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Colour vision deficiencies are common in humans and occur
both as a consequence of inherited cone opsin mutations,
altering the number or function of the different cone types
expressed in the retina, and acquired through secondary
disruption of cone function and structure. This review describes
recent advances made in understanding colour vision
deficiencies from combining knowledge about cone opsin
genes with single-cone imaging in living humans. Examination
of the effect of the opsin gene mutations upon the cone mosaic
and colour vision phenotypes shows that not all inherited colour
vision deficiencies are stationary and some inherited congenital
eye diseases may cause impaired colour vision as a
consequence of arrested development.
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Introduction

Direct visualisation of single photoreceptor cells in eyes
of living humans was achieved for the first time in
1999 [1], paving the way for a broader and deeper under-
standing of the cone mosaic and colour vision. [7-vivo
microscopic imaging of the retina was made possible
through adding adaptive optics (AO) — a wavefront
sensor to measure the ocular monochromatic aberrations
and a deformable mirror to correct for the aberrations — in
ophthalmoscopic imaging systems. Several systems have
been developed over the years, but it is the multimodal
version of AO scanning light ophthalmoscope (AOSL.O),
incorporating both confocal and non-confocal detection
that has helped us make the most important discoveries
[2,3]. Such a system allows for simultaneous imaging of
both the confocal waveguided light from the outer seg-
ments and non-confocal backscattered light from the

retina, revealing the structure of the inner segments of
the cones (in direct temporal and spatial correspondence
as illustrated in Figure 1). This is of significance, because
remnant inner segments can now be observed in condi-
tions where cone opsin mutations render the outer seg-
ments dysfunctional or non-functional so that it cannot
waveguide light properly. Single-cone imaging in living
human eyes has allowed for major advancements in
understanding the properties of the cone mosaic, the
distribution and organisation of different cone types
[4], structural and functional changes as a consequence
of disruptions caused by genetic mutations or disease. It
has become a tool that allows for tracking longitudinal
changes of the cone mosaic, including the effect of
medication and genetic treatment [5°°]. Examination of
the effect of the opsin gene mutations upon the cone
mosaic and colour vision phenotypes shows that not all
inherited colour vision deficiencies are stationary or
benign [6-8,9°°] and some inherited eye diseases may
cause impaired colour vision as a consequence of arrested
development [10°,11°°]. In this paper, we discuss recent
advancements in understanding the links between retinal
structure, function and colour perception, clucidating
associated consequences of colour vision loss, either as
a result of opsin gene mutations or secondary to disease or
genetic mutations that disrupt retinal development.

Studying the variation in cone photoreceptor
mosaic in living humans with impaired colour
vision

There are three lines of work in the study of variations in
the cone photoreceptor mosaic and colour vision deficien-
cies that we will focus on. Firstly, we will review the
differences between cone opsin mutations that give rise
to inherited colour vision deficiencies (impaired colour
discrimination, but not colour blindness) and their effect
on retinal structure and natural history (stationary or
progressive). The aim here is to understand why some
inherited red-green (protan/deutan) and blue-yellow
(tritan) colour vision deficiencies may be progressive.
We will then briefly touch upon variation in cone photo-
receptor mosaic in inherited cone dysfunctions that give
rise to colour blindness (achromatopsia), and the impor-
tance of individual assessment when considering who will
possibly benefit from genetic treatment to restore cone
function. Finally, we will mention the effect of other
genetic mutations that arrest the development of the
central parts of the retina, and the structure—perception
correlations  between  single-cone imaging, optical
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Figure 1
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Single-cone imaging of living humans. (a) OCT image showing the layered structure of the central retina from 1.5° temporally (T) to 5° nasally (N)
with the characteristic foveal pit (centred at 0°) of a person with normal spatial and colour vision. Scale bar is 200 um. The layers including the
inner (blue) and outer (red) segment structures are outlined. (b) A sketch of a cone photoreceptor with its inner and outer segments. A cone
photoreceptor is about 50 wm long, and its inner segment is about 1 wm in diameter in the fovea and about 2 um at 5° eccentricity in a healthy
adult retina. AOSLO images of non-confocal backscattered light from the retina, revealing the structure of (c) the inner segments and the confocal
waveguided light from (d) the outer segments of the cones. Scale bar is 25 pm.

coherence tomography (OCT) imaging and colour vision
impairment.

The cone mosaic in inherited red-green colour
vision deficiencies

Inherited colour vision deficiencies are a consequence of
cone opsin mutations. Mutations in the genes for the
human long-wavelength (L) or the middle-wavelength
(M) cone opsin, localised on the X-chromosome at Xq28
(genetic designation OPN1LW and OPN1IMW), give
rise to red—green colour vision deficiencies. Mutations in
the genes for the human short-wavelength (S) cone
opsin, localised to an autosome on chromosome 7 at
7932 (genetic designation OPN1SW), give rise to blue—
yellow colour vision deficiencies [12]. There is a large
variation in the arrangement of cone opsin genes giving
rise to large differences in the associated degree of
colour vision deficiency. Two types of opsin mutations
have been associated with red—green dichromatic colour
vision; one encodes partial or complete deletion or
replacement of photopigment of a different spectral
class, the other encodes a photopigment that does not
function normally (random missense mutation).
Recently, several lines of work have been carried out
to elucidate how these mutations might be expressed

and what effect they might have on the cone mosaic.
Carroll ez al. used AO flood-illuminated imaging to
examine the cone mosaic in red-green dichromatic
individuals [7,8]. The participants harboured either a
mutation that encodes the replacement of L. with M
photopigment, but with a deleterious combination of
nucleotides at normal polymorphic positions (LIAVA,
often referred to as an LL/M interchange mutation) [12],
or the mutation C203R" in the M opsin gene, that
encodes a non-functional photopigment [7,8]. They
showed that the cone density associated with the
LIAVA mutation was similar to that in normal trichro-
mats, albeit with a mottled and less regular appearance.
The C203R mutation was associated with lower cone
density, but a regular cone mosaic interleaved with dark
regions thought to have been degenerated cones expres-
sing the non-functional photopigment. The LIAVA
cones appeared to be still present, having perhaps slowly
progressively lost function, whereas the C203R cones
had completely degenerated early in foveal develop-
ment. Further studies with confocal AOSLO imaging,
including another random missense mutation (W177R),

! Missense mutation where the cysteine residue at amino acid position
203 of the pigment molecule is replaced with arginine.
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Figure 2
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Single-cone images of living humans with different degrees of spatial
and colour vision. The left column shows OCT images revealing the
layered structure of the central retina of persons with (a) normal colour
vision and normal cone opsin genes, (b) red—green (protan) colour
vision deficiency caused by an M interchange mutation (LIAVA,
subject MM0142 [9°]), (c) blue—yellow (tritan) colour vision deficiency
caused by an S opsin mutation (T190I, subject K1539 [16]), (d)
achromatopsia (colour blind) and (e) aniridia (subject 5120 [11°7]).
Scale bar is 200 wm. The disruption in the layer with the outer
segments is clearly visible in achromatopsia (d) as is the foveal
hypoplasia (lack of foveal pit) in aniridia (e). The corresponding single-
cone images of each participant are shown in the middle column,
revealing the structure of the inner (top) and outer segments (bottom)
of cone and rod photoreceptors at about 5° eccentricity (marked by
the white arrows). Scale bar is 25 um. The images show the
differences in observed cone density when cone opsin mutations

deletion of exons and other /M interchange mutations
(LVAVA, LIAVS, LVVVA), have expanded on these
conclusions [13,14]. L/M interchange mutations and
exon 2 deletions were shown to be associated with more
disruptive retinal structure changes in the fovea com-
pared with random missense mutations. This included
damage to neighbouring S cones and rods. Recently,
multimodal AOSLO imaging of participants with
X-linked cone opsin mutations, associated with red—
green colour vision deficiency (both anomalous trichro-
macy and dichromacy) [15°], has shown that the dark
regions observed in confocal images appears to be
regions with reduced or lost cone function (poor or no
waveguiding of light), because intact cone inner seg-
ments are clearly visible [9°°] (see Figure 2b). Further to
this, the large between-individual variation in retinal
structure, function and colour perception appears to be
associated with both the types of /M opsin mutation
and the ratio of expression of first versus downstream
genes on the gene array [15°].

The cone mosaic in inherited blue-yellow
colour vision deficiencies

The types of opsin mutations associated with blue-yellow
colour vision deficiency appear more similar to mutations
in the gene encoding rhodopsin (the rod photoreceptor
pigment) giving rise to retinitis pigmentosa [6,16], than to
L. and M opsin mutations, occurring at amino acid posi-
tions expected to result in photoreceptor degeneration
[12]. Baraas ez a/. used AO flood-illuminated imaging
including retinal densitometry to examine the cone
mosaic in a family with an S opsin mutation [6]. The
eldest member was diagnosed to be a dichromat lacking
S cone function (tritanopia), whereas a younger member
only had a mild degree of tritan colour vision deficiency
[6]. Images of their photoreceptor mosaic showed that
cone density associated with this specific mutation
(R283Q) was within normal limits, but the eldest trita-
nopic member of the family lacked S cones and had a
more irregular mosaic than observed in the younger
family member and in normal controls. The R283Q) cones
appear to be progressively degenerating, with tritan col-
our vision deficiency only being manifest when a suffi-
cient number of S cones have degenerated. A similar
observation was made with another S opsin mutation
('T1901) in that older family members were more severely
affected than those who were younger [16]. Results from
assessing colour vision function at different light levels,
before and after bleaching and dark adaptation, corrobo-
rate the suggestion that S opsin mutations are more akin

render the outer segments dysfunctional (b: LIAVA) or genetic
mutations render the outer segments non-functional (d:
achromatopsia) not waveguiding light properly. The images in the right
column are alterations of a photograph taken by Baraas of Ethel Scull
36 Times (1963) by Andy Warhol to simulate the corresponding loss of
spatial and colour vision.
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to rhodopsin mutations, and that there is a progressive
element. Figure 2¢ show images of the retinal structure in
a participant with the T190I S opsin mutation. Cone
density appears normal, but retinal densitometry is
needed to ascertain whether some of the dark areas on
the confocal image are poorly functional S cone outer
segments. Not all inherited tritan colour vision deficien-
cies may behave in the same way; it will be down to the
type of opsin mutation and what effect this has on the
cone photoreceptor function at a given time in life.
Longitudinal imaging with multimodal AOSLO, com-
bined with retinal densitometry, are required to improve
understanding to what degree cone inner segment
structure is retained in S cone dysfunction.

The advancements brought forward by combining anal-
yses of opsin genotype with colour vision and photore-
ceptor phenotypes from single-cone imaging in living
humans have been imperative for understanding the
potential for gene therapy and to restore cone function.
Although some may deem this not to be important for
those with a stationary and benign protan, deutan or tritan
colour vision deficiency, there is a strong case for under-
standing the whole aspect from variations within normal
colour vision and cone mosaics through life, and even
more so for being able to offer genetic treatment to those
who are de facto colour blind as a consequence of inher-
ited cone dysfunction.

The cone mosaic in the colour blind
(achromats/monochromats)

Achromatopsia and blue cone monochromacy (complete
and incomplete colour blindness) are typically stationary
cone dysfunctions which give rise to impaired central
visual acuity, nystagmus and photophobia. The cone
mosaic, when imaged with AO flood systems [17] or
confocal AOSL.O [18], appears to have reduced reflec-
tance and dark areas where residual cone structures may
reside. With confocal and non-confocal detection AOSL.O
systems, it has been shown that there are intact cone inner
segment structures [3] in these dark areas, even when
cone function is markedly reduced or lost [19], but with
considerable variation between participants [5°°], see also
Figure 2d. The degree of variation in the remains of cone
structure in achromatopsia, within the same and between
different mutations, underscores the importance of indi-
vidual assessment when considering restoring cone func-
tion with gene therapy.

The cone mosaic and colour vision associated
with arrested foveal development

Genetic mutations associated with albinism and aniridia
are associated with arrested development resulting in
foveal hypoplasia. This underdevelopment of the central
parts of the retina is typically associated with reduced
visual acuity, nystagmus and photophobia. It has been
shown that there is a correlation between cone density

and the degree of foveal hypoplasia, assessed by spectral
domain OCT images, in both albinism and aniridia
[11°°,20]. The degree of foveal hypoplasia correlates with
the degree of red—green colour vision in aniridia [10°],
those with poorest red—green sensitivity have the lowest
cone density [11°°], see Figure 2e. Itis not known if this is
also the case in albinism. It is assumed that differences in
retinal ganglion cell density and/or cone-midget retinal
ganglion cell pathways are factors that may contribute to
variation in colour vision between individuals with the
same grade of foveal hypoplasia.

Conclusions

The utilisation of multimodal adaptive optics scanning
light ophthalmoscopy to image single cone outer and
inner segments has allowed us to answer some important
questions about the effects different types of opsin muta-
tions associated with inherited colour vision deficiencies
and other inherited eye diseases have on cone structure
and function (Figure 2). Because of developmental mech-
anisms, including epigenetic factors and experience-
dependent change and individuation [21] that decide
the number of cones any individual express on their
retina, both cross-sectional and longitudinal studies uti-
lizing multimodal single-cone imaging will continue to be
important tools to gain an even better understanding for
cellular retinal anatomy and colour perception. Additional
advancements, such as functional measurements of single
cones during imaging, are expected to transform our
understanding of the correlations between the organisa-
tion of different cone types and colour vision in the future
[22]. The importance of understanding these correlations
is not only for the benefit of those with the disease or for
treatment of those, but also for understanding what con-
stitutes normal healthy development and who might be at
risk for developing age-related disease. There is a large
variation in the number of cones in the macular region of
those with normal colour vision [23] and associated varia-
tion in colour vision loss with age [24]. This indicates that
there is a real chance that those with low redundancy of
cones are the ones who experience early (colour) vision
loss, whereas those with high redundancy of macular
cones may retain full visual function for longer. Only
longitudinal studies tracking both colour vision and mul-
timodal single-cone imaging in living humans with known
opsin gene array will allow us to learn more.
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