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Missense mutations in the cone opsins have been identified as a
relatively common cause of red/green color vision defects, with the
most frequent mutation being the substitution of arginine for
cysteine at position 203 (C203R). When the corresponding cysteine
is mutated in rhodopsin, it disrupts proper folding of the pigment,
causing severe, early onset retinitis pigmentosa. While the C203R
mutation has been associated with loss of cone function in color
vision deficiency, it is not known what happens to cones expressing this mutant opsin. Here, we used high-resolution retinal imaging to examine the cone mosaic in two individuals with genes
encoding a middle-wavelength sensitive (M) pigment with the
C203R mutation. We found a significant reduction in cone density
compared to normal and color-deficient controls, accompanying
disruption in the cone mosaic in both individuals, and thinning of
the outer nuclear layer. The C203R mosaics were different from
that produced by another mutation (LIAVA) previously shown to
disrupt the cone mosaic. Comparison of these mosaics provides
insight into the timing and degree of cone disruption and has
implications for the prospects for restoration of vision loss associated with various cone opsin mutations.
color vision 兩 cone mosaic 兩 photopigment 兩 retinal imaging 兩 rhodopsin

N

ormal human color vision is trichromatic and derives from
the presence of three spectrally distinct cone types: long-,
middle-, and short-wavelength-sensitive (L, M, and S). Redgreen color vision defects are characterized by the absence of
either L or M cone function and they affect about one in 12
Caucasian males. Inherited red-green defects can be linked to
disruptions at the X-chromosome opsin gene locus, where the Land M-cone opsin genes reside in a head-to-tail array (1). Most
of these disruptions involve gross gene rearrangements (2–6).
However, it is becoming appreciated that missense mutations
underlie a significant proportion of red-green defects (5–8). This
raises the question of what impact these missense mutations have
on the viability of the cones.
Some insight comes from rhodopsin. There are ⬎130 distinct
rhodopsin mutations, involving at least 89 sites within the
molecule (data compiled from refs. 9–17.) With rare exception
(e.g., refs. 9 and 18), each of these mutations has been associated
with either retinitis pigmentosa (RP) or congenital stationary
night blindness. Rhodopsin and the cone opsins have structural
similarities and similar functional demands. Thus, it is reasonable to hypothesize that mutations in the cone opsins homologous to those in rhodopsin that cause retinitis pigmentosa would
affect the viability of the cones.
The most common missense mutation in the cone opsins is a
substitution of cytosine for thymine at nucleotide position 1101,
which corresponds to a substitution of arginine for cysteine at
amino acid position 203 (C203R) (Fig. S1). The corresponding
mutation in rhodopsin (C187Y) disrupts proper folding of the
pigment, causing severe, early onset retinitis pigmentosa (19). It
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has been shown that the C203R mutation also disrupts protein
folding and stability (20), as the mutation of this highly conserved cysteine residue disrupts a disulfide bond that is critical
for proper tertiary structure (21, 22). In rods, it has been
suggested that this misfolding results in retention of the pigment
in the endoplasmic reticulum (23); likewise it has been shown
that C203R pigment is not successfully transported to the cone
outer segment (20).
Here, we used high-resolution retinal imaging to examine the
effect of the C203R mutant opsin on the structural integrity of
the cone photoreceptors. We observed a significant reduction in
cone density in two individuals harboring the C203R mutation,
as well as a partial thinning of their outer nuclear layer (ONL).
There was no difference in cone density between ‘‘typical’’
multigene protans lacking L genes and color-normal controls.
We had previously reported a similar reduction in cone density
in a dichromat whose condition was caused by the presence of an
unusual combination of polymorphisms encoded by exon 3 of the
M-pigment gene (‘‘LIAVA’’) (24). The same unusual sequence
was associated with blue-cone monochromacy (25) and was also
associated with a case of X-linked incomplete achromatopsia
(26). In contrast to the C203R retina, the LIAVA retina had
normal ONL thickness and reduced regularity of the remaining
visible cones. Taken together, our results support a hypothesis
that whether present in a rod or a cone, the C203R mutation
abolishes function and results in early degeneration of the
associated cell, whereas the LIAVA polymorphism leads only to
a loss of function.
Results
Ophthalmic Examination and Clinical Diagnoses. Examinations on

the color deficient subjects were unremarkable, except for subtle
foveal granularity in retinal pigment epithelium (RPE) pigmentation in subjects 4511 and 4515 (the individuals harboring the
C203R mutation). A multifocal ERG was recorded from subject
4515 using the 103 hexagon standard protocol with the Veris
Science 5.1.10X software (Electro-Diagnostic Imaging, Inc.),
and all amplitudes and implicit times were normal. The two
subjects 4511 (age 38 years) and 4515 (age 22 years) had
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uncorrected visual acuities of 20/16 and 20/12.5, respectively.
The remaining seven protan subjects all were mild myopes (less
than ⫺1.75 D) and correctable to 20/25 or better (average age
22 years). Normal controls (n ⫽ 103; 47 males and 56 females)
were free of any gross ocular pathology, either self-reported (n ⫽
88) or chart review (n ⫽ 15). The normal controls ranged in age
from 11 to 40 years (mean ⫽ 26 years).
Color Vision Testing. Based on their performance on the Rayleigh

match as well as pseudoisochromatic plates, Farnsworth-Munsell
100 Hue, and Medmont C100; 389, 399, and 3514 were all
diagnosed as protanopes, whereas the remaining subjects were
classified as protanomalous. Subject 4511’s scores were 1100,
381, and 123 and subject 4515’s scores were 951, 241, and 88 on
the protan, deutan, and tritan axes of the Trivector test on the
Cambridge Color Test (27), both consistent with a severe protan
defect. Reported maximum normal values on the Trivector test
are 69.3, 82.4, and 113.4 for the protan, deutan, and tritan axes,
respectively (28).
the real-time quantitative PCR assays are expressed as the
percentage of genes in the array that are downstream (ds) of
the first gene and the percentage of all genes that are L. All
of the protans had estimates of 0% L genes; thus, an estimate
of 0% ds genes specifies an array containing a single M gene,
an estimate of 50% ds genes specifies an array with two M
genes, an estimate of 66% ds genes specifies an array with three
M genes, and so on. Subjects 4511 and 4515 were inferred to
each have three genes in their array, based on estimates of 65
and 63% ds, respectively. Subjects 0389, 0399, 3514, and 6336
had arrays with two genes (55, 45, 48, and 54% ds), while
subjects 3504, 3505, and 3506 had arrays with four genes (81,
72, and 74% ds). As the number of genes in the array increases,
the ability to distinguish the absolute size of the array becomes
more difficult, so subject 3504 could have five genes. The
inferred structure of the L/M gene array for each subject is
shown in Fig. S2.
All subjects except 399, 3514, and 6336 were found to have
polymorphisms at all three polymorphic sites encoded by exon 2
(65, 111, and 116) that have been predicted to introduce a small
(⬇1–2 nm) shift in the max (29), or in the optical density (30)
of the associated pigment (see Fig. S1 for the position of these
polymorphisms). Subjects 399 and 3514 were diagnosed as
protanopes, consistent with their having only a single spectral
type of M-cone pigment. Subject 389 was also diagnosed as a
protanope, although he had exon 2 polymorphisms that have
been associated with spectral differences sufficient to confer
protanomaly. The remaining subjects with exon 2 polymorphism
were diagnosed as protanomalous, although the discrimination
between severe protanomaly and protanopia is often difficult.
This variability is consistent with previous reports where the
presence of exon 2 polymorphisms can lead to a protanomalous
or protanopic phenotype (4). Sequence data on subject 6336
were not available; phenotypically, he was an extremely mild
protanomalous trichromat (31). Two subjects were found to have
a C203R mutation encoded by one of their M genes: 4511 (third
gene in his array) and 4515 (second gene in his array).

Fig. 1. Visualizing cone mosaic disruption in the C203R retina. Shown are
images from the right eyes of subject 4511, 4515, and a normal control from
0.5°, 1°, 1.25°, and 2.5° temporal to the fovea. Retinal magnification estimates
are 288 m/degree (4511), 281 m/degree (4515), and 298 m/degree (normal
control). [Scale bar, 50 m (⬇10.5 arcmin).]

reduction in density was significant for both subjects at the 1,
1.25, and 4° test locations (P ⬍ 0.05). To determine whether the
reduction in density was caused by the lack of an L-opsin gene,
we imaged 7 other protans who had no L-opsin gene but had
multiple M-opsin genes in their array (Fig. 2). There was no
significant difference in cone density between the normal and
protan control groups (P value at all locations was 0.28 or
greater; Mann–Whitney test). Moreover, the density of the
C203R retinas was significantly reduced compared to these
protan controls (P ⬍ 0.005) at all but 0.5°, where P ⫽ 0.015 and
P ⫽ 0.0667 for 4515 and 4511, respectively. Thus, it is the
presence of the C203R mutant pigment, not the absence of an
L-opsin gene, which underlies the striking disruption of the cone
mosaic in subjects 4511 and 4515.
Retinal Thickness Topography in the C203R and LIAVA Retina. In the
individuals with the C203R mutation, we were interested to
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Structure of the X-Chromosome Opsin Gene Array. The results from

Decreased Cone Density in Individuals Harboring C203R Mutation.

Shown in Fig. 1 are images of the cone mosaic from the two
subjects with the C203R mutation. In comparison with the
normal retina (Fig. 1, bottom row), these mosaics appear coarser
than normal at all four locations imaged. Fig. 2 shows average
density as a function of eccentricity for the normal and the
C203R individuals. There is significant variability in ‘‘normal’’
cone density. Using a z-score analysis (number of standard
deviations from the normal mean), it was found that the
Carroll et al.

Fig. 2. Quantifying cone mosaic disruption in the C203R retina. Individuals
harboring a C203R mutation have lower cone densities than the normal
trichromats and multigene protan controls. Density reduction was only significant at 1°, 1.25°, and 4° (using a z-score analysis). Error bars represent ⫾ 1
SD across the respective control group at that eccentricity. Multigene protan
controls did not differ from the normals (Mann–Whitney test, P ⬎ 0.28 at all
eccentricities).
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know whether the reduction in cone density could be detected
using optical coherence tomography (OCT). Estimates of retinal
nerve fiber layer thickness around the optic disc obtained with
the Stratus OCT (Carl Zeiss Meditec) ‘‘RNFL’’ scan protocol
revealed no abnormalities in either subject (thickness values
within 95th percentile). Macular thickness maps obtained with
the Stratus ‘‘fast mac’’ protocol revealed normal retinal thickness
for 4511 and slight thinning in the central and peripheral retina
for 4515 (Fig. S3). However, as this scan protocol relies on
substantial interpolation to derive thickness measurements in
the peripheral segments of the map, we examined more closely
the total retinal thickness and ONL thickness through the
macula. Shown in Fig. 3 is a comparison of total retinal thickness
and ONL thickness between the two C203R subjects and 93
normal controls. For the one protan control which we were able
to obtain OCT images on, his total and ONL thickness was within
normal limits. Averaged horizontal line scans from both C203R
subjects used for analysis are shown in Fig. S4. In both subjects,
the total retinal thickness was not grossly different from normal,
although 4515 fell outside of 2 SD from the normal mean at a few
locations along the scan. There was a slight thinning of the ONL
in both subjects, falling outside 2 SD of the normal mean at the
very central fovea for 4515, and just temporal to the fovea for
4511. This would be consistent with a subset of cones being
missing (presumably those containing the C203R opsin). In
contrast to the C203R subjects (Fig. 3), the total retinal and ONL
thickness of the LIAVA patient was within normal limits at all
retinal locations along the horizontal meridian (Fig. 3 B and C).
This is interesting, as the C203R and LIAVA (24) retinas have
approximately the same cone density, as measured in the AO
images.
Mosaic Geometry in the C203R and LIAVA Retina. We used a Voronoi
analysis to evaluate mosaic geometry. In the Voronoi analysis,
each cone is identified as a point in a 2-D plane and the resultant
Voronoi domain for that cone contains all points in the plane
that are closer to that given cone than any other cone in the 2-D
plane (Fig. 4 A–I). The Voronoi domain for each cone is a
polygon, and the regularity of the cone mosaic can be assessed
by examining various properties of the Voronoi domains for a
given patch of retina. To compare cone packing in the LIAVA
mosaic to the C203R mosaic, we looked at the percentage of
cones with six-sided Voronoi domains an indicator of the overall
packing geometry of the mosaic. Qualitatively, there is apparent
irregularity in the C203R (Fig. 4C) and LIAVA retina (Fig. 4F)
compared to normal (Fig. 4I). We compared mosaic geometry
for normal controls at three different retinal locations to that for
the two C203R retinas and the LIAVA retina (Fig. 5). Between
44% and 57% of the cones in the normal retina had six-sided
Voronoi domains, consistent with previous estimates (32). Using
a z-score analysis, the LIAVA retina had significantly fewer
cones with six-sided Voronoi domains (P ⫽ 0.0155, P ⫽ 0.0117,
and P ⫽ 0.0031 in comparison to 1°, 1.25°, and 2.5° normals,
respectively). Conversely, both of the C203R subjects had mosaics that were not significantly reduced from normals with
respect to packing geometry (assessed using a z-score analysis).
There was, however, an increase in the standard deviation of the
Voronoi domain areas when assessed against equivalent-density
mosaics (Fig. S5), indicating that while the C203R mosaic is
contiguous, there is residual noise (irregularity) in the packing.

Discussion
Here, imaging of the living human cone mosaic has provided
direct evidence that the C203R photopigment is associated with
disruption of the cone mosaic. The comparison of the C203R
retinas to the previously published LIAVA retina reveals a subtle
but important difference in the arrangement of their remaining
cones. The cones in the C203R retina are more regularly packed
20950 兩 www.pnas.org兾cgi兾doi兾10.1073兾pnas.0910128106

Fig. 3. Assessing retinal lamination. (A) SD-OCT registered sum from the
right eye of a 19-year-old female with normal color vision. Arrows illustrate
the boundaries used for the ONL and total thickness measurements. Total
retinal thickness (B) and ONL thickness (C) as a function of distance (n ⫽ nasal,
T ⫽ temporal) from the center of the foveal pit (0 mm on abscissa) for the
C203R subjects (4511 and 4515), the LIAVA subject (ref. 24), and a single protan
control (6336). Average normal thickness values are plotted as black line with
shaded area representing ⫾ 2 SD.

than those in the LIAVA retina. This coupled with a lower than
normal cone density in the C203R retina, suggests that the cones
expressing the C203R retina have degenerated completely
whereas those in the LIAVA retina are still present (although
not functioning or waveguiding). This is supported by data
showing that the cone locations and cone density have not
changed in the LIAVA retina over a period of 6 years (33). The
partial thinning of the ONL in the C203R retina compared to a
normal ONL in the LIAVA retina also supports this interpreCarroll et al.
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Fig. 4. Assessing cone mosaic packing geometry. Shown in the left column
are retinal images from the right eye of subject 4515 (A), the LIAVA (24)
patient (D), and a normal trichromat (G). Shown in the middle column is a plot
of cone locations for the corresponding retinal image of subject 4515 (B), the
LIAVA patient (E), and a normal trichromat (H). Shown in the right column are
the Voronoi domains associated with each cone photoreceptor in subject 4515
(C), the LIAVA patient (F), and a normal trichromat (I). Colors in C, F, and I
indicate the number of sides for each Voronoi polygon (magenta ⫽ 4, cyan ⫽
5, green ⫽ 6, yellow ⫽ 7, red ⫽ 8, and purple ⫽ 9). Large regions of 6-sided
polygons indicate a regular triangular lattice (58), whereas other colors mark
points of disruptions in the hexagonal packing of the foveal mosaic. While (A)
and (D) are from the same retinal eccentricity (1°), the normal mosaic was
taken from 1.25° to approximately match cone density.

tation. We hypothesize that the C203R cones appear regularly
packed because the cells expressing the C203R pigment degenerated early in foveal development, and the centripetal packing
of cones that occurs during foveal development may have acted

to produce contiguous and hexagonal packing of the remaining
cones. The irregularity of the LIAVA mosaic is likely due to the
random and partial loss of visible cones from the mosaic. The
integrity of the remaining cones in color vision defects (including
blue cone monochromacy and achromatopsia) takes on additional relevance given the recent results showing that trichromatic color vision can be restored in dichromatic New World
primates using gene transfer techniques to deliver an additional
spectrally distinct opsin gene (34).
For understanding mechanisms that control L/M opsin gene
expression, the issue of whether genes beyond the second
position in the array are expressed has been of interest. Winderickx et al. (35) and Yamaguchi et al. (36) hypothesized that
only the first two genes are ever expressed, as a result of
increased distance from the locus control region upstream of the
array. However, mRNA data from Sjoberg et al. (1998) show that
a small fraction of males with normal color vision express at least
three genes from their L/M array (37). It has been shown that in
adults individual cones only express opsin from a single gene
within the L/M array (38, 39). Thus, there are at least two
possible explanations for the observed retinal phenotype of
subject 4511. It could be explained by significant expression of
the third gene in the array (which harbors the C203R mutation),
or the disruption in cone structure was induced by one of the first
two genes in the array. No missense mutations were detected in
the first two genes in the array, however the same can be said for
the LIAVA mutation that is now clearly associated with loss of
cone function. Understanding this interesting subject awaits a
more complete understanding of mechanisms responsible for
gene expression and how combinations of amino acids exchanged between L and M opsins affect the function and viability
of the cones.
What consequence the C203R mutation has for the health of
the visual system is still unclear. It would appear that in the short
term there is no measurable deficit imposed by the disruption in
the cone mosaic. This reinforces the fact that many clinical tests,
and indeed the visual system itself, are largely insensitive to
considerable loss in cone number (40, 41). Nevertheless it is
possible that there could be more long-term effects, such as an
increased (or even decreased) susceptibility to age-related retinal changes (7)*. One of the advantages of in vivo imaging is that
we can track retinal architecture and visual performance in the
same eyes over time. Given the variability in normal L:M cone
ratio in trichromats (47, 48), which is linked to variability in the
relative expression of the L and M genes in the L/M array (49),
we expect to see similar variability in cone loss among individuals
with the C203R (and other) mutations. Psychophysical examination of individuals with these mutations will allow us to
determine when and how visual function breaks down in the face
of a compromised cone photoreceptor mosaic.

Fig. 5. Evaluating regularity of the cone mosaic. Plotted is the percentage of
cones with 6-sided Voronoi domains for the normal controls as well as the
color defective subjects (4511, 4515, and LIAVA). Individual data points for the
normals represent individual retinas (n ⫽ 15 at 1°, n ⫽ 13 at 1.25°, n ⫽ 10 at
2.5°), whereas individual data points for the color defective subjects represent
measurements at seven different points within the same retina (although all
were 1° from the foveal center). Horizontal bars are the mean value for each
subject or group of subjects.
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*There have been a few reports suggesting cone degeneration associated with a
color vision defect (42– 46), though in most of these cases the color vision defect was not
proposed to be causative, nor was the genotype thoroughly described.
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Materials and Methods
Subjects. All research followed the tenets of the Declaration of Helsinki, and
study protocols were approved by the institutional research boards at the
Medical College of Wisconsin (retinal imaging, genetics, and color vision
testing), University of Rochester (retinal imaging and clinical examination),
and University of Manchester (genetics and color vision testing). Subjects
provided informed consent after the nature and possible consequences of the
study were explained. A complete ophthalmic examination including visual
acuity measurement, slit lamp examination, and dilated funduscopic examination was performed on nine individuals with protan color vision defects. We
recruited 103 individuals with normal color vision for retinal imaging with OCT
(n ⫽ 86), AO (n ⫽ 10), or both AO and OCT (n ⫽ 7). We re-examined an
individual (‘‘LIAVA’’) previously reported to have a patchy loss of visible cones

throughout the macula (24). Axial length measurements were obtained on all
subjects using an IOL Master (Carl Zeiss Meditec) for calibration of retinal
images.
Adaptive Optics Retinal Imaging. An AO ophthalmoscope was used to obtain
images of the cone mosaic. Details of the imaging protocol can be found in the
SI Text.
Adaptive Optics Image Processing and Analysis. Images of the cone mosaic were
registered using a MatLab-based image registration algorithm (MathWorks)
and averaged for subsequent analysis. The position of cone photoreceptors
were identified using a modified version of described automated Matlab
software (32). Cone density was calculated using previously described methods relying on counting of the cones and spatial frequency analysis (24), and
mosaic regularity and packing geometry was assessed using a previously
described Voronoi analysis (50).
OCT Retinal Imaging. High-resolution spectral domain OCT (Bioptigen, Inc.)
imaging was performed in 93 normal subjects (42 male, 51 female), with a
mean of 25.7 years, and one of the protan controls. Line scan sets were
acquired (1,000 A-scans/B scan; 100 repeated line scans; 4-mm nominal scan
length†) through the center of fixation, which was cross-referenced with a
volumetric scan to ensure coincidence with the center of the foveal pit. Scan
sets were directly exported and read into ImageJ for processing (52). Frames
that were distorted due to large saccades or eye blinks were removed. Stratus
time domain OCT (Carl Zeiss Meditec) images were acquired from the two
individuals harboring the C203R mutation. Scan sets consisting of 10 6-mm
horizontal line scans were acquired through the center of fixation, and custom
MatLab-based software (provided by Dr. Michael Pianta, University of Melbourne) was used to align the individual A-scans (thus ‘‘flattening’’ the B scan),
which were then read into ImageJ for processing.
Speckle noise in OCT images can be reduced by averaging multiple B-scans
(53). Here, the ImageJ rigid body registration plugin ‘‘StackReg’’ was used to
generate a stabilized frame sequence (54). Scans within each stabilized SD-

OCT and Stratus scan set were averaged to produce high signal-to-noise
images for subsequent segmentation. For the SD-OCT scan sets, an average of
39 scans were averaged together for any given subject, while for the two
Stratus scan sets, 10 scans were average together. In both cases the resultant
image quality was sufficient to resolve the requisite layers for segmentation.
The internal limiting membrane (ILM), outer plexiform layer (OPL), external
limiting membrane (ELM), and retinal pigment epithelium (RPE) were manually segmented. The distance between the anterior boundary of the ILM and
the posterior boundary of the RPE provided total retinal thickness while the
distance between the posterior boundary of the OPL and the center of the
ELM provided the ONL thickness‡.
Color Vision Testing. Color vision in the protan subjects was assessed using a
variety of tests, including the Rayleigh match, pseudoisochromatic plates
(AO-HRR, Dvorine, Ishihara), C100 Color Vision tester, the Farnsworth-Munsell
100-Hue Test, and the Neitz Test of Color Vision (57). The C203R subjects were
also tested using the Cambridge Color Test (27). Normal controls had normal
color vision as assessed with the Neitz Test of Color Vision and/or the AO-HRR.
Molecular Genetics. Details of the genetic analysis performed on the L/M gene
array can be found in the SI Text.

‡Note

that the ONL thickness includes the photoreceptor nuclei and the Henle fiber layer.
It is not possible to currently discriminate the Henle fibers, so they are included in all
OCT-based measurements of ONL thickness (55, 56).

length (51). Axial length in our normal OCT subjects (n ⫽ 93) ranged from 21.49 to 26.62
mm, as such the nominal 4-mm horizontal SD-OCT scans had actual scan lengths ranging
from 3.60 to 4.46 mm. The two C203R subjects had axial lengths of 23.75 (4511) and 23.19
(4515), resulting in adjusted Stratus OCT scan lengths of 5.83 and 5.69 mm, respectively.
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