thr.
Subsequently, it was also found that a fourth
site is probably involved in long-wavelength
tuning in catarrhines (Ibbotson et al., 1992).
The results from six species of catarrhines
and also humans indicate that there is a
substitution at site 233 between all the green
and red absorbing cone pigments and the
substitution is also between amino acids with
and without hydroxyl groups. This difference
also occurs in two of the squirrel monkey
long-wavelength sensitive pigments (Neitz
et al., 1991) and also in the long-wavelength
pigments that have been isolated from the
blind cavefish (Yokoyama and Yokoyama,
1990a,b). These amino acid sites have also been
identified as underlining long-wavelength
tuning in New World marmosets where the
key sites are thought to be 180, 233 and 285
(Williams et al., 1992; Hunt et al., 1993). This
small number of amino acid substitutions is
undoubtedly important for long-wavelength
cone pigment sensitivity tuning in humans
with normal color vision. The human popula-
tion is polymorphic for color vision, how-
ever, and models have been proposed that
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provide a genetic explanation for the

observed polymorphic phenotypes.

4.4.2 LONG-WAVELENGTH COLOR
VISION POLYMORPHISM

Because the human green and red cone
pigment opsin genes are so similar and lie
next to each other on the X chromosome
(Vollrath et al., 1988), it is assumed that they
have arisen from a gene duplication event
and that the Old World primate trichromatic
vision evolved from a dichromatic form in
ancestral mammals. Some 8% of caucasian
males are defined as being color-blind
because they demonstrate abnormal visual
phenotypes in the long-wavelength region of
the spectrum and it seems certain that this
polymorphism arises from the close proxim-
ity of the green and red opsin genes. Because
the two genes and their intervening
sequences are very similar and they lie next
to each other it is possible that they can
misalign during recombination and cross
over unequally (Nathans et al., 1986b). Intra-
genic and intergenic recombination could
give rise to hybrid red/green opsin genes and
multiple or deleted green opsin genes. Multi-
ple or deleted red opsin genes are not
thought to occur because the red opsin gene
lies at the 5’ end of the array and sequence
upstream from the red gene and that up-
stream from the green gene are too divergent
to allow pairing (Nathans et al., 1986a, b).
Behavioral and also microspectrophotometric
(e.g. Dartnall et al., 1983) analysis has demon-
strated several male ‘color-blind” phenotypes
and these are grouped into dichromats that
lack red or green sensitivity, and anomalous
trichromats where either the normal green or
red sensitivity is replaced by an intermediate
sensitivity. In the model first proposed by
Nathans et al. (1986a, b) a red-sensitive
dichromat would either lack the green opsin
gene, possess a non-functional red/green
hybrid gene in place of the normal green



gene, or possess a red/green hybrid gene that
produced the red cone pigment. Green-
sensitive dichromats would have a non-
functional or green coding red/green hybrid
gene in place of the normal red gene. The
situation for anomalous trichromats is a little
more complicated but rests on the fact that
red/green hybrid genes can form in recombi-
nation. It is proposed that the sensitivity of
the anomalous hybrid opsin will depend
upon exactly where the cross over occurs and
the proportion of the red and green genes
that make up the hybrid gene (assuming that
the hybrid is functional). The mechanism
seems to involve different combinations of the
wavelength tuning amino acid sites described
in the previous section and it has been shown
that hybrid human red and green opsin gene
constructs (when expressed and measured
spectrophotometrically in vitro) give rise to the
anomalous visual pigments predicted by the
model (Merbs and Nathans, 1992a).

In addition to the main model described
above, it has been noticed that the long
wavelength- (red-) sensitive mechanism
shows a bimodal sensitivity between indivi-
duals classified as ‘color normal’ (Dartnall
et al., 1983; Neitz and Jacobs, 1990). This
bimodality has been shown to be due to a
substitution of Ser for Ala at site 180 in the
red opsin gene. A study of 50 ‘color normal’
males showed that 62% possessed Ser at the
site and 38% possessed Ala (Winderickx et
al., 1992). An independent study found that
the spectral absorbance phenotypes of these
two opsin forms had A, values of 552 and
557 nm when recombined with chromophore
(Merbs and Nathans, 1992b). The results
from both these studies describe the bimodal-
ity recorded very well (Dartnall et al., 1983). It
is also possible that there are two forms of the
green cone opsin gene showing the same
substitution difference at site 180 (Neitz et al.,
1993). This would explain the bimodality also
noted by microspectrophotometry for the
green cone pigments (Dartnall et al., 1983)
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and is in agreement with the earlier proposi-
tion (Neitz and Jacobs, 1990) that there may
be two variants of each long-wavelength cone
opsin gene. This possibility has important
implications. First, it means that there may be
more subtly different color vision phenotypes
than originally thought. Second, because
females have two X chromosomes they have
two loci for the green and red opsin genes. If
these loci are occupied by a mixture of
different red and green gene variants or red/
green hybrids then they could be tetrachro-
matic or pentachromatic (for discussion, see
Tovee, 1994). That would imply that females
could make more subtle color discriminations
compared with males. Another potential
problem is that the model proposed does not
rule out the possibility that a green opsin
gene and a red opsin gene could be expressed
in the same photoreceptor. If there are
upstream sequences on the green and red
genes that regulate the expression of the
genes in the ‘correct’ cone photoreceptor then
the model could give rise to a normal gene
and a hybrid gene that both instruct the
expression of different genes in the same cell,
perhaps giving rise to an intermediate or
anomalous sensitivity.

4.5 THE ADAPTATION OF VISUAL
SENSITIVITY AND THE EVOLUTION
OF OPSIN GENES

The absorbance curves of many visual pig-
ments have been measured spectrophoto-
metrically (mainly from fish) and this has
demonstrated a clear relationship between
environmental light conditions and visual
pigment sensitivity (Lythgoe and Partridge,
1989). Research into this relationship has
now developed into a separate subject in its
own right which has been called the ‘ecology
of vision’ (Lythgoe, 1979; and Chapter 3). The
ecology of vision is concerned mainly with
understanding the visual system of an animal
in terms of the visual tasks it must perform in
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its natural light environment. Research in
this field has shown how the visual sensitiv-
ity of animals is adapted to the habitat and
how in some animals sensitivity can be
changed as conditions or visual tasks change.
Much of that sensitivity adaptation will most
probably be due to visual pigments with
different opsins and changes in visual pig-
ment sensitivity could be achieved by differ-
ential opsin gene expression. Investigation of
opsin genes and their expression in animals
that demonstrate this type of visual adapta-
tion could now provide much information on
how genotypes can fine tune visual pheno-
types. This section expands upon the rele-
vance of combining the ecology of vision with
the molecular biology of vision.

4.5.1 THE SPECTRAL DIVERSITY AND
CLUSTERING OF VISUAL PIGMENTS

Vertebrate visual pigments have been found
that have A, values ranging from the UV to
the far red (Lythgoe and Partridge, 1989).
Fish that live in very shallow water can show
sensitivity to the UV light that penetrates the
surface water and fish that live in freshwater
which transmits predominantly red light can
have visual pigments that incorporate an A,
chromophore and enable absorbance in the
far-red. Within this range, there are other
visual pigments with A, values at many
different spectral locations. Most of this
information has come from fish which make
excellent models for the study of visual
sensitivity because they inhabit a wide var-
iety of different colored waters. Freshwater
can be stained green or brown due to
dissolved chlorophyll and tannin, shallow
coastal marine water can be spectrally very
clear, moderate depth coastal water can be
green in color whereas deep oceanic water
transmits predominantly blue light until
around 1000 m where no more light pen-
etrates. Studies with fish from such diverse
environments has demonstrated that the
sensitivity of the visual pigments of fish are
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shifted to suit the band of light available for
vision in different conditions (Lythgoe and
Partridge, 1989; Partridge, 1990). Within
these bands it has been noticed that the A,
values of the visual pigments tend to cluster
at discrete wavelength positions. This was
first pointed out by Dartnall and Lythgoe
(1965) but has recently been confirmed in
mammals (Jacobs, 1993) and in deep-sea fish
(Partridge et al., 1989; and Chapter 3). Dart-
nall and Lythgoe (1965) found that the cluster
points were evenly spaced in the spectrum
and they proposed that this was not the
product of precise sensitivity adaptation to
the environment but reflected restrictions
placed upon the sensitivity of the molecule
by the configuration of the chromophore. In
their model, each cluster point would be
produced by a certain active configuration of
the chromophore that was stabilized by a
particular opsin sequence, and this theory
has similarities with those that are presently
proposed to account for opsin wavelength
tuning (section 4.3). From this two themes
can be established: (1) that alterations to the
opsin sequence must account for much of the
wide variety of visual pigment wavelength
sensitivities that exist, and (2) that the poss-
ible alterations to the opsin are finite and may
give rise to a restricted family of visual
pigments that are more or less evenly distrib-
uted throughout the spectrum. Future work
with opsin sequences should focus on these
themes by comparing visual pigments from
different cluster points to determine how
opsin sequence affects sensitivity between
clusters and maintains the same sensitivity
within clusters.

4.5.2 THE ECOLOGICAL AND
EVOLUTIONARY IMPORTANCE OF
SPECTRAL SENSITIVITY TUNING AND
ADAPTATION

Spectral sensitivity tuning to available light in
fish is a widespread phenomenon and



obviously confers biological advantages that
can be selected through evolution. As we
have seen, freshwater fish tend to use the A,
chromophore and have visual pigments with
a longer A\, than marine fish that use the A,
chromophore. The relationship is so pro-
nounced that some fish (e.g. the eel) that
migrate between marine and freshwater
swap from one chromophore to another or
even mix the chromophores in a ratio that can
be altered (Figure 4.4, Wood et al., 1992).
Evidence has been found in some freshwater
fish that this ratio can be altered in response
to changing environmental factors such as
temperature, light and season (Beatty, 1984).
Apart from chromophore exchange, fish tend
to adapt the spectral sensitivity of their visual
pigments to the type of light environment
that they inhabit so that species that live in
clear, shallow rockpool water have a broader
spectral sensitivity than fish that live in green
coastal water which will lack long-
wavelength sensitivity (Lythgoe and Part-
ridge, 1989). A good example of visual
pigment tuning is provided by many species
of deep-sea fish. The majority of these fish
have a single visual pigment with a A,
around 485 nm which matches the narrow
waveband of light that penetrates the deep
oceanic water (Partridge et al., 1988, 1989,
1992). Many deep-sea fish visual pigments
have been examined and they also demon-
strate the clustering hypothesis with discrete
groups of \_, values placed around a main
cluster between 470 and 490 nm (Partridge
et al., 1989). Within these examples of wave-
length tuning, there must also exist species-
specific fine tuning and this could explain
much of the smaller A, variation seen
among animals from the same type of light
environment.

Several species of fish are now known to
change their visual pigments during develop-
ment or migration. The juvenile trout has a
class of UV receptive cones in its retinal
mosaic that disappear when the fish matures
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and starts to feed at greater depth where UV
does not penetrate (Bowmaker and Kunz,
1987). Similarly, juvenile pollack possess a
violet sensitive cone with a \_,, at 420 nm
that shifts its A, up to 460 nm when it
moves to deeper water (Shand et al., 1988
Figure 4.4). Winter flounder begin life in
surface waters where they possess only a
cone-like photoreceptor with A, of 519 nm
but when they metamorphose, changing
from a symmetrical form to an asymmetrical
flattened form, they become bottom dwellers
and possess cone pigments with A, values
of 457, 531 and 547 nm and a rod pigment of
Ao D06 nm (Evans et al.,, 1993). Larval
goatfish live in surface waters where they
have a long-wave sensitive cone with a A,
of 580 nm. Upon metamorphosis and settle-
ment in reef beds this cone class changes its
A .y from 580 to 530 nm (Shand, 1993). Eels
spend much of their life in inland waters but
migrate back to deep-sea breeding grounds
when sexually mature. When they do this,
they change the A\, of their rod pigment
from an A,/A, mixture between 501 and
523 nm to a virtually pure A, pigment with
Aax Of 501 nm and then to a pigment with a
Anax at 482 nm which is more adapted to
photoreception in deep-sea water (Wood and
Partridge, 1993; Figure 4.4).

It is highly likely that all of the above
examples of visual pigment adaptation
during development or migration have their
basis in differential opsin gene expression. In
the trout, an opsin gene for the UV pigment
may have its expression terminated with
maturation. In the winter flounder, an opsin
gene may be turned off and four alternative
genes turned on during metamorphosis. In
the pollack and the goatfish, there appears to
be a switch from one opsin to another in the
same cone class. Also in the eel, there
appears to be a switch from one opsin to
another in the rod cells and there is evidence
that this switch in the eel is indeed due to
differential opsin expression (Archer, Hope
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and Partridge, in preparation). During the
switch in the eel, the A, of the rod pigment
shifts gradually between 501 and 482 nm
(Wood and Partridge, 1993). This is probably
caused by the insertion of new opsin at the
outer segment base which then gradually
rises up the outer segment as old opsin is
removed by disk shedding at the top. Inter-
estingly, this mechanism may already have
been observed in the large rods of the deep-
sea fish Scoperlarchus analis which were found
(by microspectrophotometry) to have a
445 nm pigment in the proximal half of the
outer segment and a 507 nm pigment in the
distal half (Partridge et al., 1992). The fish
examined in this study may have been
changing from a shallow larval habitat to a
deeper adult habitat and it is possible that an
opsin switch was replacing the 507 nm
pigment in the rods with a shorter absorbing
445 nm pigment (Figure 4.4).

Visual pigment polymorphisms where
individuals of the same species have different
visual pigments (as in the primates) are not
so common. Variable A;/A, ratios have been
shown to produce this type of polymorphism
(Bridges, 1964) but this is not directly relevant
to variable opsin expression. There is one
species of fish where visual pigment poly-
morphism does exist that may be due to
variable opsin expression. The long-
wavelength visual pigment polymorphism in
the guppy is similar in some respects to the
variation found in the primates. There
appears to be three classes of cone pigment,
one of which may be composed of a mixture
of the other two in the same photoreceptor
(Archer et al., 1987; Archer and Lythgoe,
1990; Figure 4.4). Individual fish can have any
combination of these three pigments and the
variation is not sex linked. In the wild, the
fish live in different types of freshwater
ranging from very clear springs to highly
stained river basins. Whereas fish from two
areas of clear water could possess any of the
three pigments, one group of fish that inhab-
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ited highly green stained water did not
possess the most red-absorbing long-
wavelength pigment (Archer, 1988). So, this
polymorphism could be a complicated exam-
ple of the differential expression of at least
two opsin genes which can possibly be
expressed together in the same cell to
produce a third pigment phenotype. If the
ratio of the mixed opsin expression could be
altered, then presumably the A, of the
mixed pigment could be moved as well, as
was observed in the \_,, variation of the data
from this class (Archer and Lythgoe, 1990).
The opsin gene for the red-absorbing pig-
ment may be switched off in individuals in
green-stained water or evolution could select
for those fish that do not express the gene.
Initial results show that fish moved from one
type of artificial light environment to another
can change their long-wavelength sensitivity
very quickly and that this change is reversible
(5.N. Archer, unpublished observations).
This would suggest that if this variation is
opsin based, then the opsin gene expression
can be regulated very quickly in individuals.
The expression of two opsin genes in one
photoreceptor is an unusual proposition but
is one that has now also been suggested in
the goldfish to account for the finding of two
very similar opsin genes that, from in situ
hybridization results, appear to be expressed
in the same cone type (Johnson et al., 1993;
Raymond et al., 1993; and Chapter 1). In
addition, the two opsins have X\, values of
505 and 511 nm when combined with A, but
the A\, of the cone type that they are
supposedly expressed in is 509 nm. That
value is midway between the other values
which would be expected from a mixture of
two opsins. The goldfish and chicken (Wang
et al., 1992) green opsin sequences are also
unusual in that they have similarities with
both rod and cone opsins and that may reflect
the proximity of their A, values to most
vertebrate rod pigments. It is also worth
remembering that the present model used to



explain polymorphic long-wavelength visual
phenotypes in humans (section 4.4.2) does
not rule out the possibility of two long-
wavelength opsin genes being expressed in
the same photoreceptor.

The vertebrate opsin sequences obtained
so far (with some exceptions) are presented
together in Figure 4.5. Even though there are
not too many representatives from different
visual pigment clusters, some common
features between fish and primate long-
wavelength absorbing pigments have already
been established (Yokoyama and Yokoyama,
1990 a, b). Blue absorbing visual pigments are
very common in fish and represent a strong
cluster. Two blue pigment opsins from fish
have been isolated (Johnson et al., 1993;
Yokoyama and Yokoyama, 1993) but more
should be examined. These two blue opsins,
together with the chicken blue opsin, show
obvious similarities but differences from the
human blue and the chicken violet which are
also similar to each other. In fact, from the
order of the sequences in Figure 4.5 several
distinct groups can be seen. These consist of:
(1) the chicken violet and human blue, (2) the
goldfish, chicken and cavefish blues, (3) the
rod opsins, and (4) the green and red opsins.
The zebrafish UV opsin is unusual in that it
shows a high similarity to the rod opsins, and
the gecko blue opsin shows some similarities
to the blue opsins and some to the rod
opsins. In addition, the chicken green and
the goldfish green (GFgrl and GFgr2) opsins
are more similar to the rod opsins in places.
The other green and red opsins (apart from
the human) also have well-conserved amino
terminal sequence that is lacking in the other
opsins. The consensus sequence identifies
some of the more important residues (section
4.3) and one area of strong conservation
(GWSR in intradiscal loop 12). The function of
the latter region is unclear but it must be
specifically important to opsin because it is
not conserved in dopamine receptors, for
example (Van Tol et al., 1991). The sequence
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has been placed on the border with helix four
in intradiscal loop I2. As discussed in section
4.3, this loop has been shown to be important
for producing correct tertiary structure and
other residues in this loop are also conserved.

As the list of opsin sequences grows, we
should be able to question the exact ecologi-
cal requirements for fine sensitivity tuning.
The fine tuning could enhance sensitivity or
contrast or reduce noise by positioning the
Amax Of the molecule in a more thermally
stable spectral position (Aho et al., 1988;
Barlow, 1988; and Chapter 3). The latter
hypothesis may explain why some fish that
have variable A;/A, ratios switch to more A,
in the summer, when it is warmer, because
A, is more thermally stable than A, (Allen
and McFarland, 1973). It is also possible to
begin to understand how opsin wavelength
sensitivity tuning has been driven by evolu-
tion. An opsin-like protein seems to have
appeared very early in evolution being
present in several unicellular organisms (e.g.
halobacteria, Henderson and Schertler,
1990). Natural selection has, therefore, had a
long time to work on the structure of opsin to
give rise to the numerous spectral sensitivity
phenotypes that we see around us. Visual
phenotypes that conferred advantage to the
individual must have occurred for the select-
ive process to work. In some cases evolution
may have given rise to individuals that could
exploit new light environment niches, a new
food source, avoid detection by predators or
be able to break the camouflage of prey.
There are many examples of the possible
results of such evolution. Two species of
squid (A. subulata and L. forbesi) that live at
different depths have different visual pig-
ments and this has been shown to be due to
opsin sequence differences (Morris et al.,
1993). Also, whereas most deep-sea fish only
have sensitivity to blue light, there are some
deep-sea fish that emit green and red bio-
luminescence and possess visual pigments
with the long-wavelength sensitivity necess-
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ary to detect it (O’Day and Fernandez, 1974;
Partridge et al., 1989). This must represent a
break away from the standard blue sensitivity
to provide a species specific communication
channel. Presumably, it also requires the
bioluminescent emitter and detector to have
evolved together. Another potential example
of evolutionary visual adaptation can be seen
in the guppy (Archer et al., 1987; Archer,
1988; Endler, 1991). The long-wavelength
polymorphism in these fish gives rise to
individuals with several different phenotypes
which could enable detection of different
food sources and promote resource partition-
ing. In addition, guppies are sexually dimor-
phic and females choose males on the basis of
skin coloration and pattern and consequently
male skin coloration is highly polymorphic.
Females prefer brightly colored males but in

areas of high predation less conspicuous
males could be selected for. Genetic variation
in female mate choice is required to promote
this type of sexual selection and it is possible
that the long-wavelength visual pigment
polymorphism has provided the variation
and become integral in the sexual selection
process. In the wild, guppies have inhabited
many different types of interconnected river
environments, and long-wavelength visual
pigment polymorphism could also enable
adaptation to the different light conditions
encountered (e.g. loss of red sensitivity in
fish living in green-colored water). This
complicated example of the selective evolu-
tion of opsin gene expression is surely not
alone and it will be very interesting to
investigate the opsin genetics behind this and
other examples.

Figure 4.5 (Pages 97-99) Most of the currently known vertebrate opsin sequences. Because the primate
green and red opsins are so similar, only those for human are shown (see references in text for other
sequences). Only partial alignment in the terminal regions has been attempted. The sequences are
arranged in order of increasing maximum absorbance (A,,). The A, values have been obtained from
the references that list the sequence and where appropriate are the values for the expressed clones. In all
other cases the values used have been taken from Lythgoe (1972). A, values are not given for the blind
cavefish. A consensus line indicates the positions where all opsins have the same amino acid. The
transmembrane segments are indicated by overlying bars (based on bovine model). The numbering
system adopted is that used for bovine rhodopsin and the numbering for all other sequences starts at the
equivalent residue aligned with the bovine start site. Also for convenience the two spaces inserted at the
beginning to accommodate the goldfish, chicken and cavefish blue opsins have been ignored in the
numbering. The abbreviations for the sequences and the references are: Zfuv (zebrafish UV, Robinson et
al., 1993), Chviol (chicken violet, Okano ef al., 1992), Humblu (human blue, Nathans et al., 1986a), Gfblu
(goldfish blue, Johnson et al., 1993), Chblu (chicken blue, Okano et al., 1992), Cfblu (cavefish blue,
Yokoyama and Yokoyama, 1993), Gekblu (gecko blue, Kojima et al., 1992), Gfrod (goldfish rod, Johnson
et al., 1993), Chrod (chicken rod, Takao et al., 1988), Lamrod (lamprey rod, Hisatomi et al., 1991),
Humrod (human rod, Nathans and Hogness, 1984), Bovrod (bovine rod, Nathans and Hogness, 1983),
Mserod (mouse rod, Baehr et al., 1988), Sgrod (sand goby rod, Archer et al., 1992), Hamrod (hamster rod,
Gale et al., 1992), Rprod (frog rod, Pittler et al., 1992), Gfgre2 (goldfish green GFgr-2, Johnson et al.,
1993), Chgre (chicken green, Okano et al., 1992), Gfgrel (goldfish green GFgr-1, Johnson et al., 1993),
Gekgre (gecko green, Kojima et al., 1992), Cfgrel (cavefish G10laf, Yokoyama and Yokoyama, 1990a),
Cfgre2 (cavefish G103af, Yokoyama and Yokoyama, 1990b), Gfred (goldfish red, Johnson et al., 1993),
Humgre (human green, Nathans et al., 1986a), Humred (human red, Nathans et al., 1986a), Chred
(chicken red, Kuwata et al., 1990), Cfred (cavefish red, Yokoyama and Yokoyama 1990a), Anolred
(chameleon red, Kawamura and Yokoyama, 1993).
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Species &
Opsin

z2fuv
Chviol
Humblu
Gfblu
Chblu
Cfblu
Gekblu
Gfrod
Chrod
Lamrod
Humrod
Bovrod
Mserod
Sgrod
Hamrod
Rprod
Gfgre2
Chgre
Gfgrel
Gekgre
Cfgrel
Cfgre2
Gfred
Humgre
Humred
Chred
Cfred
Anclred
Cons

Zfuv
Chviol
Humblu
Gfblu
Chblu
Cfblu
Gekblu
Gfrod
Chrod
Lamrod
Humrod
Bovrod
Mserod
Sgrod
Hamrod
Rprod
Gfgre2
Chgre
Gfgrel
Gekgre
Cfgrel
cfgre2
Gfred
Humgre
Humred
Chred
Cfred
Anolred
Cons

1
MNGTEGTAFY
MSSDDDFY
MRKMSEEEFY
QVPEFHEDFY
PTTDLPEDFY
RPQEFQENFY
MNGTEGINFY
MNGTEGDMFY
MNGTEGQDFY
MNGTEGDNFY
MNGTEGPNFY
MNGTEGPNFY
MNGTEGPNFY
MNGTEGPFFY
MNGTEGPNFY
MNGTEGPNFY
MNGTEGNNFY
MNGTEGINFY
MNGTEGKNFY
DDTTRGSVFT
.DTTRESAFV
.ETTRESAFV
.ETTRESMFV
EDSTQSSIFT
EDSTQSSIFT
EDTTRDSVFT
.DTTREAAFT
EDTTRDSLFT
F

60
LYVTIEHKKL
LWVTVRYKRL
LVATLRYKKL
ILCTIQFKKL
IFCTARFRKL
IVCTVQYKKL
LFVTFQHKKL
LYVTIEHKKL
LYVTIQHKKL
LFVTVQHKKL
LYVTVQHKKL
LYVTVQHKKL
LYVTVQHKKL
LYVTLEHKKL
LYVTVQHKKL
LYVTIQHKKL
LICTAQHKKL
LLVTFKHKKL
LVVTAQHKKL
LVATAKFKKL
IVATAKFKKL
IVATAKFKKL
LVATAKFKKL
LAATMKFKKL
LAATMKFKKL
LVATWKFKKL
LVASAKFKKL
LVATAKFKKL

Amax

360

415

420

441 MK
455 MHPPR
-——— MKS
467

492

495

497

497

498

498

501

502

502

505

508

511

521 MTEAWNVAVFAARRSRDD
- MAAHEPVFAARRHNE .
--- MAAHADEPVFAARRYNE .
525 MAEQWGDAIFAARRRGD.
530 MAQOWSLORLAGRHPQDSY
560 MAQOWSLORLAGRHPQDSY
571 MAAWEAAFAARRRHEE
- MGDQWGDAVFAARRRGD .
625 MAGTVTEAWDVAVFAARRRND.
360 ITGFPVNFLT
415 AVGTPLNAVV
420 LIGFPLNAMV
441 IGGASINILT
455 ALGVPINTLT
- IGGTSINVLT
467 AAGMPLNGLT
492 ITGFPVNFLT
495 LLGFPVNFLT
497 LYGFPYNFLT
497 VLGFPINFLT
498 MLGFPINFLT
498 VLGFPINFLT
501 LTGFPINFLT
502 VLGFPINFLT
502 LLGLPINFMT
505 CLGLPINGLT
508 STGLPINLLT
511 SMGLPINGLT
521 IASCFTNGLV
-——— IASVFTNGLV
--- IASIFTNSLV
525 VASTFTNGLV
530 IASVFTNGLV
560 TASVFTNGLV
571 AASVFTNGLV
-——- VASTVTNGLV
625 IASIFTNGLV

N

L
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Sequence

20

VPMSNATGVV
L.FTNGS.VP
L.FKNISSV.
IPIPLDINNL
IPMALDAPNI
IPIPLDTNNI
VPLSNKTGLV
VPMSNATGIV
VPMSNKTGVV
VPFSNKTGLA
VPFSNATGVV
VPFSNKTGVV
VPFSNVTGVG
IPMVNTTGIV
VPFSNATGVV
IPMSNKTGVV
VPLSNRTGLV
VPMSNKTGVV
VPMSNRTGLV
YTNTNNT. . .
YTNANNT. . .
YTNANNT. . .
YTNSNNT. . .
YTNSNST...
YTNSNST. ..
YTNSNNT. . .
YTNSNNT. . .
YTNSNNT. . .

. .RSPYEYPQ
.. .GPWDGPQ
. . .GPWDGPQ
SAYSPFLVPQ
TALSPFLVPQ
TALSPFLVPQ
. .RSPFEYPQ
. .RSPYDYPQ
. .RSPFEYPQ
. .RSPEVYPQ
. .RSPFEYPQ
. .RSPFEAPQ
. .RSPFEQPQ
. .RSPYEYPQ
. .RSPFEYPQ
. .RSPFDYPQ
. .RSPFEYPQ

.RSPFEYPQ
. .RSPFEYPQ
. .RGPFEGPN

.RDPFEGPN
. .RDPFEGPN
. .RDPFEGPN
. .RGPFEGPN

.RGPFEGPN
. .RGPFEGPN

.KDPFEGPN

.RGPFEGPN

P P

80

YYLVAPWAYG
YHIAPPWAFY
YHIAPVWAFY
DHLGNQGIFM
THLGS PGLFR
DHLGGSGIFM
YYLADPWKFK
YYLVAPWAYA
YYLAEPWKFS
YYLAEPWKYS
YYLAEPWQFS
YYLAEPWQFS
YYLAEPWQFS
YYLVNPAAYA
YYLAEPWQFS
YYLAEPWKYS
YYLAEPWQFK
YYLAEPWKYR
YYLAEPWQFK
YHIAPRWVYN
YHIAPRWVYN
YHIAPRWVYN
YHIAPRWVYN
YHIAPRWVYH
YHIAPRWVYH
YHIAPRWVYN
YHIAPRWVYN
YHIAPRWVYN

RTPLNYILLN
ROPLNYILVN
ROPLNYILVN
RSHLNYILVN
RSHLNYILVN
RSHLNYILVN
RQPLNYILVN
RTPLNYILLN
RTPLNYILLN
RTPLNYILLN
RTPLNYILLN
RTPLNYILLN
RTPLNYILLN
RTALNLILLN
RTPLNYILLN
RTPLNYILLN
RQPLNFILVN
RQPLNYILVN
RQPLNFILVN
RPHLNWILVN
QHPLNWILVN
RHPLNWILVN
RHPLNWILVN
RHPLNWILVN
RHPLNWILVN
RHPLNWILVN
RHPLNWILVN
RHPLNWILVN

LN IL N

LAIADLFMVF
ISASGFVSCV
VSFGGFLLCI
LSIANLFVAI
LATANLLVIL
LAISNLLVST
LAAANLVTVC
LAISDLFMVF
LVVAHLFMVF
LAMANLFMVL
LAVADLFMVL
LAVADLFMVF
LAVADLFMVF
LAVADLFMVF
LAVADLFNVF
LGVCNHFMVL
LAVAGAIMVC
LAVADLFMAC
LAVAGTIMVC
LAFVDLVETL
LAIADLGETV
LAIADLGETV
LAVADLAETL
LAVADLAETV
LAVADLAETV
LAVADLGETV
LAIADLLETL
LAIADLGETV

GGFTTTMYTS
LSVFVVFVAS
FSVFPVFVAS
FGSPLSFYSF
VGSTTACYSF
VGSFTAFVSF
CGFTVTFYAS
GGFTTTMYTS
GGFTTTMYTS
FGFTVTMYTS
GGFTSTLYTS
GGFTTTLYTS
GGFTTTLYTS
GGFTTTMYTS
GGFTTTLYTS
CGFTITMYTS
FGFTVTFYTA
FGFTVTFYTA
FGFTVTFYTA
VASTISVFNQ
LASTISVINQ
LASTISVFNQ
LASTISVTNQ
IASTISVVNQ
IASTISIVNQ
IASTISVINQ
LASTISVCNQ
IASTISVINQ

40
FVAAYMFFLI
LQTAFMGIVF
LQAAFMGTVF
AMSVFMFFIF
AMAAFMFLLI
IMTVFMFFLF
VLSFYMFFLI
CLAAYMFFLI
ALAAYMFMLI
ALAAYMFFLI
MLAAYMFLLI
MLAAYMFLLI
MLAAYMFLLI
ALGAYMFFLI
MLAAYMFLLI
VLAAYMFLLI
LLAVYMFFLI
LVCCYIFFLI
ILALYLFFLM
LVSFFMIIVV
VSSLWMIFVV
LASLWMIIVV
LATVWMFFVV
LTSVWMIFVV
LTSVWMIFVV
LTSLWMIFVV
LATCWMFFVV
ITSVWMIFVV

100
LHGYFVFGRL
ARGYFVFGKR
CNGYFVFGRH
FNRYFIFGAT
SQMYFALGPT
LNRYFIFGPT
WYAYFVFGPI
LHGYFVFGRV
MNGYFVFGVT
MNGYFVFGPT
LHGYFVFGPT
LHGYFVFGPT
LHGYFVFGPT
MHGYFVLGRL
LHGYFVFGPT
LHGYFVFGQT
INGYFALGPT
WNGYFVFGPV
INGYFVLGPT
IFGYFILGHP
IFGYFILGHP
VFGYFVLGHP
FFGYFILGHP
VYGYFVLGHP
VSGYFVLGHP
ISGYFILGHP
FFGYFILGHP
ISGTFILGHP
F G
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Species &
Opsin

Zfuv
Chviol
Humblu
Gfblu
Chblu
Ccfblu
Gekblu
Gfrod
Chrod
Lamrod
Humrod
Bovrod
Mserod
Sgrod
Hamrod
Rprod
Gfgre2
Chgre
Gfgrel
Gekgre
Cfgrel
Cfgre2
Gfred
Humgre
Humred
Chred
Cfred
Anolred
Cons

zfuv
Chviol
Humblu
Gfblu
Chblu
Cfblu
Gekblu
Gfrod
Chrod
Lamrod
Humrod
Bovrod
Mserod
Sgrod
Hamrod
Rprod
Gfgre2
Chgre
Gfgrel
Gekgre
Cfgrel
Cfgre2
Gfred
Humgre
Humred
Chred
Cfred
Anolred
Cons

Amax

120

Sequence

140

GCNLEGFFAT
VCELEAFVGT
VCALEGFLGT
ACKIEGFLAT
ACKIEGFAAT
ACKIEGFVAT
GCAIEGFFAT
GCNPEGFFAT
MCYIEGFFAT
GCSIEGFFAT
GCNLEGFFAT
GCNLEGFFAT
GCNLEGFFAT
GCNVEGFFAT
GCNLEGFFAT
GCYFEGFFAT
GCAVEGFMAT
GCAVEGFFAT
GCAVEGFMAT
LCVIEGYVVS
MCVFEGWTVS
MCIFEGWTVS
MCIFEGFTVS
MCVLEGYTVS
MCVLEGYTVS
MCVVEGYTVS
MCVFEGFTVA
MCVLEGYTVS
CcC E

VPPLVGWSRY
LPPFFGWSRY
IPPFFGWSRF
LPPLFGWSRY
APPLFGWSRY
TPPLFGWSRY
GPPLFGWSRF
VPPLVGWSRY
APPLFGWSRY
APPLVGWSRY
APPLAGWSRY
APPLVGWSRY
APPLVGWSRY
VPPLVGWSRY
APPLVGWSRY
VPPLFGWSRY
APPLVGWSRY
APPLFGWSRY
APPLFGWSRY
APPIFGWSRY
TPPIFGWSRY
TPPIFGWSRY
APPIFGWSRF
APPIFGWSRY
APPIFGWSRY
APPIFGWSRY
APPIFGWSRY
APPVFGWSRY
PP GWSR

LGGEMGLKSL
HGGLVTGWSL
VAGLVTGWSL
LGGMVGLWSL
LGGMVSLWSL
LGGMVSLWSL
IGGQVALWSL
LGGEMGLWSL
LGGEIALWSL
LGGEVALWSL
LGGEIALWSL
LGGEIALWSL
LGGEIALWSL
LGGEIALWSL
LGGEIALWSL
LGGEIALWSL
LGGEVALWSL
LGGQVALWSL
LGGEVALWSL
SCGITGLWSL
VCGITALWSL
VCGITALWSL
VCGIAGLWSL
LCGITGLWSL
LCGITGLWSL
ACGITALWSL
TCGIAGLWSL
TCGISALWSL

G SL

180
IPEGMQCSCG
MPEGLQGSCG
IPEGLOCSCG
IPEGLOCSCG
IPEGLQCSCG
IPEGLQCSCG
IPEGMQCSCG
IPEGMQCSCG
IPEGMQCSCG
IPEGMQCSCG
IPEGLQCSCG
IPEGMQCSCG
IPEGMQCSCG
IPEGMQCSCG
IPEGMQCSCG
IPEGMQCSCG
IPEGIQCSCG
MPEGMQCSCG
IPEGMQCSCG
WPHGLKTSCG
WPHGLKTSCG
WPHGLKTSCG
WPHGLKTSCG
WPHGLKTSCG
WPHGLKTSCG
WPHGLKTSCG
WPHGLKTSCG
WPHGLKTSCG
PG SCG

VVLAIERWMV
AFLAFERYIV
AFLAFERYIV
AVVAFERWLV
AVVAFERFLV
SVVAFERWLV
VVLAIERYIV
VVLAFERWMV
VVLAVERYVV
VVLAIERYIV
VVLAIERYVV
VVLAIERYVV
VVLAIERYVV
VVLAVERWVV
VVLAIERYVV
VVLAIERYIV
VVLAIERYIV
VVLAIERYIV
VVLAIERYIV
AIISWERWFV
TIISWERWVV
TIISWERWVV
TVISWERWVV
AIISWERWMV
AIISWERWLV
AIISWERWFV
TVISWERWVV
AVISWERWVV

ER V

VDYYTRTPGV
PDWYTVGTKY
PDWYTVGTKY
PDWYTTNNKY
PDWYTTDNKW
PDWYTTENKY
PDYYTLNPDF
VDYYTRPQAY
IDYYTLKPEI
PDYYTLNPNF
IDYYTLKPEV
IDYYTPHEET
IDYYTLKPEV
VDYYTRAEGF
VDYYTLKPEV
VDYYTLKPEV
PDYYTLNPEY
PDYYTHNPDY
PDYYTLNPDY
PDVSSGSVEL
PDVFSGSEDP
PDVFSGSEDP
PDVFSGSEDP
PDVFSGSSYP
PDVFSGSSYP
PDVFSGSSDP
PDVFSGSEDP
PDVFSGSDDP
D

VCKPVSNFRF
ICKPFGNFRF
ICKPFGNFRF
ICKPLGNFTF
ICKPLGNFTF
ICKPVGNFSF
ICKPMGNFRF
VCKPVSNFRF
VCKPMSNFRF
ICKPMGNFRF
VCKPMSNFRF
VCKPMSNFRF
VCKPMSNFRF
VCKPISNFRF
ICKPMSNFRF
VCKPMSNFRF
VCKPMGSFKF
VCKPMGNFRF
VCKPMGSFKF
VCKPFGNIKF
VCKPFGNVKF
VCKPFGNVKF
VCKPFGNVKF
VCKPFGNVRF
VCKPFGNVRF
VCKPFGNIKF
VCKPFGNVKF
VCKPFGNVKF
CKP F

200

160

GENHAIMGVA
SSRHALLVVV
SSKHALTVVL
KTPHAIAGCI
RGSHAVLGCV
KGTHAIIGCA
SATHAIMGIA
GENHAIMGVV
GENHAIMGVA
GNTHAIMGVA
GENHAIMGVA
GENHAIMGVA
GENHAIMGVV
TENHAIMGVA
GENHAIMGVV
GENHAMMGVA
SSTHASAGIA
SATHAMMGIA
SSSHAFAGIA
DSKLAIIGIV
DGKWAAGGII
DGKWAAGGII
DAKWASAGII
DAKLAIVGIA
DAKLAIVGIA
DGKLAVAGIL
DGKMATAGIV
DAKLAVAGIV
A

FTWVMACSCA
ATWLIGVGVG
ATWTIGIGVS
LPWISALAAS
ATWVLGFVAS
LTWFFALLAS
FTWFMALACA
FTWFMACTCA
FSWIMAMACA
FTWIMALACA
FTWVMALACA
FTWVMALACA
FTWIMALACA
FSWIMAATCA
FTWIMALACA
FTWIMALACA
FTWVMAMACA
FTWVMAFSCA
FTWVMALACA
FSWVWAWGWS
FSWVWAIIWC
FAWTWAIIWC
FSWVWSAIWC
FSWIWAAVWT
FSWIWSAVWT
FSWLWSCAWT
FTWVWSAVWC
FSWVWSAVWT
w

220

NNESFVIYMF
RSEYYTWFLF
RSESYTWFLF
NNESYVMFLF
HNESYVLFLF
NNESYVMFLF
HNESYVIYMF
NNESFVIYMF
NNESFVIYMF
NNESVVYYMF
NNESFVIYMF
NNESFVIYMF
NNESFVIYMF
NNESFVIYMF
NNESFVIYMF
NNESFVIYMF
NNESYVLYMF
HNESYVLYMF
NNESYVIYMF
GCQSFMLTLM
GVASYMITLM
GVASYMVTLL
GVQSYMIVLM
GVQSYMIVLM
GVQSYMIVLM
GVQSYMVVLM
GVQSYMIVLM
GVLSYMIVLM

IVHFFIPLIV
IFCFIVPLSL
IFCFIVPLSL
CFCFAVPFGT
TFCFGVPLAIL

CFCFGFPFTV
IVHFTVPMVV
IVHFIIPLIV
VVHFMIPLAV
VVHFLVPVI.

VVHFTIPMII

VVHFIIPLIV
VVHFTIPMIV
IVHFLAPLIV
VVHFTIPLIV
VVHFLIPLII

ICHFILPVTI

VIHFIIPVVV
VCHFILPVAV
ITCCFLPLFI

LTCCIPLLSI

LTCCILPLSV
ITCCIIPLAI
VTCCITPLSI
VTCCIIPLAI
VTCCFFPLAI
ITCCFIPLGI
ITCCFIPLAV

IFFCYGRLVC
IIFSYSQLLS
ICFSY.QLLR
IVFCYGQLLI
IVFSYGRLLI
ILFCYGQLLF
IFFSYGRLVC
IFFCYGRLVC
IFFCYGNLVC
IFFCYGRLLC
IFFCYGQLVF
IFFCYGQLVF
IFFCYGQLVF
IFFCYGRLLC
IFFCYGQLVF
ISFCYGRLVC
IFFTYGRLVC
IFFSYGRLIC
IFFTYGRLVC
IIVCYLQVWM
IIICYIFVWS
IIICYIFVWN
IILCYIAVWL
IVLCYLQVWL
IMLCYLQVWL
IILCYLQVWL
IILCYIAVWW
ILLCYLQVWL
I Y
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Species & Amax Sequence
Opsin

_ 240 260 280
zZfuv 360 TVKEAARQQQ ESETTQRAER EVTRMVIIMV IAFLICWLPY AGVAWYIFTH QGSEFGPVFM
Chviol 415 ALRAVAAQQQ ESATTQKAER EVSRMVVVMV GSFCLCYDPY AALAMYMVNN RDHGLDLRLV
Humblu 420 ALKAVAAQQQ ESATTQKAER EVSRMVVVMV GSLCVCYVPY AAFAMYMVNN RNHGLDLRLV
Gfblu 441 TLKLAAKAQA DSASTQKAER EVTKMVVVMV LGFLVCWAPY ASFSLWIVSH RGEEFDLRMA
Chblu 455 TLRAVARQQE QSATTQKADR EVTKMVVVMV LGFLVCWAPY TAFALWVVTH RGRSFEVGLA
Cfblu -—- TLKSAAKAQA DSASTQKAER EVTKMVVVMV MGFLVCWLPY ASFALWVVFN RGQSFDLRLG
Gekblu 467 KVREAAAQQQ ESATTQKAEK EVTRMVILMV LGFLLAWTPY AATAIWIFTN RGAAFSVTFM
Gfrod 492 TVKEAAAQHE ESETTQRAER EVTRMVVIMV IGFLICWIPY ASVAWYIFTH QGSEFGPVFM
Chrod 495 TVKEAAAQQQ ESATTQKAEK EVTRMVIIMV IAFLICWVPY ASVAFYIFTN QGSDFGPIFM
Lamrod 497 TVKEAARAQQ ESASTQKAEK EVTRMVVIMV ISFLVCWVPY ASVAFYIFTH QGSDFGAIFM
Humrod 497 TVKEAAAQQQ ESATTQKAEK EVIRMVIIMV IAFLICWVPY ASVAFYIFTH QGSNFGPIFM
Bovrod 498 TVKEAAAQQQ ESATTQKAEK EVTRMVIIMV IAFLICWLPY AGVAFYIFTH QGSDFGPIFM
Mserod 498 TVKEAAAQQQ ESATTQKAEK EVTRMVIIMV IFFLICWLPY ASVAFYIFTH QGSNFGPIFM
Sgrod 501 AVKEAAAAQQ ESETTQRAER EVTRMVIIMV IGFLTSWLPY ASVAWYIFTH QGTEFGPLFM
Hamrod 502 TVKEAAAQQQ ESATTQKAEK EVTRMVILMV VFFLICWFPY AGVAFYIFTH QGSNFGPIFM
Rprod 502 TVKEAAAQQQ ESATTQKAEK EVTRMVIIMV IFFLICWVPY AYVAFYIFTH QGSEFGPIFM
Gfgre2 505 TVKAAAAQQQ DSASTQKAER EVTKMVILMV LGFLVAWTPY ATVAAWIFFN KGAAFSAQFM
Chgre 508 KVREAAAQQQ ESATTQKAEK EVTRMVILMV LGFMLAWTPY AVVAFWIFTN KGADFTATLM
Gfgrel 511 TVKAAAAQQQ DSASTQKAER EVTKMVILMV FGFLIAWTPY ATVAAWIFFN KGADFSAKFM
Gekgre 521 ATIRAVAAQQK ESESTQKAER EVSRMVVVMI VAFCICWGPY ASFVSFAAAN PGYAFHPLAA
Ccfgrel --- ATHQVAQQQK DSESTQKAEK EVSRMVVVMI LAFIVCWGPY ASFATFSAVN PGYAWHPLAA
Cfgre2 --- ATHQVAQQQOK DSESTQKAEK EVSRMVVVMI LAFILCWGPY ASFATFSALN PGYAWHPLAA
Gfred 525 AIRTVAQQQK DSESTQKAEK EVSRMVVVMI FAYCFCWGPY TFCACFAAAN PGYAFHPLAA
Humgre 530 AIRAVAKQQK ESESTQKAEK EVTRMVVVMV LAFCFCWGPY AFFACFAAAN PGYPFHPLMA
Humred 560 AIRAVAKQQK ESESTQKAEK EVTRMVVVMI FAYCVCWGPY TFFACFAAAN PGYASHPLMA
Chred 571 AIRAVAAQQK ESESTQKAEK EVSRMVVVMI VAYCFCWGPY TFFACFAAAN PGYAFHPLAA
Cfred --- AIRTVAQQQK DSESTQKAEK EVSRMVVVMI MAYCFCWGPY TFFACFAAAN PGYAFHPLAA
Anolred 625 AIRAVAAQQK ESESTQKAEK EVSRMVVVMI IAYCFCWGPY TVFACFAAAN PGYAFHPLAA
Cons A S TQA EV MV M PY

300 320 340

Zfuv 360 TLPAFFAKTS AVYNPCIYIC MNKQFRHCMI TTLCCGKNPF EEEE.GASTT ASKTEASSVS SSSVSPA
Chviol 415 TIPAFFSKSA CVYNPIIYCF MNKQFRACIM E.TVCGK.PL TDD.SDASTS AQRTEVSSVS SSQVGPT
Humblu 420 TIPSFFSKSA CIYNPIIYCF MNKQFQACIM K.MVCGKAMT ..DESDTCSS .QKTEVSTVS STQVGPN
Gfblu 441 TIPSCLSKAS TVYNPVIYVL MNKQFRSCMM K.MVCGKN.I EEDE..ASTS SQVIQVSS.. ...VAPEK
Chblu 455 SIPSVFSKSS TVYNPVIYVL MNKQFRSCML KLLFCGRSPF GDDE.DVSGS SQATQVSSVS SSHVAPA
Cfblu --- TIPSCFSKAS TVYNPVIYVF MNKQFRSCMM KLIFCGKSPF GDDEE.ASSS SQVIQVSS . ...VGPEK
Gekblu 467 TIPAFFSKSS SIYNPIIYVL, LNKQFRNCMV TTICCGKNPF GDEDVSSSVS QSKTEVSSVS SSQVAPA
Gfrod 492 TLPAFFAKTA AVYNPCIYIC MNKQFRHCMI TTLCCGKNPF EEEE.GASTT ASKTEASSVS SS.VSPA
Chrod 495 TIPAFFAKSS AIYNPVIYIV MNKQFRNCMI TTLCCGKNPL GDED....TS AGKTETSSVS TSQVSPA
Lamrod 497 TLPAFFAKSS ALYNPVIYIL MNKQFRNCMI TTLCCGKNPL GDDESGAST. .SKTEVSSVS TSPVSPA
Humrod 497 TIPAFFAKSA AIYNPVIYIM MNKQFRNCML TTICCGKNPL GDDE..ASAT VSKTET.... .SQVAPA
Bovrod 498 TIPAFFAKTS AVYNPVIYIM MNKQFRNCMV TTLCCGKNPL GDDE..ASTT VSKTET.... .SQVAPA
Mserod 498 TLPAFFAKSS SIYNPVIYIM LNKQFRNCML TTLCCGKNPL GDDD..ASAT ASKTET.... .SQVAPA
Sgrod 501 TIPAFFAKSS ALYNPMIYIC MNKQFRHCMI TTLCCGKNPF EEEE.GASTT ..KTEASSVS SSSVSPA
Hamrod 502 TLPAFFAKSS SIYNPVIYIM MNKQFRNCML TTLCCGKNIL GDDE..ASAT ASKTET.... .SQVAPA
Rprod 502 TVPAFFAKSS AIYNPVIYIM LNKQFRHCMI TTLCCGKNPF GDDD.ASSAA TSKTEATSVS TSQVSPA
Gfgre2 508 AIPAFFSKTS ALYNPVIYVL LNKQFRSCML TTLFCGKNPL GDEE.SSTVS TSKTEVSS.. ...VSPA
Chgre 508 AVPAFFSKSS SLYNPIIYVL MNKQFRNCMI TTICCGKNPF GDEDVSSTVS QSKTEVSSVS SSQVSPA
Gfgrel 511 AIPAFFSKSS ALYNPVIYVL LNKQFRNCML TTIFCGKNPL GDDE.SSTVS TSKTEVSS.. ...VSPA
Gekgre 521 ALPAYFAKSA TIYNPVIYVF MNRQFRNCIM Q.LF.GKKV. ..DDGSEAST TSRTEVSSVS NSSVAPA
Cfgrel - AMPAYFAKSA TIYNPIIYVF MNRQFRSCIM Q.LF.GKKV. ..ED.ASEVS GSTTEVSTAS
cfgre2 --- ALPAYFAKSA TIYNPIIYVF MNRQFRSCIM Q.LF.GKKV. ..ED.ASEVS GSTTEVSTAS
Gfred 525 AMPAYFAKSA TIYNPIIYVF MNRQFRVCIM Q.LF.GKKV. ..DDGSEVST .SKTEVSS.. ...VAPA
Humgre 530 ALPAFFAKSA TIYNPVIYVF MNRQFRNCIL Q.LF.GKKV. ..DDGSELSS ASKTEVSSVS S..VSPA
Humred 560 ALPAYFAKSA TIYNPVIYVF MNRQFRNCIL Q.LF.GKKV. ..DDGSELSS ASKTEVSSVS S..VSPA
Chred S71 ALPAYFAKSA TIYNPIIYVF MNRQFRNCIL Q.LF.GKKV. ..DDGSEVST .SRTEVSSVS NSSVSPA
Cfred - AMPAYFAKSA TIYNPVIYVF MNRQFRVCIM Q.LF.GKKV. ..DDGSEVST .SKTEVSS.. ...VAPA
Anolred 625 ALPAYFAKSA TIYNPIIYVF MNRQFRNCIM Q.LF.GKKV. ..DDGSELSS TSRTEVSSVS NSSVSPA
Cons P K YNP IY N QF C G T v
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4.6 CONCLUSIONS AND FUTURE
PERSPECTIVES

Our understanding of the molecular mechan-
isms underlying photoreception has increased
rapidly in the last decade. Just over ten years
ago, the first opsin gene sequence was
obtained by Nathans and Hogness (1983).
Determining that sequence represented an
important turning point because it provided a
handle with which to grasp other opsin
sequences. This led rapidly to the isolation of
the human visual pigment genes and the first
chance to make correlations between geno-
type and spectral sensitivity phenotypes in
humans. Subsequent work on the molecular
biology of human opsin genes has now
provided an important understanding of how
our color vision and its variants are deter-
mined genetically and this represents a great
achievement. During the same period, the
opsin sequence for bovine rhodopsin became
the model that researchers adopted and
tested to determine the structural and func-
tional relationships of opsin. Based on this
model, we now have a very good idea of how
the rhodopsin molecule functions and are in
a position to make some very confident
predictions about the three-dimensional
structure of the molecule in the membrane.
No doubt crystal structure data will soon be
available to confirm these predictions. Also,
as we understand more about how the
components of the opsin protein are import-
ant for the correct function of the visual
pigment opsin molecule, it is becoming poss-
ible to highlight relationships between inher-
ited visual disease and mutations in different
regions of the opsin gene.

For good color vision across the spectrum
we use three cone visual pigments with
different wavelength sensitivities and these
visual pigments are constructed with three
different opsin proteins. This should remind
us of one of the fundamental characteristics
of visual pigments that is so important for
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vision, which is that they have variable
wavelength sensitivity. In nature, this poten-
tial for variability has been well exploited so
that we know of visual pigment sensitivities
that range from the UV to the far-red, with
many examples in between. The potential is
obviously something that has been molded
by evolution and we can see this in animals
living in extreme environments that have
driven their visual pigment sensitivities to
particular spectral bands. We now appreciate
that much of this wavelength sensitivity
variation must have genetic foundations in
opsin sequence variation. This high level of
sensitivity variation makes the visual pig-
ments one of the most interesting of the G-
protein linked membrane receptors to study
and at the same time should prepare us to
expect similar variable function in other
members of the family.

The recent advances that have been made
in understanding the molecular structure and
function of opsin have been met by a greater
awareness of the subject of visual ecology.
Research in the latter is now uncovering
many examples of how the visual system is
adapted to functioning in different light
environments and how it can also become
adapted to different conditions during the
lifetime of an animal. The challenge for the
future will be to combine the two areas of
research (which has already started) to
investigate how different visual pigments in
the wild are determined by opsin amino acid
sequence and coded for genetically. As more
examples are found of changes in visual
pigment sensitivity during development, we
should also be looking carefully at the control
of opsin gene expression. Finally we should
remember that our own view of the world is
specifically colored and we should keep an
open mind about the way color is perceived
by other animals and even by other humans.
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5
Phototransduction,

excitation and adaptation

SATORU KAWAMURA

5.1 INTRODUCTION

Vertebrate photoreceptors respond to light
and transmit electrical signals to secondary
neurons. In the dark, a steady current flows
into the outer segment. The current is
blocked in the light so that the cell elicits a
hyperpolarizing response which is the prim-
ary phototransduction signal. The mechan-
isms generating this photoresponse are now
well characterized, especially in the case of
rod photoreceptors. The phototransduction
process consists of an enzyme cascade includ-
ing; a visual pigment (rhodopsin), a GTP-
binding protein (transducin) and an enzyme
hydrolyzing ¢cGMP (cGMP-phosphodiester-
ase).

A photoreceptor cell is not simply a detec-
tor of light; it can also actively adapt to
environmental light. Following light absorp-
tion, rhodopsin changes its color from red to
pale yellow, i.e. it is ‘bleached’. When a light
flash is given in the dark, a rod photo-
response is half-saturated by bleaching of
30-50 rhodopsin molecules per outer seg-
ment which contains approximately 3 x 10°
rhodopsin molecules in the case of amphi-
bians. The response is practically fully satur-
ated by bleaching of 10° rhodopsin molecules

Neurobiology and Clinical Aspects of the Outer Retina

Edited by M.B.A. Djamgoz, 5.N. Archer and S. Vallerga
Published in 1995 by Chapman & Hall, London

ISBN 0 412 60080 3

per outer segment. However, when a rod is
exposed to a continuous light for many
minutes, the response gradually recovers
towards the dark level and then the cell be-
comes responsive to a light flash that would
evoke a fully saturated response under dark-
adapted conditions. This desensitizing pro-
cess is called ‘light-adaptation” which accom-
panies acceleration of the time course of the
photoresponse.

Light-adaptation is classified into two types
depending on light intensity, or amount of
visual pigment bleached: one is background
adaptation and the other is bleaching adap-
tation. Background adaptation takes place
under weak light when a negligible amount
of thodopsin (~ 1078 of total) is bleached. In
the case of background adaptation, the light-
sensitivity of the cell fully recovers, even in
isolated rods, when the light stimulus ceases.
A light-induced decrease in the cytoplasmic
[Ca?*] is responsible for this adaptation.
Background adaptation is attained by modi-
fying the phototransduction cascade. Bleach-
ing adaptation takes place when the light
intensity is high and a substantial amount of
rhodopsin (~ 107! of total) is bleached. In
contrast to background adaptation, the light-
sensitivity of isolated rods does not recover to
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the dark level even after the light stimulation,
i.e. the light-sensitivity decreases irrevers-
ibly. However, the sensitivity recovers fully
in the dark when rods remain attached to the
pigment epithelium such that rhodopsin can
be regenerated. The recovery of sensitivity
from either background or bleaching adap-
tation is generally called ‘dark adaptation.’
The mechanisms of phototransduction and
background adaptation but not bleaching
adaptation are known in detail. Much of the
space of this chapter has, therefore, been
devoted to the mechanisms of phototrans-
duction and background adaptation. Further-
more, most of the work has been done on rod
photoreceptors.

Since as indicated above, background
adaptation is attained by modification of
phototransduction, the mechanisms respons-
ible for turning the cascades on and off are
reviewed first and then adaptation is
covered. Recent other review articles also
deal with some of these areas (McNaughton,
1990; Stryer, 1991; Kaupp and Koch, 1992;
Detwiler and Gray-Keller, 1992; Lagnado and
Baylor, 1992; Kawamura, 1993a; Koutalos and
Yau, 1993).

5.2 PHOTOTRANSDUCTION CASCADE

5.2.1 TURN-ON MECHANISMS

A summary scheme of the basic mechanisms
of photoreceptor excitation and adaptation is
shown in Figure 5.1. The characteristics of
the photoreceptor proteins involved in these
mechanisms are listed in Table 5.1.

In the rod outer segment, cGMP binds to a
cation channel (cGMP-gated channel) in the
dark and keeps it open (Figure 5.1, a). On
light absorption, rhodopsin (R) is activated.
Activated rhodopsin (R*) interacts with a
GTP-binding protein, transducin (T), and
catalyzes the exchange of bound-GDP for
GTP on the transducin molecule. The GTP-
bound form of transducin (Typ) is active and
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interacts with a cGMP hydrolyzing enzyme,
cGMP-phosphodiesterase (PDE) and stimu-
lates it (Figure 5.1, PDE*). As a consequence,
c¢GMP concentration decreases and leads to
the dissociation of cGMP from the channel
and the suppression of the inward current in
the light (Figure 5.1, b). Since rhodopsin,
transducin and PDE are all associated with
the disk membrane, this is where these
reactions take place. The following section
reviews these molecular events in greater
detail.

(a) Photoreception by rhodopsin

Rhodopsin (39 kDa) absorbs green light at
around 500 nm maximal and therefore, its
color is red when we see it with a light flash
in the dark. Rhodopsin is a member of a
family of G-protein-coupled receptors which
have seven transmembrane helices. This
family also includes B-adrenergic receptors
and muscarinic acetylcholine receptors. Rho-
dopsin consists of a protein moiety (opsin)
and a chromophore (11-cis retinal) that is
covalently linked to opsin through a proto-
nated Schiff base at the Lys-296 residue of
bovine rhodopsin (Chapters 3 and 4). Due to
the protonation, the absorption wavelength
of the chromophore shifts from the UV to the
visible region of the spectrum. The positive
charge at the protonated Schiff base is stabil-
ized by a carboxyl counter ion at Glu-113
(Zhukovsky and Oprian, 1989; Sakmar et al.,
1989; Nathans, 1990).

Upon light absorption, the 1l-cis retinal
isomerizes to an all-trans form, which
initiates a series of conformational changes in
the rhodopsin molecule that results in bleach-
ing which is the photoreception signal of
rhodopsin. During the course of bleaching,
several intermediates can be identified by
spectrophotometry. Among them, metarho-
dopsin II (meta II) is an important link to the
subsequent phototransduction cascade. After
a light flash, meta II is formed within 10 ms
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Figure 5.1 Schematic diagram of photoreceptor excitation and adaptation. For details, see text. R,
inactive rhodopsin; R* activated rhodopsin; Rk, rhodopsin kinase; T¢pp, inactive transducin; Tgyp, active
transducin; PDE, cGMP phosphodiesterase; PDE*, active cGMP phosphodiesterase; GC, guanylate
cyclase; GCAP, guanylate cyclase activating protein. a cGMP-gated channel in the open state. b cGMP-
gated channel in the closed state. ¢ Na*/Ca?*, K* exchanger. Open arrow indicates the acceleration of
the reaction at low [Ca®*], i.e. during light-adaptation.

which is comparable to the time range of the
latency of a photoreceptor potential. It has
been shown that meta II activates transducin
(Fukada and Yoshizawa, 1981). However,
meta II becomes phosphorylated (section
5.2.2) and this form of meta II does not have
the activating capacity. Since phosphorylated
and non-phosphorylated meta II cannot be
distinguished spectrophotometrically, the
term ‘activated rhodopsin’ (R*; Figure 5.1) is
used to specify the non-phosphorylated,
active form of meta II throughout this
chapter.

In meta II, the Schiff base is unprotonated

(Doukas et al., 1978), which raises the possib-
ility that deprotonation is a necessary step for
the formation of R*. However, a rhodopsin
mutant having an unprotonated Schiff base
can activate transducin in a light-dependent
manner (Fahmy and Sakmar, 1993b). More-
over, the mutation of either Lys-296 or Glu-
113 results in a constitutive activation of
transducin. From these results, deprotona-
tion does not seem to be required for the R*
formation. Instead, a salt bridge between
Lys-296 and Glu-113 has been suggested to
help to constrain opsin in an inactive confor-
mation (Robinson et al., 1992; Cohen et al.,

107



Phototransduction, excitation and adaptation

Table 5.1 Photoreceptor proteins involved in phototransduction and adaptation

Concentration
Molecular Molar ratio to (rM) or
weight (kDa) rhodopsin density* (um>) Reference
Rhodopsin 39 1000 4000 Harosi (1975), Hamm and
Bownds (1986)
Transducin 130 520 Hamm and Bownds (1986)
a 40
B 35
v 5
Phosphodiesterase 5 20 Hamm and Bownds (1986)
o 95
B 94
Y 11 Hurley and Stryer (1982)
Guanylate cyclase 112 10 40 Koch (1991), Hayashi and
Yamazaki (1991)
Rhodopsin kinase 65 3 12 Sitaramayya (1986)
Arrestin 48 30 120 Hamm and Bownds (1986)
Phosducin 33 6 24 Estimated from Lee et al.
(1987)
S-modulin Recoverin 26 10 40 Kawamura and Murakami
(1991), Dizhoor et al.
(1991)
GCAP 20 Gorczyca et al. (1994)
Calmodulin 16 1 4 Kohnken et al. (1981),
Nagao et al. (1987)
Component I 13 2 8 Polans et al. (1979)
II 12 2 8 Polans et al. (1979)
Na*t/Ca?*, Kt 220 1 4 450-1400* Cook and Kaupp (1988),
exchanger Nicoll and Applebury
(1989), Reid et al. (1990)
c¢GMP-gated channel 2 8 400-3000*  Haynes et al. (1986),
Zimmerman and Baylor
(1986)
a 63 Cook et al. (1987)
B 71 Chen et al. (1993)

1993). Isomerization of the chromophore
would induce breakage of this salt bridge and
expose the sites that are necessary for activa-
tion of transducin. Site-directed mutagenesis
studies showed that the second, third and
fourth cytoplasmic loops of rhodopsin are
required for this activation (Konig et al., 1989;
Franke et al., 1992; Weitz and Nathans, 1992;
Fahmy and Sakmar, 1993a). Highly con-
served amino acid residues are found in these
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regions of other G-protein-coupled receptors,
indicating that these loops may be involved
in the activation of G-proteins generally.

(b) Signaling from rhodopsin to
transducin

Transducin transmits the photoreception
signal from rhodopsin to ¢cGMP-phospho-
diesterase. Transducin is a heteromeric



trimer composed of alpha (T, 40 kDa), beta
(Tg; 35 kDa) and gamma (T,; 5 kDa) subunits.
The T, subunit possesses the site for GTP
binding. Activated rhodopsin (R*) catalyzes
the exchange of GDP for GTP on the trans-
ducin molecule and, with this exchange,
transducin converts into the active form (Tgpp
in Figure 5.1; Fung and Stryer, 1980). The T,
and T, subunits are essential for the exchange
of GDP for GTP on T, (Fung, 1983). Trans-
ducin has intrinsic GTPase activity and hyd-
rolyzes GTP to GDP, and for this reason,
transducin binds GDP in the dark. The GDP-
bound form of transducin (Tgpp) is inactive.
The photoreception signal generated by a
rhodopsin molecule is amplified during acti-
vation of transducin. One R* molecule cata-
lyzes the exchange of GDP for GTP in 500
(Fung and Stryer, 1980), and even tens of
thousands (Gray-Keller et al., 1990) of trans-
ducin molecules, which results in the forma-
tion of an enormous number of active
transducin. This is the first step of the
amplification of the photoreception signal.
The binding of T, to R* follows a sigmoidal
relationship with a Hill coefficient near 2,
which means that the probability of a second
T, binding is increased by 40 times after the
first T, binding (Wessling-Resnick and John-
son, 1987). K, values are about 50 nm and
2 nM for the first and second T, bindings,
respectively (Willardson et al., 1993).
Recently, a 2.2 A crystal structure of T, was
obtained (Noel et al., 1993); T, was found to
consist of a domain structurally homologous
to small GTPases (for review, see Boguski
and McCormick, 1993) and a helical domain
unique to heteromeric G-proteins. Since the
GTP-binding site is buried deep in a cleft
formed between the GTPase and the helical
domains, R* should open the cleft for the
exchange of GDP for GTP. T, possesses a
significantly higher level of basal GTPase
activity than small GTPases, and the helical
domain may serve as a GTPase activating
protein (GAP) which is present in the small
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GTPase systems. The binding site to R* is
near the carboxyl terminal (Fung and Nash,
1983; Hamm et al., 1988; Dratz et al., 1993; for
review, see Pfister et al., 1993).

T, and Tj are post-translationally modified.
T, is farnesylated and methylated (Fukada
et al., 1990; Lai et al., 1990); T, is hetero-
geneously fatty acylated (Kokame et al., 1992;
Neubert ef al., 1992). These modifications are
essential for the function of transducin.

T, is also known to be ADP-ribosylated by
both cholera and pertussis toxins. The re-
actions affected by the toxins are known to be
different from each other (Bornancin et al.,
1992). With modification by cholera toxin,
GTP hydrolysis is inhibited so that PDE
activation is prolonged. With pertussis toxin,
interaction with R¥, and, therefore, GDP/GTP
exchange is inhibited so that activation of
transducin is inhibited. In rod outer seg-
ments, endogenous ADP-ribosylase is
present, and this enzyme is activated by
nitric oxide (NO), a recently proposed mes-
senger for adaptation in brain (Ehret-Hilberer
et al., 1992; Pozdnyakov et al., 1993). The
enzyme synthesizing NO, NO synthase, is
also present in rod outer segments (Venturini
et al., 1991). The reaction affected by the
endogenous ATP-ribosylase and its func-
tional role are not known yet.

(c) Signaling from transducin to
c¢GMP-phosphodiesterase

The GTP-bound form of transducin activates
c¢GMP-phosphodiesterase (PDE; Figure 5.1).
Bovine rod PDE is thought to be a hetero-
tetrameric molecule consisting of one P,
(95 kDa), one Py (94 kDa) and two P, (11 kDa)
subunits. P is a inhibitory subunitand P, isa
catalytic subunit. P, has a similar amino acid
sequence as P, and recent work using
expressed P, and P, showed that both have
catalytic activity (Piriev et al., 1993). Each of
the two P, subunits can bind to either P, or Py
(Fung et al., 1990; Clerc et al., 1992).

109



Phototransduction, excitation and adaptation

The GTP-bound form of transducin forms a
complex with P, to remove its inhibitory
effect on P,;. The exact mechanism of this
has been a subject of argument; one sugges-
tion was that T, bound with GTP carries P, to
dissociate from the catalytic subunits;
another was that the T /P, complex remains
associated with P,Pg but liberates the inhibit-
ory constraint of P,. Recent studies suggest,
however, that this may depend on the
experimental conditions used (Clerc and Ben-
net, 1992; Catty et al., 1992; Otto-Bruc et al.,
1993). At low protein concentrations, T,/P,
physically dissociates from P,g, but under high
(physiological) concentrations of protein, the
T,/P, complex remains associated with mem-
branes. These studies were done in bovine
photoreceptors. In amphibians, however,
cGMP determines the fate of P, (section 5.5.1).

As described above, photoreception is
amplified during the transmission of signal
from R* to transducin. However, the step
from transducin to PDE, seems to involve
one-to-one activation, the GTP-bound form
of T, binds to one P, and activates one P, or
one P,. One activated PDE molecule hydro-
lyzes several hundred cGMP molecules per
second (Sitaramayya ef al., 1986), and, there-
fore, one R* molecule leads to hydrolysis of
more than 10° molecules of cGMP as a total
amplification from rhodopsin to cGMP (Yee
and Liebman, 1978).

It has been shown that the carboxyl ter-
minal region of P, (Swanson and Applebury,
1983; Ong et al., 1989) and P, (Catty and
Deterre, 1991) are also modified by methyla-
tion and, possibly, lipidation. Furthermore, P,
and P, appear to be differentially prenylated;
P, is modified with a farmesyl group and P,
with a geranylgeranyl group (Anant et al.,
1992). These modifications are thought to be
important for correct positioning of the mol-
ecules in the disk membrane (Qin et al., 1992).

The central region of P, contains many
cations and interacts with T, (Lipkin et al.,
1988; Morrison et al., 1989; Brown, 1992;
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Artemyev et al., 1993) and P,, (Lipkin et al.,
1988; Artemyev and Hamm, 1992). The site
on Pw essential for inhibition of P, or PB' is at
the carboxyl terminal (Lipkin et al., 1988;
Brown and Stryer, 1989; Artemyev and
Hamm, 1992) and elimination of the last five
residues totally abolishes its inhibitory effect
(Brown, 1992). The corresponding site on T,
for binding to P, is near the carboxyl termi-
nal, next to the R* binding site (Rarick et al.,
1992; Artemyev et al., 1992); the site on PaB for
binding to P, is near the amino acid terminal
of P, or P, (Oppert et al., 1991; Oppert and
Takemoto, 1991).

(d) ¢cGMP-gated channel

The ¢cGMP-gated channel was characterized
by Fesenko et al. (1985) after a long dispute
about the identity of the intracellular mes-
senger in phototransduction. This channel is
a cation channel situated exclusively in the
photoreceptor plasma membrane (Bauer,
1988; Cook et al., 1989; Molday et al., 1991).
Most cations can permeate the channel
(Hodgkin et al., 1985); the permeability ratios
for Ca** and Mg?* to Na* are 12.5 and 2.5,
respectively (Nakatani and Yau, 1988b; for
review, see Yau and Baylor, 1989). The gating
of the channel is co-operatively regulated by
c¢GMP and the Hill coefficient is 2-3. Half
saturation is observed at 10-50 um cGMP. In
the presence of divalent cations, this channel
has a low conductance (~ 100 f5), whereas in
their absence, this rises to around 25 pS
(Haynes et al., 1986; Zimmerman and Baylor,
1986). The proportion of the channels in their
open state is only 1-2% under in situ con-
ditions (Nakatani and Yau, 1988c), suggest-
ing that the intracellular cGMP concentration
in intact cells is several micromolar.

The phototransduction channel protein
(63 kDa) has been purified (Cook et al., 1987);
and the corresponding DNA cloned and
functionally expressed (Kaupp et al., 1989).



However, the expressed channel differed
from the native channel in some aspects. The
purified channel did not show sensitivity to
l-cis diltiazem which blocks the cGMP-gated
channel in intact cells; also the channel open
times were long and stable compared to the
flickering activity seen in intact cells. Chen
et al. (1993) described a new subunit of the
cGMP-gated channel, called hRCN2a (71
kDa), which by itself did not form functional
channels. However, when hRCN2a was
co-expressed with the previously obtained
63 KDa protein, the resulting channel activity
much more resembled the properties of the
native channel. These results suggest that the
cGMP-gated channel is a hetero-oligomer.
Recently it has been shown that the cGMP-
gated channel is a member of voltage-gated
channels and the highest conservation in
the amino acid sequence is observed in the
putative pore-forming region (Guy et al.,
1991; Goulding et al., 1993).

5.2.2 TURN-OFF MECHANISMS
(a) Phototransduction turn-off

All of the activated components in the photo-
transduction cascade are inactivated after
termination of the light stimulus. R* is
inactivated by phosphorylation of as many as
seven amino acid residues in the carboxyl
terminal by rhodopsin kinase (Figure 5.1).
When the phosphorylation site is removed by
proteolysis, inactivation of the phototrans-
duction cascade becomes slow (Sitaramayya
and Liebman, 1983a; Miller and Dratz, 1984;
Palczewski et al., 1991). Only R* is the
substrate of rhodopsin kinase (Weller et al.,
1975; McDowell and Kithn, 1977), although
phosphorylation of unbleached rhodopsin
has also been reported (Binder et al., 1990;
Dean and Akhtar 1993). Overall, it is thought
that the phosphorylation site of rhodopsin is
exposed to the cytoplasmic surface after
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bleaching so that the kinase can access the
phosphorylation site. However, exposure of
the site is not sufficient because the carboxyl
terminal peptide including the phosphoryla-
tion site is phosphorylated only in the
presence of R* (Fowles et al., 1988; Palczewski
et al., 1991). Cleavage of the V-VI cytoplasmic
loop of rhodopsin reduces the phosphoryla-
tion. This loop seems to be the binding site of
the kinase and responsible for the activation
of this enzyme. After weak light stimulation
(~107° fractional bleach), the phosphoryla-
tion is complete in less than 2 s, a physiologi-
cally significant time range (Sitaramayya and
Liebman, 1983b).

The amino acids involved in the phosphor-
ylation of rhodopsin have been identified. In
bovine rhodopsin, the major initial phos-
phorylation site is Ser-339; subsequent phos-
phorylation takes place either at Ser-343 or
Thr-336 (Ohguro et al., 1993; McDowell et al.,
1993; Papac et al., 1993). It has been sug-
gested that the rate of incorporation of the
first phosphate is slow but the initial phos-
phorylation facilitates the subsequent incor-
poration of phosphates (Adamus et al.,
1993a). However, the reason(s) for multiple
phosphorylation of rhodopsin is not known
yet.

Rhodopsin kinase (65 kDa) is autophos-
phorylated (Lee et al.,, 1982; Kelleher and
Johnson, 1990), and this seems to be the
mechanism of dissociation of this enzyme
from R* (Buczylko et al., 1991). The major
autophosphorylation sites are Ser-488 and
Thr-489 (Palczewski ef al., 1992b). The kinase
is also farnesylated at its carboxyl terminal
(Inglese et al., 1992a; Anant and Fung, 1992)
and this is essential for the activity and the
membrane-binding of this enzyme (Inglese
et al., 1992b).

Arrestin (48 kDa), also called ‘S-antigen’ or
48K protein, is another factor involved in
inactivating R*. This protein binds to phos-
phorylated R* and thereby prevents the
binding of T, to R* (Wilden et al., 1986). For
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the binding of arrestin, both rhodopsin
activation and phosphorylation of rhodopsin
are necessary. Binding to unbleached/
phosphorylated rhodopsin, or bleached/
unphosphorylated rhodopsin, is weak (Gure-
vich and Benovic, 1993). Arrestin has been
suggested to move from outer to inner
segment during dark-adaptation, and from
inner to outer segment during light-
adaptation; it has also been suggested to be a
major Ca?*-binding protein and to have
ATPase activity. However, these characteris-
tics have only tentatively been established
(Palczewski and Hargrave, 1991; Nir and
Ranson, 1993).

The role of arrestin was investigated elec-
trophysiologically in internally dialyzed,
detached rod outer segments. Phytic acid, an
inhibitor of arrestin binding to phosphory-
lated R*, inhibited and prolonged the recov-
ery of a photoresponse, which indicated that
arrestin inactivates the phototransduction
cascade and facilitates the recovery process of
the photoresponse (Palczewski et al., 1992a).
Arrestin binds to bleached rhodopsin as long
as all-trans retinal is associated with opsin
(see below).

R* (meta II) decays into opsin and all-trans
retinal within a time range of minutes.
Rhodopsin regenerates from opsin by re-
association with 11-cis retinal. During these
processes, arrestin and the phosphate groups
are removed from the protein moiety. Arres-
tin dissociates from the phosphorylated
photoproduct of rhodopsin once all-trans
retinal is reduced to all-trans retinol by retinol
dehydrogenase (Hofmann et al., 1992). The
phosphates are removed from the protein
moiety by a type-2A phosphatase (Pal-
czewski et al., 1989; Fowles et al., 1989).

Inactivation of transducin is attained by its
intrinsic GTPase activity. Earlier biochemical
work done under fully bleached conditions
(Wheeler and Bitensky, 1977) showed that
GTP hydrolysis is complete within a time
range of minutes. According to the present
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scheme of the phototransduction mechan-
isms, PDE activation persists as long as GTP
stays on T,. Therefore, GTP hydrolysis occurr-
ing over minutes is too slow to explain the
physiological time course of a photoresponse
terminating in seconds. Recent work has
shown, however, that under physiological
conditions, GTP hydrolysis is rapid. Using
frog material, Arshavsky and Bownds (1992)
showed that GTP hydrolysis accelerated as
the concentration of P, was increased. This
indicated that P acts like a GTPase-activating
protein (GAP) which was originally found in
a small GTP-binding protein system (for
review, see Boguski and Cormick, 1993).
Using microcalorimetry, Vuong and Chabre
(1991) also detected rapid GTP hydrolysis in a
more intact situation. In one single rod, P, is
present at a concentration of about 10% of
transducin (Table 5.1). Therefore, activated
transducin exceeding this ratio cannot bind to
P, and thus cannot hydrolyze GTP at a fast
rate, and this explains the slow GTP hydroly-
sis observed biochemically under fully
bleached conditions. The same explanation
can be applied to the observation that PDE
inactivation becomes fast as the intensity of
the stimulus decreases (Kawamura, 1983).
PDE is activated by removal of its inhib-
itory subunit P, from the catalytic subunits
P,s (section 5.2.1); therefore, inactivation of
PDE requires reassociation of P, with Pq. If
the T,/P, complex physically dissociates from
P g, it will not be easy for P, liberated from T,
to reassociate with P,,. The mechanism of
this reassociation is not yet known.
According to the widely accepted scheme,
PDE inactivation becomes possible after
hydrolysis of GTP on T,. However, Erickson
et al. (1992) observed PDE inactivation in the
presence of GTP—yS, a non-hydrolyzable
GTP analog, and proposed a mechanism
which does not require GTP hydrolysis for
termination of PDE activation. One possib-
ility is that free P acts as an inhibitor of P
independently of GTP hydrolysis.



(b) Recovery of cGMP concentration

After termination of a light stimulus, the
phototransduction cascade turns-off and
¢GMP concentration recovers to the original
dark level with supplement of cGMP syn-
thesis by guanylate cyclase. Guanylate cyc-
lases are classified into two groups: one is
soluble or cytosolic and the other is
membrane-associated. Only the membrane-
associated form is found in photoreceptors
(Troyer et al., 1978; Yoshikawa et al., 1982),
where it is present in the outer segment
(Kawamura and Murakami, 1989a). How-
ever, sodium nitroprusside, an NO donor,
altered dark voltage and photoresponses of
isolated frog rods. Since NO is known to
activate soluble guanylate cyclase, the result
suggests also the presence of this form of the
enzyme (Schmidt et al., 1992).

The membrane-associated guanylate cyc-
lase in rods has been purified (Koch, 1991;
Hayashi and Yamazaki, 1991) and the corres-
ponding cDNA cloned (Shyjan et al., 1992). In
frogs, the protein is a doublet of 110 and 115
kDa polypeptides, whereas the bovine
enzyme is a single 110-112 kDa polypeptide.
Both frog and bovine cyclases are separated
into 4-5 variants on the basis of isoelectric
focusing (Hayashi and Yamazaki, 1991). The
significance of these variations is not known.

5.3 MECHANISM OF BACKGROUND
ADAPTATION

Under dark-adapted conditions, rod photo-
receptors can respond to a range of light
intensities over 3 log units. The relation
between light intensity and rod photo-
response can roughly be expressed with a
Michaelis—-Menten equation. When a photo-
receptor is light-adapted, the working range
shifts to a higher light intensity by approx-
imately 3 log units and the cell can still
respond to light over the range of 3 log units.
Thus, with light-adaptation, rods can cover
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light intensities over a range of ~ 6 log units.
Enzyme reactions usually saturate with sub-
strate concentrations over a range of only 3
log units. Recent work has shown that the
light-induced decrease in cytoplasmic [Ca®*];
in the outer segment has an important role
for widening the range of the light intensities
covered. As shown below, the [Ca®']
decrease is the cause of background adap-
tation which is fully reversible. Due to the
[Ca**]; decrease, light-sensitivity of PDE is
reduced, guanylate cyclase is activated and
sensitivity of the cGMP-gated channel to
c¢GMP is increased. The molecular mechan-
isms of these processes are reviewed in the
following sections.

5.3.1 [Ca®'], DECREASE IN THE LIGHT

Sillman et al. (1969) originally found that Na*
is the major charge carrier of the steady
current that flows into the outer segment in
the dark. Subsequently, Ca®* was also found
to permeate the channel (for a review, see
Yau and Baylor, 1989). The entering Ca®* is
pumped out by a Na*/Ca**, K* exchanger
situated in the plasma membrane of the outer
segment (Figure 5.1, c). The stoichiometry of
the exchange is such that the efflux of 1Ca**
requires the efflux of 4Na* and the efflux of
1K* (Figure 5.1) (Cervetto et al., 1989; Schnet-
kamp et al., 1989).

The exchanger operates continuously,
irrespectively of light/dark conditions. The
light-induced decrease in the rod cytoplasmic
[Ca®*] could be explained in the following
way. In the dark, the cGMP-gated channel is
open and Ca’* enters the cell (Figure 5.1, a).
The cytoplasmic [Ca®*]; is maintained at the
level where the entry and extrusion of Ca®*
are balanced. When the channel is closed in
the light, Ca?* entry is blocked (Figure 5.1, b)
whereas the extrusion continues (Figure 5.1,
c). As a result, cytoplasmic [Ca®*]; decreases
in the light (Yau and Nakatani, 1985a).
According to measurements with fura-2 or
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quin-2, [Ca®*]; in the dark is less than
220-270 pM (Ratto et al., 1988; Korenbrot and
Miller, 1989) and decreases in the light to
nearly 140 nm (Ratto et al., 1988). However,
the Ca’* decrease may be more complex
because of the presence of Ca’* buffers in the
outer segments; the decrease in [Ca®*]; may
be more rapid in the areas adjacent to the
plasma membranes, compared with the
center of the rod outer segment (McCarthy
et al., 1993).

The Na*/Ca®*, K* exchanger protein has
been purified (Cook and Kaupp, 1988; Nicoll
and Applebury, 1989; Reid et al., 1990); and
localized exclusively to the plasma membrane
and not in the disk membrane (Haase et al.,
1990; Reid et al., 1990). Recently, the cDNA
for the exchanger has been obtained from the
bovine retina (Reildander et al., 1992). Accord-
ing to the deduced amino acid sequence, the
calculated molecular weight was ~130 kDa;
expression of the cDNA produced functional
proteins.

A single exchanger molecule can exchange
30 Ca®*/s (Cook and Kaupp, 1988). Because of
this high exchange rate, [Ca’*]; decreases
with a time constant of about 0.5s
(McNaughton et al., 1986; Nakatani and Yau,
1988b). The exact mechanism of ion transport
by the exchanger is not known. However,
Perry and McNaughton (1993) suggested a
consecutive model in which unbinding of
Na* on either the inner or the outer mem-
brane surface is followed by binding of
intracellular Ca** and then K*.

5.3.2 ROLE OF [Ca?*]; DECREASE IN
BACKGROUND ADAPTATION

The role of the [Ca?*], decrease in back-
ground adaptation was examined electro-
physiologically by suppressing the [Ca®'];
decrease (Matthews et al., 1988; Nakatani and
Yau, 1988a; Fain et al., 1989). In these studies,
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the inner segment of lower vertebrates was
sucked into a macropipet electrode and the
outer segment was exposed first to Ringer
solution and then to a test solution in which
Na* was replaced with lithium or guanidium.
These ions permeate the cGMP-gated chan-
nel and therefore maintained the steady
inward current in the dark. However, since
there was no external Na*, cytoplasmic Ca?*
could not be extruded by the exchanger.
Moreover, in this test solution, external
[Ca?**] was kept low so that the Ca®* entry
was minimal. The outer segment was
exposed to the test solution just before a light
stimulus. Since there was no entry or extru-
sion of Ca?*, cytoplasmic [Ca®*]; would be
kept at the high value of the dark even in the
light. With the [Ca’*]; decrease suppressed,
the response elicited by a steady light became
larger and peaked later, and the recovery was
much slower than normal. The result, there-
fore, indicated that both low light-sensitivity
and facilitated photoresponse time course
during background adaptation are due to the
decrease in the cytoplasmic [Ca®*];. A similar
result was obtained in mammalian rods
(Matthews, 1991; Nakatani et al., 1991;
Tamura et al., 1991).

Another noticeable point of the above
experiments was that the intensity-response
curve obtained in the absence of the [Ca*];
decrease deviated from the Michaelis—
Menten relation (seen with normal Ringer
solution) and instead followed an exponen-
tial function, i.e. a steeper relation than the
Michaelis-Menten equation. Since the prob-
ability of one photon falling on a disk
membrane is an exponential function of light
intensity, the above finding would indicate
that the Michaelis-Menten-type relation is
the result of the light-induced [Ca®'];
decrease. This idea is also supported by the
finding that the amplitude of the photo-
response is an exponential function of the
light intensity at the very beginning of the



light stimulus, presumably due to the neglig-
ible decrease in [Ca**], (Lamb et al., 1981).

The above result suggested that the [Ca?*];
decrease leads to both the decrease in the
efficiency of the light-induced cGMP hydroly-
sis and the facilitation of the recovery of
cGMP level. There are at least two possible
sites where [Ca?*]; could have a direct or
indirect effect on (a) PDE and (b) guanylate
cyclase. Previous biochemical work sug-
gested that both enzymes are, in fact, regu-
lated by [Ca®*}],. Light-induced activation of
PDE was reported to be affected by Ca®*
(Robinson et al., 1980, Kawamura and
Bownds, 1981; Del Priore and Lewis, 1983;
Barkdoll et al., 1989). PDE activation was
lower and the recovery of its activity faster in
low [Ca®*], (Kawamura and Bownds, 1981).
On the other hand, guanylate cyclase activity
was found to be higher at low [Ca®*] (Krish-
nan et al., 1978; Troyer et al., 1978; Fleischman
and Denisevich, 1979). The Ca’**-dependent
regulation of these enzymes could explain
both the suppression of cGMP concentration
decrease and its accelerated recovery under
light-adapted conditions where [Ca®*],is low.
However, in these studies, the Ca®** effects
were studied at millimolar levels (but see
sections 5.3.3 and 5.3.4).

Previous electrophysiological work also sug-
gested Ca®*-dependent regulation of guany-
late cyclase and/or PDE. Intracellular injec-
tion of a Ca?* chelator, BAPTA, into isolated
rods slowed the recovery of photoresponse
(Torre et al., 1986). In the presence of BAPTA,
[Ca“]i would be maintained at a high, ‘dark’
level, and therefore, the effect would be due
to the blockage of the [Ca?*]; decrease. This
Ca®* effect was attributed to the prolonged
activation of PDE. Hodgkin and Nunn (1988)
and Cobbs (1991) found little effect of Ca** on
the kinetics of PDE activation. Based on these
findings, it was suggested that guanylate
cyclase is activated during background adap-
tation, and hence at low [Ca®*],.

Mechanism of background adaptation

5.3.3 REGULATION OF GUANYLATE
CYCLASE

Direct biochemical evidence that guanylate
cyclase activity is regulated at physiological
levels of [Ca®*]; was demonstrated by Koch
and Stryer (1988). They measured the cyclase
activity at different [Ca®']; and found that
50-200 nm Ca’* inhibits the cyclase with
half-maximum inhibition occurring at
around 100 nM. The Ca**-dependent regula-
tion on the cyclase required a soluble pro-
tein(s) since the Ca' effect disappeared,
reversibly, by washing the disk membranes
with a low ionic strength-buffer solution (also
see below).

Using a preparation of ‘truncated rod outer
segments’ (Yau and Nakatani, 1985b) or more
informatively ‘inside-out rod outer segments’
(VO ROS), we also showed electrophysio-
logically that the cyclase is activated at low/
physiological levels of [Ca’*]; (Kawamura
and Murakami, 1989a). In this preparation,
an open-ended rod outer segment was held
in an electrode measuring the membrane
current and, the cytoplasmic side perfused
from the open end with a solution containing
known chemicals. The I/O ROS preparation
retains both disk membranes and plasma
membranes, and therefore, contains most of
the components necessary for phototrans-
duction. Application of cGMP to I/O ROS
induced a membrane current which was
suppressed by light, presumably due to
hydrolysis of cGMP caused by light-activated
PDE (Yau and Nakatani, 1985b). Application
of GTP instead of cGMP, generated a light-
suppressible current which was indis-
tinguishable from the cGMP-induced current
and indicated that cGMP was synthesized
from GTP by guanylate cyclase in I/O ROS.
The light-induced current amplitude (i.e.
c¢GMP concentration) increased when [Ca®*];
was lowered. The apparent increase in the
c¢GMP concentration was mainly due to the
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activation of guanylate cyclase and partly
because of the decrease in the PDE activity.
The Ca®* effect was minimum at 1 pM [Ca®*];
and saturated at 10 nm (with half maximum at
around 100 nm), in agreement with the
biochemical study done by Koch and Stryer
(1988). The Ca®* effect was observed in less
than one second after the reduction of [Ca®*];
(Kawamura and Murakami, 1989b).

(a) Recoverin and GCAP

As mentioned above, regulation of guanylate
cyclase by Ca®* requires soluble protein(s).
Using bovine retina, Dizhoor et al. (1991) and
Lambrecht and Koch (1991a) reported the
isolation of a 26 kDa soluble protein, named
‘recoverin’, that activated the cyclase at low
[Ca®*];. Slightly earlier and using frog, we
found a soluble 26 kDa protein, named
‘sensitivity-modulating protein’ (S-modulin)
that increased the light-sensitivity of PDE at
high [Ca®*], (section 5.3.4). Because of the
similarities in molecular weight and Ca®*-
dependency, it was suggested that S-
modulin and recoverin are the same protein
having two functions, one on the cyclase at
low [Ca®*]; and the other on PDE through the
phototransduction cascade at high [Ca*'];
(Stryer, 1991). However, other studies
showed that recoverin acts on the photo-
transduction cascade (Kawamura et al., 1993)
but not on the cyclase (Gorodovikova and
Philippov, 1993; Gray-Keller et al., 1993;
Hurley et al., 1993). Recently, it has been
shown that the cyclase is activated at low
[Ca?*] by a 20 kDa Ca’*-binding protein
named ‘guanylate cyclase activating protein’
(GCAP). Intracellular application of this pro-
tein to isolated rod outer segments induced
facilitation of photoresponse recovery, which
was expected from activation of the cyclase
by GCAP at low [Ca’*], (Gorczyca et al.,
1994).
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5.3.4 REGULATION OF
PHOSPHODIESTERASE

As described above (section 5.3.2), previous
results suggested that PDE is activated at
high, but rather non-physiological levels of
[Ca?*], (Robinson et al., 1980; Kawamura and
Bownds, 1981; Del Priore and Lewis, 1983;
Barkdoll et al., 1989). However, our recent
studies showed that physiological concentra-
tions of Ca®* also affect both PDE activation
and inactivation via S-modulin (Kawamura
and Murakami, 1991; Kawamura, 1993b).

(a) S-modulin

Using the frog I/O ROS preparation, we
applied cGMP at different levels of [Ca®*];
and measured the light-suppressible current.
The peak amplitude of the photoresponse
became smaller and the recovery faster when
[Ca*], was lowered from 1 pM to 30 nM. Since
the GTP concentration was kept low, the
contribution of the cyclase could be ignored
and the observed effects of Ca?* were attrib-
uted to PDE (Kawamura and Murakami,
1991). However, the Ca®* effect was lost
irreversibly when the inside of the /'O ROS
was perfused with a low-[Ca®*]; solution,
which raised the possibility that a protein
responsible for the Ca’*-dependent regula-
tion on PDE was washed out. A 26 kDa
protein bound to disk membranes was found
to fit the criteria; as it increased the light-
sensitivity of PDE at high [Ca*']; it was called
‘sensitivity-modulating” protein (S-modulin)
(Kawamura and Murakami, 1991; Kawa-
mura, 1993b). Since the maximum activity of
PDE elicited by a saturating light was not
affected, S-modulin appeared to modulate
the efficiency of the signaling at a certain
stage(s) of the phototransduction cascade.
Lagnado and Baylor (1994) confirmed that
PDE activation is regulated by both [Ca*'];
and a diffusible substance(s).

Kawamura (1993b) showed unequivocally



that S-modulin inhibits rhodopsin phosphor-
ylation at high [Ca®*]; (Figure 5.1). The effect
was observed at 30 nM—-1 um [Ca®*], with a
half-maximum effect at around 100 nm. Since
rhodopsin phosphorylation is the mechanism
for turning off R* (section 5.2.2), the inhibi-
tion of this reaction would result in an
increase in the lifetime of R* so that the light-
sensitivity of PDE would increase and the
time course of PDE inactivation slowed
down. Hermolin et al. (1982) had observed
the inhibition of rhodopsin phosphorylation
by Ca’* but the involvement of soluble
proteins like S-modulin was not reported.
Wagner et al. (1989) also suggested the con-
trol of rhodopsin phosphorylation by Ca?* by
measuring the change of light scattering.

The structure of S-modulin is characteristic
of the calmodulin family proteins, a group of
well-known Ca?*-binding proteins (Kawa-
mura et al., 1993). Ca**/calmodulin complex
in other tissues is known to activate protein
kinases, whereas Ca?*/S-modulin inhibits the
kinase reaction. In this regard, the rhodopsin/
rhodopsin kinase/S-modulin system is unique.

Though the ultimate effect of reaction of
S-modulin has been identified as rhodopsin
phosphorylation, the target molecule(s) is not
known yet. Both rhodopsin kinase and rho-
dopsin are candidates (Kawamura and Mur-
akami, 1991). In addition to the target
protein, the Ca®*/S-modulin complex has
been shown also to bind to disk membranes
at high [Ca?']; (Kawamura and Murakami,
1991; Kawamura, 1992).

Recoverin, a bovine homolog of S-
modulin, has been crystallized and subject to
detailed structural studies (Ray et al., 1992;
Flaherty et al., 1993). A major conformational
change was found to occur following binding
of Ca?* (Kataoka et al., 1993). Recoverin has
been shown to be acylated near its amino
terminal (Dizhoor et al., 1992); and this was
found to be necessary for the membrane
binding of the Ca®*/recoverin complex (Zozu-
lya and Stryer, 1992; Dizhoor et al., 1993).

Mechanism of background adaptation

However, its role in inhibiting rhodopsin
phosphorylation is not known. As shown
above, the inhibition of rhodopsin phosphor-
ylation is observed at <1 um [Ca®*]; (Kawa-
mura, 1993b), whereas the membrane
binding is observed at >1 um [Ca®']; (Kawa-
mura et al., 1992). In terms of [Ca®*],, there-
fore, there is no simple correlation between
the binding of S-modulin to disk membranes
and its inhibitory effect on the rhodopsin
phosphorylation.

Recoverin has been shown to be phosphor-
ylated (Lambrecht and Koch, 1991b). S-
modulin and recombinant recoverin have
been suggested to act directly on both PDE
and the cGMP-gated channel (Nikonov
et al., 1993). However, details of those mech-
anisms are not known.

It has been reported that recoverin is the
antigen of an autoimmune disease, cancer-
associated retinopathy (Polans et al., 1991;
Adamus et al., 1993b) (Chapter 19). In
patients of this disease, photoreceptors de-
generated due to the presence of an autoanti-
body to recoverin produced in cancer cells
outside the retina. This finding raised the
possibility that recoverin-like proteins and
similar regulatory mechanism(s) are also
present in other tissues. In fact, several S-
modulin-like proteins have been found in
brain (Lenz et al., 1992; Okazaki et al., 1992;
Kobayashi et al., 1992; Kajimoto et al., 1993).

5.3.5 REGULATION OF THE cGMP-
GATED CHANNEL

It has been known for some time that
calmodulin is present in rods (Kohnken et al.,
1981; Nagao et al., 1987). In other cells, Ca®*/
calmodulin complexes activates phospho-
diesterases or kinases. However, these effects
are not found in rods. Instead, recent work
has indicated that Ca?**/calmodulin binds to
the cGMP-gated channel via a 240 kDa
protein and decreases the sensitivity of the
channel to cGMP at physiological levels of

117



Phototransduction, excitation and adaptation

[Ca*]; (50-300 nM) (Hsu and Molday, 1993).
During background adaptation, both [Ca®*];
and ¢cGMP concentrations are reduced; how-
ever, since the cGMP-gated channel is sensit-
ized by low [Ca’"], it can still respond to
small light-induced changes in the cGMP
concentration.

5.3.6 SUMMARY OF THE MECHANISM
OF BACKGROUND ADAPTATION

The mechanism of background adaptation
can be summarized as follows (Figure 5.1).
When a photoreceptor absorbs light, cGMP
concentration decreases resulting in a closure
of the cGMP-gated channel. Consequently,
the cytoplasmic [Ca®*]; decreases, which
leads to (a) desensitization of PDE mediated
by S-modulin, (b) activation of guanylate
cyclase mediated by GCAP, and (c) sensitiza-
tion of the cGMP-gated channel mediated by
calmodulin.

When a continuous light is presented to
rods, the photoresponse may initially be
saturated because of massive hydrolysis of
c¢GMP. When [Ca®*]; decreases in the light,
however, the cGMP level recovers to some
extent owing to the desensitization of PDE
and activation of the cyclase. The recovery of
the cGMP level may not be perfect, due to
continental presence of light. However, the
cGMP-gated channel may re-open to a similar
extent as in the dark due to the sensitization
to ¢cGMP. As a result, the inward current
could recover close to the dark level.

When a light flash is superimposed on the
continuous background desensitization the
incremental decrease in cGMP concentration
should be smaller than that normally caused
by the same light flash given due to desensit-
ization of the PDE. This decreased flash effect
on the decrease in the cGMP concentration is
counteracted by the sensitization of the chan-
nel to cGMP. Even though the relative
contribution of the PDE desensitization and
the channel sensitization is not known, the
observed behavior of photoreceptors sug-
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gests that the PDE desensitization overcomes
the channel sensitization. As a result, the
effect of the light flash on channel closure is
smaller in the light than in the dark. In this
way, photoreceptors are desensitized.

Thus, background adaptation appears to
be entirely dependent on the [Ca®'];
decrease. Unfortunately, local volumes of
[Ca®*]; near the plasma membrane (for the
channel) or the disk membrane (for PDE and
cyclase) are not known. Furthermore, our
knowledge about time-dependent changes in
[Ca’*]; is very limited. For a quantitative
understanding, we need to know spatial and
temporal information about [Ca®*]; changes
in rods.

5.4 MECHANISM OF BLEACHING
ADAPTATION

When the light stimulus is very bright and a
substantial portion of (~ 10%) rhodopsin is
bleached, the cells are irreversibly desensit-
ized; even in the dark, the desensitization
persists for a period at least some hours. The
level of desensitization exceeds that expected
from the loss of rhodopsin alone. If the
components of the phototransduction cas-
cade are all inactivated, the sensitivity must
return to the level which is determined by the
loss of rhodopsin. However, meta II, trans-
ducin and PDE have been shown to be
inactivated over a time scale of seconds to
minutes. Therefore, some mechanism(s) for
this irreversible desensitization must be
present. One can predict that a diffusible
substance (cf. Ca’') is not required for
bleaching adaptation. This conclusion was
drawn from an experiment where a rod was
illuminated transversely with a slit of light.
The space constant (the distance where the
effect reduces to e! along the long axis of the
rod) for bleaching adaptation was 2.5 um
(Cornwall et al., 1990); this is significantly
shorter than that for background adaptation
(6 pm; Lamb et al.,, 1981). The bleaching
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product(s) of rhodopsin must be closely
related to bleaching adaptation, since restora-
tion of rhodopsin conformation leads imme-
diately to the recovery of the photoreceptor
light-sensitivity (section 5.6).

5.5 OTHER PROPOSED REGULATORY
MECHANISMS FOR LIGHT
ADAPTATION

Some other possible mechanisms in addition
to Ca?* have been proposed for photorecep-
tor light adaptation, as follows. However, the
significance and plausibility of these mechan-
isms are yet to be determined fully.

5.5.1 REGULATION OF GTPase
ACTIVITY BY cGMP

It is known that P4 has non-catalytic cGMP-
binding sites (Yamazaki et al., 1980; Gillespie
and Beavo, 1989; Cote and Brunnock, 1993).
Using frog material, Arshavsky et al. (1991)
and Arshavsky and Bownds (1992) showed
that cGMP inhibits, and P, increases GTPase
activity of transducin. It was also shown that
even though P, dissociates from disk mem-
branes in the presence of GTP during light
adaptation, it remains associated with the
membranes if ¢cGMP is present (Arshavsky
et al.,, 1992). Based on these findings, the
following scheme was proposed. First, in the
dark, cGMP binds to the non-catalytic cGMP
binding site. Second, the formation of the
T,/P, complex in the light removes inhibition
of the catalytic sites of PDE to result in
activation of PDE. However, assuming that
the cGMP concentration is not too low, cGMP
binds to the non-catalytic site and the T,/P,
complex still remains bound to P,q; conse-
quently, GAP activity of P, is reduced. Third,
when light stimulation continues and the
c¢GMP concentration decreases to a very low
level, cGMP dissociates from the non-
catalytic site. As a result, T /P, dissociates

from P,; physically and GAP activity is fully
restored to result in rapid GTP hydrolysis.

According to this hypothesis, during light-
adaptation when the c¢cGMP concentration
could be very low, GTP hydrolysis would be
rapid if T, is formed by superimposed stimu-
lus. As a result, the efficiency of PDE
activation is low and PDE activity recovers
rapidly to the pre-flash level. This could
explain the low light-sensitivity but facilitated
time course of the photoresponse observed
during light-adaptation. However, reversible
binding of cGMP to the non-catalytic site has
been observed so far only in amphibians. In
bovine PDE, cGMP binds firmly to the non-
catalytic binding sites and practically does
not dissociate under in vitro conditions (Gil-
lespie and Beavo, 1989). In addition, GAP
activity was found in bovine PDE but not in
P7 (Pages et al., 1992; Antonny et al., 1993;
Angleson and Wensel, 1993).

5.5.2 REGULATION OF TRANSDUCIN
BY PHOSDUCIN (MEKA PROTEIN)

Phosducin (Lee et al., 1987), or MEKA protein
(Kuo et al., 1989), is a soluble 33 kDa
phosphoprotein. It binds tightly to Tg,, and
thereby competes with T, for T, . It is
phosphorylated by protein kinase A and
dephosphorylated by type-2A phosphatase.
In the dark, because of the high level of
c¢GMP present, phosducin is phosphorylated,
but in the light, it is rapidly dephosphory-
lated. The dephosphorylated form seems to
bind to Ty, more tightly than the phosphory-
lated form. At the first step of activation of
transducin, the GTP-bound form of T, disso-
ciates from Tg,. The reassociation of T, with
Tg, could be inhibited by dephosphorylated
phosducin (Lee et al., 1992). With this mech-
anism, the efficiency of light activation of T,
is expected to decrease, which could explain
the low light-sensitivity of photoreceptors
during light adaptation.
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5.5.3 PHOSPHORYLATION OF OTHER
PHOTORECEPTOR PROTEINS

Rhodopsin has been shown to be phosphory-
lated not only by rhodopsin kinase but also
by protein kinase C (PKC) (Kelleher and
Johnson, 1986). Immunoreactivity against
PKC has been detected in the rod outer
segments of the rat (Wood et al., 1988); the
enzyme was also purified from bovine rod
outer segments (Kelleher and Johnson, 1986).
Pre-treatment with a phorbol ester, an activa-
tor of PKC, increased the light-dependent
phosphorylation of rhodopsin. This kinase
phosphorylates both bleached and unbleached
rhodopsin after a light stimulus whereas it
does not phosphorylate them in the dark
(Newton and Williams, 1991). Whether the
site(s) phosphorylated by PKC is the same as
for rhodopsin kinase is yet to be examined
(Newton and Williams, 1993). In addition to
rhodopsin, a recent report showed that P,
and P, are also phosphorylated by PKC
(Udovichenko et al., 1993).

In frog rod outer segments, two
membrane-associated, 12-13 kDa proteins
(components I and II) are phosphorylated in
the dark in the presence of cGMP (Polans
et al., 1979). These proteins form a complex
with Tg (Hamm, 1990) as in the case of
phosducin (see above). It is interesting that
components I and II cannot be found in
mammalian retinas whereas phosducin can-
not be found in frogs. An intriguing possibil-
ity is that components I and II and phosducin
are functional homologs in amphibians and
mammalians (Hamm, 1990). In addition to
Tg,, components I and II have been reported
to form a complex with arrestin (Krapivinsky
et al., 1992).

5.5.4 LIGHT-INDUCED ACTIVATION OF
GUANYLATE CYCLASE

Using the I/O ROS preparation to observe
guanylate cyclase activity, we created a set of
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experimental conditions whereby [Ca®'],

would increase as a result of a light flash
(Kawamura and Murakami, 1989a). In the
presence of GTP, a train of light flashes
induced light adaptation determined by the
amplitudes of the photoresponses becoming
smaller while the time course was acceler-
ated. The effect was reversible since the
response amplitude recovered to the dark-
adapted level when the preparation was kept
in the dark. An elevation of cGMP concentra-
tion during the recovery to the dark level was
observed. From these results, we suggested
the presence of a Ca®*-independent, light-
dependent mechanism activating guanylate
cyclase.

5.6 MECHANISM OF DARK
ADAPTATION

As shown above, background adaptation is
dependent on the [Ca’"], decrease. After
termination of the light stimulus, the photo-
transduction cascade is inactivated so that
[Ca®*], returns to the dark level. In parallel
with the restoration of [Ca?*], the light-
sensitivity of the rod is expected to recover.
Dark adaptation following from background
light adaptation, therefore, is dependent on
the restoration of [Ca’*], and this leads to
recovery of light-sensitivity.

In contrast to background adaptation, re-
covery from the condition of bleaching
adaptation is entirely dependent on the
regeneration of rhodopsin (Pepperberg et al.,
1978). Under in situ conditions, the re-
isomerized chromophore 11-cis retinal is sup-
plied from the pigment epithelium (Bridges,
1977; Bernstein et al., 1987) by a retinal
binding protein (Okajima et al., 1990). For
this reason, rhodopsin cannot regenerate in
rods detached from the pigment epithelium,
and the light-sensitivity of isolated rods does
not recover completely from the level
attained during bleaching adaptation. In
retina attached to the pigment epithelium,



therefore, the sensitivity recovers without
addition of exogenous 11-cis retinal and the
recovery time course follows the formation of
rhodopsin (Dowling, 1960; Rushton, 1961).

Not only 11-cis retinal but also 9-cis retinal
(Pepperberg et al., 1978) and 11-cis-locked
analogs of retinal (Corson et al., 1990) are able
to restore light-sensitivity. Moreover, B-
ionone, a ring portion of retinal able to make
contact with the binding site of 11-cis retinal
(Matsumoto and Yoshizawa, 1975), can also
restore the light-sensitivity (Jin et al., 1993).
The results available so far support the idea
that bleaching product(s) of rhodopsin is
responsible for bleaching adaptation. Addi-
tion of hydroxylamine, which facilitates
decomposition of the photoproducts to opsin
and all-trans retinal-oxime, did not affect the
recovery of sensitivity (Brin and Ripps, 1977);
this suggests that opsin is the photoproduct
responsible for bleaching adaptation. Since
rhodopsin is an integral disk membrane
protein, longitudinal spread of bleaching
adaptation is restricted (Cornwall et al., 1990;
section 5.4).

5.7 CONCLUSIONS AND FUTURE
PERSPECTIVES

This chapter has reviewed phototransduction
and adaptation mechanisms in vertebrate
photoreceptors. Vertebrate photoreceptors,
especially rods, can be isolated in large
quantities as a single cellular species very
easily. This is a great advantage for biochem-
ical studies of photoreceptors, since, contam-
ination from other cells which would often
introduce complications or erroneous results,
can be neglected in the study of photorecep-
tors. Owing to this advantage, phototrans-
duction and adaptation have become the best
characterized mechanisms in the study of
signal transduction in general. It may, there-
fore, be possible to use vertebrate photo-
reception as a model for understanding

Conclusions and future perspectives

cellular signal transduction mechanisms in
general.

However, as reviewed in the text, photo-
transduction and adaptation mechanisms are
not so simple. It should be emphasized that
these mechanisms seem to be designed on
the basis of multiple regulation. For example,
quenching of R* is granted by both rhodopsin
phosphorylation and arrestin  binding
(section 5.2.2); PDE activity is regulated not
only by Ca®* (section 5.3.4) but also by
feedback regulation of transducin by cGMP
(section 5.5.1); photoreceptor light-sensitivity
is controlled by Ca®*-dependent regulations
of guanylate cyclase (section 5.3.3), PDE
(section 5.3.4) and cGMP-gated channel
(section 5.3.5). Other mechanisms have been
proposed to explain the physiology of photo-
receptors (see section 5.5). Taken together, it
is very likely that the biochemical or electro-
physiological processes in the outer segment
are designed to accomplish the photoreceptor
function in a concerted manner. The multiple
regulations probably serve as fail-safe mecha-
nism in phototransduction and generally
may be applicable to other biological func-
tions.

There had been a long dispute about the
second messenger in vertebrate photorecep-
tors. The work done by Fesenko et al. (1985)
finally identified that cGMP is the messenger.
At that time, many scientists probably
thought that not many things were left to
study phototransduction. However, since
then, remarkable progress has been made in
the detailed understanding of biochemical
and molecular mechanisms of photoreceptor
functions. These studies have brought about
the most advanced knowledge about sensory
transduction and adaptation among signal
transduction mechanisms in general. What
will come in the next ten years? That nobody
knows.

One ultimate goal of these studies would
be to use the information gained for the
maintenance or improvement of vision. For
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example, it has been known that mutation in
human rhodopsin causes retinal diseases
such as retinitis pigmentosa (Nathans et al.,
1992; Oprian, 1992; and Chapters 17 and 18).
Also, mutation in Py causes retinal degener-
ation in the rd mouse (Bowes et al., 1990;
Pittler and Baehr, 1991), whereas cancer-
associated retinopathy is an autoimmune
disease involving recoverin (Polans et al.,
1991; Adamus et al., 1993b). There are prob-
ably other retinal diseases related to photo-
receptor proteins. Currently, we are able to
determine the causes of these diseases at the
molecular level, and can expect in the future
also to develop ‘tools’ to treat photoreceptor
dysfunction.
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6

Photoreceptor synaptic
output: neurotransmitter
release and photoreceptor

coupling

STEVEN BARNES

6.1 INTRODUCTION

A distinctive feature of retinal anatomy is the
stratification formed by sheets of neuronal
somata interspersed by layers of neurites and
synaptic terminals. This organization is
responsible for the center-surround inter-
actions that dominate the receptive fields of
many retinal neurons. Even at the level of
photoreceptors, the cells are coupled
together to form functional networks. Direct
synaptic interactions occur laterally between
the photoreceptors, before signals propagate
‘vertically” to bipolar and horizontal cells.
Coupling endows the network of photo-
receptors with important, specific properties.
The focus of this chapter is on the structural
and functional properties of photoreceptors
that mediate lateral interactions and synaptic
output. First, to describe the pathways
mediating information flow between photo-
receptors, features of interphotoreceptor
synaptic coupling are summarized. Then, to
account for transmission of the photoreceptor
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signal to second-order cells, the presynaptic
mechanisms responsible for photoreceptor
output are described.

6.2 LATERAL INTERACTIONS OF
PHOTORECEPTORS IN THE RETINA

Early descriptions of cone responses to light
showed that these cells are not only sensitive
to light falling on their own outer segments,
but they respond also to light falling on their
neighbors. Light-induced hyperpolarization
measured in cones from turtle (Pseudemys
scripta elegans) increased as the diameter of
the light stimulus increased up to about 50
pm (Baylor et al., 1971). Similar phenomena
were also reported for the rod network in
toad (Fain, 1975, 1976) and tiger salamander
(Werblin, 1978). It was clear that photorecep-
tors are coupled and interact directly with
one another in a summative manner. In
turtle, a negative feedback mechanism was
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Figure 6.1 Summary diagram of photoreceptor interconnections identified anatomically or indicated
electrophysiologically. Represented are (1) rod-to-rod gap junctions (Witkovsky et al., 1974), (2) rod-to-
cone gap junctions (Gold and Dowling, 1979), (3) cone-to- (spectrally similar) cone gap junctions (Baylor
et al., 1971), (4) rod-to-cone telodendria (Lasansky, 1973), (5) cone-to-rod telodendria (Lasansky, 1973),
and (6) cone-to- (spectrally different) cone telodendria (Scholes, 1975). Red-sensitive and green-sensitive
cone interactions are shown but telodendria couple other cone types. The telodendria provide
interphotoreceptor connections at ribbon synapses, at basal junctions and at unspecified contacts.
Additional references to original material describing these contacts are given in the text.

demonstrated with large (600 wm) spots.
Inhibitory synaptic interactions between
photoreceptors such as these are mediated by
second-order interneurons and are described
more completely in Chapter 9.

Photoreceptor coupling serves as a sub-
strate for important lateral interactions that
affect quantal sensitivity, chromatic sensitiv-
ity, temporal response and spatial frequency
response (Attwell, 1990). Coupling may be
seen in the simplest terms as a mechanism for
noise reduction, which requires that a
balance be struck between sensitivity at low
light intensity (optimization of signal to noise
ratio) and visual acuity (response to high
spatial frequencies).
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6.3 STRUCTURAL BASES FOR
PHOTORECEPTOR COUPLING

Two types of lateral processes extend from
photoreceptors in all vertebrate retinas (Fig-
ure 6.1). Short-range connections between
photoreceptors are provided by processes
called ‘fins’. Cajal (1892) noted also that fine
neurites emanate from the synaptic terminals
of Golgi-stained photoreceptors. Called ‘telo-
dendria’, these neurites mediate different
types of photoreceptor interconnections, the
pattern of which is species specific. Overall,
the lateral processes have most thoroughly
been characterized in fishes and reptiles, but
the same organization appears to exist
throughout the vertebrates.



6.3.1 ANATOMICAL EVIDENCE FOR
ROD-ROD COUPLING

Gold and Dowling (1979) described fins, not
telodendria, in rods of a toad (Bufo marinus).
These are lateral processes that extend from
the inner segment and interdigitate with their
counterparts on immediate neighbors. Here,
electron microscopy revealed close apposi-
tions resembling gap junctions seen else-
where in the nervous system (Figure 6.3,
right). Gap junctions serve as electrical
synapses, allowing passive flow of current
between cells. Calculations based on the
electrical recordings that demonstrated cou-
pling between ‘red’ rods of toad, suggest that
the conductance and presumed physical size
of the gap junction channels in photo-
receptors are smaller by a factor of ten than
those found coupling other types of cells
(Gold, 1979). This may explain why dye
coupling, which often occurs via gap junc-
tions in other settings, is not typically
observed between photoreceptors. Similar
types of contacts probably exist between rods
in other lower vertebrates and are a likely
substrate of short-range summative coupling.

Rod coupling in the amphibian retina
appears to be ‘color’-specific. Electrical
recordings indicate that ‘green’ rods are not
coupled to ‘red’ rods in toad, although the
‘red’ rods are strongly coupled among them-
selves (Gold and Dowling, 1979). However,
no gap junctions have been identified
between rods in retinas of rabbit, or monkey
(Raviola and Gilula, 1975), or in cat (Kolb,
1977), where rods lack the fins described in
toad.

In most species examined, with the notable
exception of mammals (Kolb, 1977; Dowling,
1987), rods also elaborate telodendria that
provide pathways for longer range lateral
interactions, modifying the response and the
receptive fields of the cells. Electron micro-
graphs show that these rod telodendria
contact processes of neighboring rods freely

Structural bases for photoreceptor coupling

in the outer plexiform layer of turtle retina
(Lasansky, 1971). Rod telodendria also
extend to cones in salamander retina
(Lasansky, 1973). Typically, these are seen to
run laterally up to about 40 um, with
occasional en passant swellings. Electron
microscopic examination has suggested that
telodendria take part in both chemical and
electrical junctions, but interpretation of
these contacts is not unambiguous.

6.3.2 ANATOMICAL EVIDENCE FOR
CONE-CONE COUPLING

Cone telodendria contact the synaptic end-
ings, called ‘pedicles’, of neighboring cones
in turtle retina (Lasansky, 1971; Ohtsuka and
Kawamata, 1990). In axolotl and tiger sala-
mander retinas, these telodendria terminate
within the outer plexiform layer, but the
nature of their contacts has not been defined
(Custer, 1973; Lasansky, 1973). In turtle, the
cone telodendria invaginate to terminate at
basal junctions of neighboring cones with
dyads, not triads (Ohtsuka and Kawamata,
1990). In spite of the presence of the cone
telodendria in salamander retina, there is no
physiological evidence for direct electrical
coupling between cones (Attwell et al., 1984),
so it is unlikely that telodendria mediate
electrical coupling.

Failure to conform to univariance was
observed in red-sensitive cones from turtle,
and the ultrastructural foundation for this
was assumed to be the telodendria that
connect red- and green-sensitive cones (Nor-
mann et al., 1984; Kolb and Jones, 1985). The
connecting telodendria terminated com-
monly as central elements in invaginations
and less often at basal junctions. Scholes
(1975) showed that the telodendria of teleost
(rudd) cones specifically invaginate spectrally
different cone neighbors, according to the
following scheme: green-sensitive cones con-
tact red-sensitive cones, red-sensitive cones
contact green-sensitive cones, and blue-
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sensitive cones contact green-sensitive cones.
In goldfish, the pattern of telodendrial speci-
ficity is similar, but with red- and green-
sensitive cones contacting blue-sensitive
cones in addition (Stell, 1980). Here, the
terminations of the lateral processes also
approach the ribbon synapses in neighboring
cell invaginations. Gap junctions also appear
to occur between cone pairs in carp (Wit-
kovsky et al., 1974) and goldfish (Stell, 1980).
However, in carp the close match between
physiologically determined spectral sensitiv-
ity of cones and microspectrophotometric
analysis of cone pigments suggests that
chromatic tuning of the cone response by
direct lateral interactions is of little import-
ance (Tomita et al., 1967).

The efficiency with which signals arising at
the telodendria are propagated to the cell
body, and vice versa, has been studied via
computer simulations assuming observed
properties of cone photoreceptor morpho-
logy and membrane ion channels. The extent
to which synaptic inputs from other cells
arising distally in the telodendria are electro-
tonically decremented at the cell body would
limit the degree of lateral interaction. Models
based on walleye and salamander cone mor-
phology have indicated that bidirectional
coupling between cone cell bodies and the
telodendria is good (Kraft and Burkhardt,
1986; Merchant and Barnes, 1991). These
simulation studies suggest that telodendria
should provide effective lateral transfer of
graded potentials by virtue of their short
electrotonic length. In addition, direct meas-
urement of coupling between the cell body
and pedicle of turtle cones shows this path-
way to be effectively coupled (Lasater ef al.,
1989).

6.3.3 THE SPECIAL CASES OF TWIN
AND DOUBLE CONES

Cones, occurring in pairs as double cones or
twin cones, are also observed in the vertebrate
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retina. The design of this intimate physical
relation between the two separate cells
invites suggestions for function, but there is
no compelling hypothesis for their presence
in this form (see also Chapter 3). It has been
suggested that the double cone structure in
the sunfish (Lepomis cyanellus) serves in fact as
a polarized light-sensitive = waveguide
(Cameron and Pugh, 1991). In teleost fishes,
twin cones are formed by the close apposition
of identical member cones. In the walleye
(Stizostedion vitreum), there is no dye coupling
between the two members, which have the
same photopigment, nor is there anatomical
evidence for gap junction coupling of the
apposed inner segments (Burkhardt, 1986).
On the other hand, a majority of twin cones
send telodendria to the pedicles of immedia-
tely neighboring cones and secondary neigh-
bors, where both anatomical and
physiological evidence for synaptic junctions
do exist (Burkhardt, 1986). In striped bass
(Morone saxitilis), electrophysiological evi-
dence obtained from isolated twin cones,
which have lost their telodendria during
isolation, suggests that the two photo-
receptors have the same photopigment and
that they are tightly electrically coupled
(Miller and Korenbrot, 1993).

In other vertebrate retinas, double cones are
formed by a principal (larger) member that is
closely associated with an accessory (smaller)
member. In accordance with the description
above for twin cones, in some species (such
as salamander, Ambystoma tigrinum) the two
members of the double cone contain the same
visual pigment and do not appear under
electrophysiological testing to be electrotonic-
ally coupled (Attwell et al., 1984). In other
species such as turtle (Chelydra serpentina),
each member of the pair produces different
chromatic responses (Ohtsuka, 1985). Most
double cones also appear to interact with
other photoreceptors via telodendria. In an
analysis of the chromatic interactions
between the cones of turtle (Geoclemys reeve-



sii), horse radish peroxidase (HRP)-injected,
chromatically identified members of double
cones were shown to send telodendria to
neighboring cones of selective, but different
chromatic type (Ohtsuka and Kawamata,
1990). As in the case of teleost cone coupling
described above, green-sensitive cells con-
tacted primarily red- but also blue-sensitive
cones, red-sensitive cells contacted green-
and blue-sensitive cones, and blue-sensitive
cones sent telodendria to the terminals of
red- and green-sensitive cones. In the cases
of both twin and double cones, their teloden-
dria terminated at the pedicles of other
photoreceptors with specializations suggest-
ing either chemical or electrical contact.

A novel substrate for coupling between the
two members of double cones in the tench
retina has been proposed (Baldridge et al.,
1987). Electrical coupling has been reported
in this species (Marchiafava, 1985; Marchia-
fava et al., 1985), but ultrastructural analysis
has failed to identify a conventional substrate
for this interaction. However, a system of
subsurface cisternae exists in close apposition
with the plasma membrane where the two
member cones make contact. This specialized
structure could subserve coupling between
the double cone members via an unknown
mechanism (Baldridge et al., 1987).

6.3.4 ANATOMICAL EVIDENCE FOR
ROD-CONE COUPLING

Rods interact with cones electrically in many
vertebrate retinas but generally such coup-
ling is weak. As a substrate for these inter-
actions in toad, ‘red’ rods have been shown
to make gap junctions with cones (Gold and
Dowling, 1979). However, no anatomical
evidence for rod—cone coupling has been
found in goldfish (Stell and Lightfoot, 1975;
Stell et al., 1982) or turtle (Ohtsuka and
Kawamata, 1990). On the other hand, struc-
tural evidence for cone-rod coupling has
been provided in cat (Kolb and Famiglietti,
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1976; Kolb, 1977; Sterling, 1983) and monkey
(Raviola and Gilula, 1975).

6.4 FUNCTIONAL SIGNIFICANCE OF
PHOTORECEPTOR COUPLING

Psychophysical experiments by Hecht et al.
(1942) investigating human visual threshold
established that the photoreceptor cells of the
retina are capable of signaling the absorption
of a single quantum of light. Simple calcula-
tions permitted by their data suggest that a
minimum of about ten photons must impinge
on an area of approximately 500 photo-
receptors within a few tens of milliseconds of
one another in order that they be perceived.
This leads to the fundamental conclusion that
information from nearby rods is pooled at
some point in the visual system, and that in
order for it to be perceived, activity in several
rods must be temporally coincident.

6.4.1 NOISE AND COINCIDENCE IN
THE ROD NETWORK

The suggestion that some form of coinci-
dence detection is necessary for perception of
dim stimuli is further borne out by noise
analysis experiments (Hagins et al., 1970).
This early work showed that the voltage
response of a rat rod to a single photon is
about 6 uV, three times the thermal noise in
the photoreceptor. However, analysis of
synaptic noise at the rod-to-bipolar cell
synapse suggested that even if a single rod
gave its saturated response (tens of millivolts)
the noise from other rod synapses on to that
bipolar cell would be too great to allow
reliable detection of the signal (Falk and Fatt,
1977). Thus, for a signal to be transmitted to
the bipolar cells, many photoreceptors must
hyperpolarize. This could be accomplished if
the rod responses were coupled so that the
signal in a single photoreceptor spread to
adjacent rods.
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A thorough characterization of rod-rod
coupling was made by Owen and Copen-
hagen (1977). Their experiments consisted of
injecting current into a rod in dark-adapted
turtle retina to polarize the membrane, while
recording responses from a neighboring rod.
Hyperpolarizing and depolarizing voltage
steps were transmitted between neighboring
rods reliably, in both directions and in all rod
pairs of up to 150 um separation. Coupling of
both negative-going and positive-going volt-
age signals suggests that gap junctions, not
chemical synapses, mediate the interaction.
Other work established that the response in a
single rod increased as the diameter of a spot
of uniform flux was increased, up to a
maximum diameter of 300 um (Copenhagen
and Owen, 1976). With 25 um diameter spots
the calculated quantal response was about
28 uV, whereas for a 300 um spot the quantal
response was 720 wV. Similar values were
estimated in toad (Fain, 1977). The latency of
responses also decreased as spot diameter
increased. These observations may be
accounted for by a network of rods extens-
ively interconnected by electrotonic gap junc-
tions.

Rod photoreceptor coupling was originally
invoked as a mechanism for increasing the
signal to bipolar cells (Falk and Fatt, 1972). It
was argued that if rods were coupled in an
excitatory manner, phenomena such as those
observed by Hecht et al. (1942) could be
explained.  Excitatory coupling would
provide an improved signal-to-noise ratio by
amplifying rod input to bipolar cells. It is now
well established that the photoreceptor
network is coupled together in a dissipative
network, not an excitatory one, and as a
result, the response of a single rod to single
quanta is reduced by the leakage of hyper-
polarizing current into neighboring rods.
Although coupling apparently reduces the
signal-to-noise ratio of an individual rod, it
allows the network of rods to average quantal
responses, smoothing fluctuations before
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transmitting a signal to second order cells
(Lamb and Simon, 1976; Baylor, 1978). By
equalizing membrane potential between
adjacent cells, the adaptational state of
photoreceptors is also made uniform (Copen-
hagen and Green, 1987; Itzhaki and Perlman,
1987).

The increased input to bipolar cells
afforded by receptor coupling can be con-
sidered to be a coincidence detection mech-
anism. The bipolar cell serves as the actual
coincidence detector, coincidence being the
necessary criterion for weak stimuli to rise
above the noise of synaptic input to bipolar
cells. The effect of coupling is to spread the
single photoreceptor’'s signal over many
receptors so that the bipolar cell sees input
from many receptors simultaneously. Since
the synaptic transfer function between
photoreceptors and second-order cells has
highest gain for small hyperpolarization, the
spread of a quantal response among many
photoreceptors may provide for a more
detectable postsynaptic response. That is, a
larger postsynaptic response may be gener-
ated by small signals transmitted with high
gain at numerous synaptic sites rather than a
larger response generated in few (or one)
photoreceptor(s) and transmitted with lower
gain (Norman and Perlman, 1979; Attwell
et al., 1987).

6.4.2 PROPAGATION OF TRANSIENT
SIGNALS IN THE ROD NETWORK

Attwell and Wilson (1980) showed that the
lateral spread of signals was affected by
voltage-dependent membrane currents in
individual rods. Their work indicated that
gating of two ionic currents, later described
as I, and I, (section 6.5), resists hyperpolar-
ization of the photoreceptor membrane with
a slight delay, sharpening the transient
hyperpolarization of the response (Bader
et al., 1982; Beech and Barnes, 1989). High-
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Figure 6.2 The surprising negative propagation
velocity of the photoreceptor hyperpolarization
crest, analysed in the turtle rod network by
Detwiler et al. (1978). Compared to the rod which
received the light stimulus directly (trace 1), the
time-to-peak of the responses in each more distant
rod occurs earlier (traces 2, 3, 4 and 5 were
calculated for rods 20, 40, 60 and 100 um away).
Passive filtering of the voltage signal progressively
slows and diminishes the signal in distant rods. As
a result, membrane hyperpolarization is opposed
more effectively by the slowly activating, voltage-
gated currents, and the peak response occurs
earlier. (Modified from Detwiler et al. (1978).)

pass temporal filtering results, so that a step
of voltage produced in a single rod is
transformed into on and off transients as it
spreads laterally in the network (Owen and
Torre, 1983). Thus a signal originating in a
rod would spread laterally, but low temporal
frequency components would be attenuated,
resulting in a relative enhancement of tran-
sient signals propagating through the
network.

Detwiler et al. (1978) observed that the
spread of signals through the turtle rod
network occurs with a negative propagation
velocity, in as much as the peak response of
more distant rods preceded that in the rod in
which the signal was generated (Figure 6.2).
This surprising result is a consequence of two
factors. First, the leading edge of the hyper-
polarization is reduced and slowed down in
distant rods due to the passive electrotonic
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decay of membrane potential as it spreads in
the network. Second, as described above,
gating of I, and I, in the rod inner segments
resists hyperpolarization so that each rod in
sequence sharpens the response. The peak of
the response is reached more rapidly in the
distant rods because a smaller, slower hyper-
polarization can be opposed by the voltage-
gated currents more quickly.

The functional significance of a negative
propagation velocity is unclear. It is plausible
that the negative propagation focuses atten-
tion of higher order neurons upon the centre
of the stimulus. Distant rods would respond
quickly and briefly to a small stimulus. The
bipolar cells would receive a broad initial
pulse of input, which would then narrow to
the centre of the stimulus where the rod
response was longer lasting.

6.4.3 SPATIAL FREQUENCY FILTERING
IN THE PHOTORECEPTOR NETWORK

One apparently negative effect of photo-
receptor coupling is to reduce the resolving
capability of the retina. As the signal spreads
among receptors, its precise localization is
lost. This system seems to be counterproduc-
tive if one considers the purpose of the retina
to be simply the point-by-point localization
and signaling of light stimuli. On the other
hand, components of the visual system, such
as the rod network, can be viewed as spatial
frequency filters. Another way to describe the
effect of receptor coupling, then, is to say that
high spatial frequencies are filtered out or
that the receptor network has the function of
a low pass spatial filter.

If the optical properties of the eye filtered
high frequencies to the same extent as the
photoreceptor network, the coupling of
receptors could serve as an adequate device
for matching the modulation transfer func-
tions of the ocular optics and the retina. Any
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high frequency signals arising neurally
would be attributable to noise and they
would be filtered out. An improved signal-to-
noise ratio would result. In the turtle, Owen
and Copenhagen (1977) described rod-rod
interactions operating over a 150 um range,
whereas cone—cone interactions were more
limited at 60 um. If the optical modulation
transfer function of the turtle eye were
matched to a neural modulation transfer
function based on 150 wm resolution, the
60 wm resolution available from the cone
system would be wasted. However, it is
unlikely that this would be the case; rather,
the optical high frequency cut-off should
more closely match the high frequency cut-
off of the cone system. However, since a
match then would not exist for the rod
system, no improvement in the spatial fre-
quency signal-to-noise ratio could be made
for the rod network signals.

At scotopic levels of illumination, spatial
frequency sensitivity is much lower than that
at photopic levels. Information content is
minimal at low light levels and the rod
system must devote itself to retrieving what
information is available. Analysis of high
spatial frequency information occurs in the
cone system which operates when light levels
are higher and when there is a surplus of
information. Thus, the vertebrate retina opti-
mizes visual acuity and sensitivity by utiliz-
ing two systems of photoreceptors which
operate over different spatial frequency and
absolute sensitivity domains. With reduced
spatial frequency content at scotopic levels,
the task of rods is to reliably detect objects,
whose form is generally represented ade-
quately in low spatial frequencies. Rods
perform this task by summing dim stimuli
over space and time; in order to do this they
need a large receptive area. At the same time,
the retina cannot be totally devoted to low
frequency analysis, because when high fre-
quency information is available it must be
exploited. The cones need to occur at high
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density in order to achieve this. One simple
way to satisfy these conflicting requirements
is to couple rods around neighboring cones.

6.4.4 CHROMATIC TUNING BY ROD-
CONE COUPLING AND CONE-CONE
COUPLING

Coupling between photoreceptors of the
same spectral sensitivity, which has been
observed extensively, does nothing to the
spectral response properties of the cells. On
the other hand, coupling between photo-
receptors with different spectral sensitivities
could provide a basis for chromatic tuning of
the cell’s response, depending on the nature
of the coupling.

Coupling between rods and cones of differ-
ent spectral sensitivities could lead to some
chromatic tuning. In comparing rod-rod
coupling with rod—cone coupling in the tiger
salamander (Ambystoma tigrinum), twin elec-
trode impalements showed that cones receive
from immediately neighboring rods about
one-fourth of the voltage signal that rods in
the same proximity receive (Attwell and
Wilson, 1980; Attwell et al., 1984). Although
second neighbor rods are coupled quite
strongly, there is almost no detectable coup-
ling between rods and cones separated by
more than one rod. Thus, rod-cone coupling
would have an effective range of about
10 pm, i.e. a rod diameter. This would imply
that the spatial extent of coupling in the
network would be minimal and that the
chromatic ramifications arising from the local
coupling would be more important. Current
injection experiments indicate that coupling
is weak between rods and cones in toad and
turtle as well (Fain, 1976; Copenhagen and
Owen, 1976).

Rod—cone interactions nevertheless do con-
tribute to the spectral responses of photo-
receptors in several vertebrate retinas



(Schwartz, 1975; Nelson, 1977; Wu and Yang
1988; Hare and Owen, 1992). Wu and Yang
(1988) described rods in salamander retina
that receive significant red-sensitive cone
input. As described in section 6.4.5, the
strength of these important interactions is
modulated by light. When one considers that
the vertebrate retina is composed of two
rather independent light-sensing systems
(rods and cones) which operate over different
ranges of intensity, wavelength and temporal
and spatial frequency, it is surprising that
rods and cones are coupled as strongly as the
evidence indicates.

One might expect cones to be coupled to
each other, at least more than to rods, in spite
of the loss of acuity expected from such
connections. The anatomical studies de-
scribed in sections 6.3.2 and 6.3.4 certainly
provide support for chromatic interactions
between spectrally different cones which
have been described electrophysiologically
(Normann et al., 1985). Other electrophysio-
logical studies also indicate that complex
neural interactions contribute to the chroma-
tic sensitivity of, for example, blue-sensitive
cones in turtle, where it is suggested that red-
sensitive cones provide an excitatory input
(Itzhaki et al., 1992). The apparent lack of
direct electrical coupling between spectrally
different cones and the fact that cone spectral
sensitivities indicate signal sharing taken
together would suggest that the interaction
occurs via some form of chemical synaptic
signaling rather than via gap junctions.

Some cones are nonetheless coupled elec-
trotonically, presumably by gap junctions.
Baylor and Hodgkin (1973) found direct
electrical coupling between turtle cones, but
this was restricted to cones with the same
chromatic sensitivity. Consistent with the
weaker nature of coupling, a negative propa-
gation velocity for signals in the cone
network was not observed, although this
network property also bears upon the ion
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channel content of the cone membrane
(Detwiler et al., 1978).

6.4.5 MODULATION OF
PHOTORECEPTOR COUPLING

The degree of coupling of the photoreceptor
networks appears to be modulated in re-
sponse to ambient levels of illumination. The
spread of transient signals within the rod
network depends on background illumina-
tion, but this effect has been attributed to
changes in membrane conductance activated
by hyperpolarization in rods, and not the
conductance between rods (Attwell et al.,
1985). The strength of coupling between rod
and cone photoreceptors is modulated by
background light (Wu and Yang, 1988; Hare
and Owen, 1992; Witkovsky et al., 1994).
Some rods in salamander retina receive signi-
ficant red-sensitive cone input (Wu and
Yang, 1988). When adapted with green light
(the rod stimulus), the peak of the spectral
sensitivity curve shifted from the normal rod
peak near 520 nm to the red-sensitive cone
peak near 620 nm. Thus, rod—cone coupling
is stronger in light-adapted retinas than in
dark-adapted retinas. In the study by Hare
and Owen (1992), only a fraction of the rods
tested exhibited this Purkinje shift. It was
suggested that rods and cones in this retina
are gap junction-coupled to varying degrees,
and that the strength of this was related to
the adaptational state of the retina. It seems a
reasonable argument that this adaptability
would allow the rod and cone systems to
share their synaptic output machinery for
most effectively transmitting signals to
second order cells under light-adapted con-
ditions (Wu, 1994). The mechanisms by
which rod—cone coupling is modulated are
not yet known. However, a description of
horizontal cell gap junction coupling, and its
modulation by dopamine (Chapter 8) might
be considered as a model for modulation of
coupling between cones.
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6.5 THE PHOTORECEPTOR OUTPUT
SYNAPSE

The origins of the light response lie in the
transduction mechanisms of the photo-
receptor outer segment and have been de-
scribed in Chapter 5. Changes in the current
flowing across the outer segment membrane
lead to a voltage response that is a graded
hyperpolarization from a dark resting poten-
tial near —40 mV (Bader ef al., 1979; Attwell
et al., 1982; Baylor et al., 1984; McNaughton,
1990). Dim light stimuli hyperpolarize the rod
membrane by one or two millivolts with a
time-to-peak near 1s. Bright light rapidly
hyperpolarizes these cells to —60 or =70 mV,
but the membrane quickly depolarizes back
to about —50 mV due to activation of a
voltage-gated current. Rods may remain
hyperpolarized for seconds after a very bright
flash, whereas cones, whose transduction
process is a hundred times less sensitive and
much faster, produce a voltage waveform
more closely matching the time course of the
stimulus. The photoreceptor responses bear
limited resemblance to the transduction cur-
rent because of voltage response shaping
(signal processing) by the ensemble of ion
channels in the inner segment (reviewed in
Barnes, 1994). The inner segment currents
that most strongly affect the voltage wave-
form include I, a non-inactivating potas-
sium current activated by depolarization
that sets resting potential and speeds the
time-to-peak of dim light responses (Attwell
and Wilson, 1980; Baylor et al., 1984; Beech
and Barnes, 1989), and I, a non-selective
monovalent-cation current activated by hyper-
polarization (Attwell and Wilson, 1980; Bader
et al., 1982; Attwell et al., 1982; Barnes and
Hille, 1989; Hestrin, 1987; Maricq & Koren-
brot, 1990) that generates the pronounced
‘sag’ to less hyperpolarized levels during
responses to bright light (Fain et al., 1978;
Torre, 1983).

Photoreceptor voltage waveforms also bear
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limited relation to the postsynaptic signal. By
means of simultaneous pre- and postsynaptic
voltage recordings in salamander retinal
slices, Attwell et al. (1987) described the
synaptic transfer from rods to horizontal cells
with a simple exponential function. They
showed that rod output was graded over a
narrow range of presynaptic voltages
(between —40 and —45 mV). Signals of
greater hyperpolarization were clipped (Bel-
gum and Copenhagen, 1988). Clipping has
been explained within the context of a Ca®*
current-triggered release mechanism, using
the known gating parameters of photo-
receptor Ca?*-channels and cooperativity of
Ca?* inferred from a third power relation
(Barnes ef al., 1993). Plasticity is an important
feature of this synapse, as a modifiable
balance exists between the relative strength
of, for example in salamander, the synaptic
inputs of red-versus green-sensitive cones,
and red-sensitive cones versus ‘green’ rods to
second-order cells (Hare and Owen, 1992;
Hensley et al., 1993; Yang et al., 1994). The
following sections describe the substrates
and mechanisms of synaptic output from
photoreceptors along a vertical pathway to
horizontal and bipolar cells.

6.5.1 SPECIALIZED STRUCTURES OF
THE PHOTORECEPTOR PRESYNAPTIC
TERMINAL

Two anatomically different presynaptic mem-
brane specializations serve as substrates for
the synaptic output of photoreceptors
(Rodieck, 1973), and are summarized,
together with the typical structure of a gap
junction, in Figure 6.3. The presynaptic
membrane specializations of one resemble
those of a typical chemical synapse when
examined with the electron microscope
(section 7.2.2). At this type, which is called a
basal junction (Figure 6.3, left), the apposed
pre- and postsynaptic membranes are
smoothly parallel within a circular or elliptical
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Figure 6.3 Three photoreceptor synaptic structures. Basal junctions (left) are characterized by the
apposition of specialized pre- and postsynaptic membranes, with some material, revealed by electron
microscopy, evident between the cells, not unlike conventional neuronal chemical synapses. Ribbon
synapses (center) are characterized as sites where invaginating postsynaptic processes meet a
specialized presynaptic structure, termed the ribbon for the reason that, in section, it resembles a curved
ribbon, along the sides of which are organized synaptic vesicles. Gap junction synapses (right) are
characterized as sites where the plasma membranes of two neighboring cells align tightly, allowing
specialized membrane proteins to form large pores spanning both cells’ membranes, making their
cytoplasm continuous. (Based on Lasansky (1973) and Dowling (1987).)

contact patch (Lasansky, 1969, 1973). This
stands in contrast to the other type of
synaptic specialization, the synaptic ribbon,
which is associated with the deep invagina-
tions made by horizontal cell dendrites at the
terminal regions of rod and cone photo-
receptors. A highly organized array of vesi-
cles clustered at the release site is associated
only with the ribbon synapses, further differ-
entiating the two synapse types.

Perhaps the most intriguing structure in
the presynaptic photoreceptor terminal is the
synaptic ribbon, which was first described by
Sjostrand (1953). Figure 6.3 (center), sum-
marizes the general structural features of the
ribbon synapse which contains electron-
dense lamellae or sheets (the ribbons) which
are anchored to the presynaptic membrane
via an arciform density and are surrounded
by layers of synaptic vesicles (Sjostrand,
1953). Although it appears that the ribbon
has a role in directing and regulating the

binding of transmitter-containing vesicles to
the presynaptic membrane, both the chem-
ical composition and the functional mechan-
ism of the ribbon remain unclear. It is likely
that the ribbon represents a specialized form
of vesicle docking structure, as it is found in
other non-spiking, graded potential neurons
such as retinal bipolar cells, pineal photo-
receptors, cochlear hair cells, electroreceptor
cells, teleost lateral line cells and vestibular
organ cells that occur elsewhere in the
nervous system (Mandell et al., 1990).

A variety of specialized molecules have
been described at conventional synapses.
What molecular components contribute to
the photoreceptor presynaptic structures?
Intrinsic membrane proteins of small synap-
tic vesicles, such as SV2, synaptophysin and
p65, described commonly at other synapses,
are present diffusely within rod and cone
photoreceptor synaptic terminals of rat, sala-
mander and monkey (Mandell et al., 1990).
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Synapsins, a family of synaptic vesicle-
associated proteins that play a key role in
regulating neurotransmitter release, are
present at nearly all other synapses of the
central nervous system, but uniquely absent
from the ribbon synapse (Mandell et al.,
1990).

An 88 kDa protein of unknown identity,
designated as B16 antigen, has been localized
specifically to synaptic ribbons of rods and
cones at the outer plexiform layer and to
bipolar cells of the inner plexiform layer
(Balkema, 1991, Bachman and Balkema,
1993). B16 antigen is also associated with
ribbon synapses in other brain regions (Man-
dell et al., 1990), but it is present in the
presynaptic densities of conventional chem-
ical synapses. B16 antigen is a component of
the photoreceptor ribbon in many verte-
brates, including monkey, rat, mouse, rabbit,
cat, salamander, lizard, frog, goldfish and
chicken (Balkema, 1991). The molecular iden-
tity of B16 antigen remains for now undeter-
mined, but it is not clathrin, protein kinase C,
synaptophysin, spectrin, ankyrin or brain 4.1
(Balkema, 1991). An important step in under-
standing the coupling of intracellular free
Ca®* concentration with transmitter release at
the photoreceptor ribbon synapse will be the
structural characterization of B16 antigen and
other molecules, including Ca**-binding pro-
teins.

6.5.2 THE RELEASE OF GLUTAMATE AT
THE PHOTORECEPTOR OUTPUT
SYNAPSE

Photoreceptors release transmitter maximally
in the dark, and reduce release when stimu-
lated by light. Since photoreceptors hyper-
polarize in response to light, and since it has
been established that neurons typically
release transmitter in response to depolar-
ization, this scheme seems reasonable.
Consistent with this view, experimental
manipulations that reduce transmitter release,
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either by hyperpolarizing the presynaptic
terminal or by blocking calcium influx, mimic
the action of light on the activity of horizontal
cells (Byzov and Trifonov, 1968; Dowling and
Ripps, 1973; Marshall and Werblin, 1978, and
section 7.3).

What transmitter substance is released by
photoreceptors? The first clue to this question
came from testing the responses of post-
synaptic cells to putative transmitters. The
overall view, originating four decades ago
(Furukawa and Hanawa, 1955), is that the
effective transmitter released by both rods
and cones is the amino acid glutamate. Thus,
tonic release of glutamate by rod and cone
photoreceptors in darkness maintains hori-
zontal cells and OFF-center bipolar cells in a
depolarized state via several types of non-
NMDA type glutamate receptors, and ON-
center bipolar cells in a hyperpolarized state
via APB-type glutamate receptors (Yang and
Wu, 1991; Nawy and Jahr, 1990), reflecting
the diversity of postsynaptic receptors and
responses.

Support for the glutamate hypothesis also
comes from demonstrations that glutamate is
taken up by the photoreceptor presynaptic
terminals (reviewed in Daw et al., 1989).
Glutamate is taken up with high affinity by
rods and red- and green-sensitive cones in
goldfish, although uptake of glutamate by
blue-sensitive cones occurs with lower affin-
ity (Marc and Lam, 1981;). In human retina,
rods and (more weakly) cones are immuno-
reactive for glutamate (Davanger ef al., 1991;
Crooks and Kolb, 1992). In situ hybridization
indicates the presence of a variety of gluta-
mate receptor subunits in the dendrites of
cells postsynaptic to photoreceptors in rat
(Hughes et al., 1992; Peng et al., 1992). The
GluR4 subunit has been found in postsynap-
tic membranes apposing all cone types in gold-
fish (W.K. Stell, L. Barton and K. Schultz, in
preparation).

Substances released by photoreceptors in
response to membrane depolarization have



also been investigated. Consistent with the
glutamate hypothesis, it has been shown that
toad photoreceptors release glutamate, and
indeed other substances that include aspar-
tate (which, like glutamate, is also considered
an excitatory amino acid neurotransmitter
elsewhere in the nervous system) (Miller and
Schwartz, 1983). Depolarization stimulates
this release which may have Ca®*-dependent
and Ca**-independent components (Schwartz,
1986), suggested to be associated with
activity at ribbon synapses and basal junc-
tions, respectively. Using an optical, bio-
chemical reaction assay, glutamate has been
identified as a substance released from reptile
cones (Ayoub et al., 1989).

The advent of patch clamping has allowed
for very imaginative experiments that exploit
novel bioassays for testing transmitter
release. An electrode, with a membrane
patch containing glutamate-sensitive ion
channels harvested from a hippocampal
neuron, was brought close to a photoreceptor
synaptic terminal (Copenhagen and Jahr,
1989). Subsequent ion channel activity in the
test patch indicated that an excitatory amino
acid was indeed released by the terminal
when the photoreceptor was depolarized or
treated with lanthanum, an agent known to
induce vesicular release.

6.5.3 CALCIUM CHANNELS
CONTROLLING TRANSMITTER RELEASE

Reference has already been made to reports
that transmission from photoreceptors to
second-order cells is blocked by agents, such
as cobalt or cadmium, that block Ca’?* chan-
nels. What kind of calcium channel has been
identified in photoreceptors? Biophysical
studies indicate that photoreceptor Ca’*
channels share many properties with other
high-voltage-activated Ca®* channels. The
channels activate near —40 mV, they do not
inactivate, Ba?* permeates them better than
Ca’", and they are highly sensitive to block
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by cadmium (Corey et al., 1984; Barnes and
Hille, 1989; MacLeish and O’Brien, 1992).
Pharmacologically, the Ca®" channels in
photoreceptors are sensitive to dihydropyri-
dines (Maricq and Korenbrot, 1988; Barnes
and Hille, 1989; Lasater and Witkovsky,
1991), a class of Ca** channel drug that
defines the channel as ‘L-type’. However,
with the advent of several new toxins for
probing Ca®* channel classifications, evi-
dence has been obtained that the Ca**
current in cone photoreceptors may be com-
posed of current flowing in several types of
biophysically similar but pharmacologically
differentiable Ca®* channels. The voltage-
clamp records of Figure 6.4 indicate, for
example, that L- and N-type Ca** channel
currents are present in tiger salamander
photoreceptors.

Changes in Ca** current, arising from
sources other than membrane potential,
should affect synaptic transmission. Byzov
elaborated a model of electrical feedback that
would affect transmitter release via the
voltage-dependence of transmitter release
(Byzov and Shura-Bura, 1986). It proposed
that when current flow at postsynaptic sites is
of sufficient density, the spatial constraints at
the synaptic invaginations, e.g., long and
narrow extracellular pathways for current
flow, could lead to development of extracellu-
lar potentials. If the extracellular potential
changed to a non-zero value, the electric field
sensed by and gating presynaptic Ca** chan-
nels would change.

Ca®* influx may also be modulated by other
mechanisms. Sensitivity of the horizontal cell
light responses to experimentally altered
external pH has been reported in lower
vertebrates (Negishi and Sugawara, 1973;
Negishi and Svaetichin, 1966; Kleinschmidt,
1991; Barnes et al., 1993; Harsanyi and Man-
gel, 1993). These postsynaptic changes have
been attributed to the actions of protons on
presynaptic Ca®* channels in photoreceptors
(Barnes and Bui, 1991; Barnes et al., 1993) and
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Figure 6.4 Pharmacological separation of L- and N-type calcium channel subtypes in salamander
photoreceptors. Isolated cones were voltage clamped with the permeabilized patch technique. Ba?*
currents elicited in response to command steps to —25 mV applied from a holding potential of —60 mV
are shown in control (trace 1), 10 um nifedipine (L-type calcium channel blocker, trace 2), wash after
nifedipine (trace 3), um w-conotoxin (CgTx) GVIA (N-type calcium channel blocker, trace 4) and
100 pm Cd* (non-specific calcium channel blocker, trace 5). (Unpublished work of M.F. Wilkinson and

S. Barnes.)

become physiologically relevant when con-
sidered together with the 0.02-0.2 pH unit
changes that occur in the outer retina during
long light exposures (Oakley and Wen, 1989;
Borgula et al., 1989; Yamamoto et al., 1992).
Additionally, the presence of the nitric oxide
synthesizing enzyme has been suggested in
the outer retina of rat, cat, fish, toad and tiger
salamander by NADPH-diaphorase histo-
chemistry and immunocytochemistry (Vac-
caro et al., 1991; Miyachi et al., 1991; Vincent
and Kimura, 1992; Yamamoto et al., 1993;
Liepe et al., 1993; Kurenny et al., 1994), and
modulation of Ca?* channels by nitric oxide
has been reported in photoreceptors (Kur-
enny et al.,, 1994). Figure 6.5 shows the
synaptic transfer function for transmission
from rods to horizontal cells in the sala-
mander retina (Attwell ef al., 1987). The solid
line describes the exponential dependence of
postsynaptic potential (measured in horizon-
tal cells) on presynaptic potential (measured
in rods) in the dark-adapted salamander
retina. The curve drawn with a dashed line is
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the same transfer function, but shifted by one
millivolt to the left to reflect the increased
probability of Ca®* channel opening when,
for example, external pH becomes 0.1 pH
unit more alkaline. This estimate suggests
that modest changes in presynaptic Ca®*
channel gating may have pronounced affects
on postsynaptic response (Barnes et al.,
1993).

6.5.4 GLUTAMATE AUTORECEPTION
BY PHOTORECEPTORS

Photoreceptors are electrically sensitive to
their released neurotransmitter, glutamate.
There are no indications that conventional
postsynaptic glutamate receptors are respons-
ible for this in photoreceptors, but cones
apparently do take up glutamate in a voltage-
dependent manner via electrogenic carrier
proteins (Eliasof and Werblin, 1993; Tachi-
bana and Kaneko, 1988). Exact agreement is
lacking with regard to the details of this
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Figure 6.5 Postsynaptic ramifications of a pre-
synaptic calcium channel activation shift. The
solid line shows the synaptic transfer function for
transmission from salamander rods (membrane
potentials plotted as V,.) to horizontal cells
(membrane potentials plotted as V) as mea-
sured by Attwell et al. (1987). The dashed line
describes the synaptic transfer function after it has
been shifted 1 mV in the negative direction. The
gain of synaptic transfer is increased for small
voltage changes in the dark, resulting in increased
depolarization in the postsynaptic horizontal cell.
This estimate could apply for any treatment that
alters calcium channel gating: proton channel
interaction (external alkalization of 0.1 pH unit),
Byzov’s electric feedback model and proposed
nitric oxide action. (Modified from Barnes et al.
(1993).)

mechanism (Sarantis et al., 1988), but the
evidence suggests that glutamate is co-
transported with three Na* and one Cl” in a
reaction that produces a net inward current
during the uptake cycle. A recent report
suggests that the uptake process is associated
with CI™ channel activity (Picaud et al., 1993).

This form of glutamate autoreception may
provide a positive feedback signal in photo-
receptors. Since glutamate reception gives
rise to a depolarizing signal in photo-
receptors, release of glutamate in the dark
would reinforce the depolarized state asso-

Conclusions and future perspectives

ciated with darkness. Furthermore, owing to
the voltage-sensitivity of the glutamate co-
transporter, uptake could occur in reverse
under some conditions, giving rise to release
of glutamate. As discussed above, Ca®*-
independent release of neurotransmitters
from photoreceptors has been proposed
(Miller and Schwartz, 1983; Schwartz, 1986),
so this mechanism for release and uptake
could mediate photoreceptor communication
with other cells, including other photo-
receptors.

6.6 CONCLUSIONS AND FUTURE
PERSPECTIVES

Photoreceptors interact with one another
directly via laterally directed projections
termed fins and telodendria. Anatomical and
electrophysiological evidence indicates that
rods are coupled with rods, rods with cones
and cones with other cones to varying
degrees. Chromatic interactions also vary by
species, where sometimes the coupled photo-
receptors are of the same spectral sensitivity,
and sometimes (most often in the case of
cone photoreceptors) cells of different spec-
tral sensitivity are coupled in specific com-
binations. Gap junctions appear to mediate
the immediate neighbor coupling in the rod
and cone nefworks, whereas telodendria
carry signals over greater distances and
utilize some form of chemical signaling. The
interactions provide a host of functional
consequences, affecting the quantal and
chromatic sensitivity of individual cells and
the temporal and spatial frequency response
of the coupled photoreceptor networks.
Synaptic output from photoreceptors occurs
electrotonically via gap junctions and chem-
ically via glutamate release in response to
depolarization. The microscopic structures
supporting photoreceptor synaptic output
include ribbon synapses and basal junctions
at contacts with horizontal and bipolar cells
and, via telodendria, other photoreceptors.
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Glutamate autoreception, possibly mediated
by glutamate uptake proteins, may also
contribute a component to the photoreceptor
response. Characterization of the agents, con-
ditions and mechanisms underlying modula-
tion of photoreceptor synaptic interactions
should be expected. It is probable that future
investigation will identify the molecular com-
ponents responsible for photoreceptor
synaptic interactions, both gap junctional
and chemical, in the lower vertebrate models
and in newly accessible mammalian prepara-
tions.
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7

Photoreceptor-horizontal
cell connectivity, synaptic

transmission and
neuromodulation

MUSTAFA B.A. DJAMGOZ,
HANS-JOACHIM WAGNER and
PAUL WITKOVSKY

7.1 INTRODUCTION

Horizontal cells (HCs) are second-order neur-
ons receiving their main synaptic drive from
photoreceptors. A minor input may be de-
rived from bipolar cells in the amphibian
retina (Lasanky, 1979), whereas in many
vertebrates a major modulatory influence is
exerted by the interplexiform cells (Chapter
15). HCs occur in a number of morphological
forms even in the retina of a given species.
They may be axonless or axon-bearing, and
the latter may have an axon terminal region
which may or may not contact photo-
receptors. Thus, in retinas of different species
rod and cone photoreceptor inputs can be
arranged in a variety of different forms.

The best understood role of HCs in vision
is to provide a signal representing the mean
luminance, averaged over a broad retinal
area. This signal is subtracted from a spatially
localized input of photoreceptors to bipolar
cells to yield a signal coding for local contrast.
The ability of HCs to integrate information
from widely separated photoreceptors depends
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on the permeability of large gap junctions
which join neighboring HCs. Another, less
well understood, function of HCs is in color
vision. In lower vertebrates, a variety of so-
called ‘chromaticity’ HCs are found, char-
acterized by a dependence of response polar-
ity on the wavelength of the stimulating
light.

This chapter deals with three main aspects
of photoreceptor input to HCs: (a) connectiv-
ity, (b) synaptic transmission and (c) neuro-
modulation. These topics were reviewed
previously with varying emphasis by Dowl-
ing (1987), Kaneko (1987), Attwell (1986,
1990), Falk (1989) and Wu (1994). HC—photo-
receptor feedback is covered in Chapter 9.

7.2 HORIZONTAL CELL-
PHOTORECEPTOR CONNECTIVITY

7.2.1 LIGHT MICROSCOPIC
CHARACTERIZATION

Horizontal cells form the vitread border of
the first synaptic layer of the retina. As their



Photoreceptor-horizontal cell connectivity

name implies, these cells are orientated
mainly perpendicularly to the incoming light
and to the mainstream of neural information
leaving the photoreceptor layer for the inner
retina and the brain. Indeed, in numerous
lower vertebrates, HCs are arranged in prom-
inent tiers which were initially taken for
separate membranes (Krause, 1868), fenes-
trated only to accommodate the radial pro-
cesses of bipolar and Miiller cells. The other
conspicuous feature of HCs is the frequent
occurrence of laterally oriented, axon-like pro-
cesses (Figures 7.1-7.4). The latter can extend
for several hundred micrometers and termin-
ate as unbranched, cylindrical ‘nematode’-
like (B.B. Boycott, personal communication)
expansions, or as conspicuous, profusely
branched telodendria (Boycott et al., 1978).

The light microscopic differentiation of
HCs may take into account the following
criteria: (a) the number of cell layers and the
position of the perikaryon within them; (b)
the specific shape of the perikaryon; (c) the
presence or absence of a (short) axon; and
(d) the degree of specificity with which a HC
and/or its axon terminal is synaptically con-
nected to a pattern of photoreceptors.

In the literature, these morphological char-
acteristics have been used in various com-
binations, often supplemented with light-
evoked physiological response characteris-
tics, and this has resulted in a potentially
confusing nomenclature. In the following,
we describe the classification of HCs based
primarily on the last two criteria. Following
the suggestion of Gallego (1985), we dis-

tinguish two broad groups according to
whether a short axon is present or not, i.e.
axonless HCs (ALHCs) and short-axon HCs
(SAHCs). In each of these two groups,
several subtypes may be found which are
characterized by their photoreceptor connect-
ivity. For the SAHC, it is further important
to take into account a differential pattern
of connectivity of perikaryal dendrites as
opposed to the axonal telodendron. The
degree of specificity with which photo-
receptors are contacted concerns not only the
segregation of rod and cone channels, but is
also of special importance as regards the
processing of chromatic information<ns1:XMLFault xmlns:ns1="http://cxf.apache.org/bindings/xformat"><ns1:faultstring xmlns:ns1="http://cxf.apache.org/bindings/xformat">java.lang.OutOfMemoryError: Java heap space</ns1:faultstring></ns1:XMLFault>