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Blue cone monochromatism: clinical findings
in patients with mutations in the red/green

opsin gene cluster

Abstract Background: X-linked
blue cone monochromatism (BCM)
has to be differentiated from x-linked
cone dystrophy and autosomal re-
cessive rod monochromatism.
Methods: In nine male patients with
congenital cone dysfunction (one
family, six single cases; age range: 9—
55 years), mutations in the red/green
opsin gene cluster were confirmed.
Clinical findings were analyzed ret-
rospectively. Results: In one family
and three single cases, a single red-
green hybrid gene was found carry-
ing a Cys203Arg mutation. Two pa-
tients had multiple opsin genes, a red/
green hybrid gene and at least one
green pigment gene, all carrying the
Cys203Arg mutation. In one patient,
a large deletion of the locus control
region and parts of the red pigment
gene were detected. Two patients
(ages: 45 and 55 years) complained
about progression. Two patients pre-
sented with nystagmus. Refractive
errors (+8.0 and —11.0 D) and visual

acuity were variable (0.05-0.3).
Only four patients had a visual acu-
ity >0.1. In two patients, visual acu-
ity could be improved using blue
filter glasses. Four of five patients
>25 years had dystrophic alterations
in the macula. Severe color vision
defects and relative central scotoma
were present in all patients. In the
electroretinogram, residual cone re-
sponses were detected in 2/8 patients.
Conclusions: Hybrid red/green opsin
genes carrying the Cys203Arg muta-
tion are a frequent cause of BCM in
German patients. Molecular genetic
evaluation is mandatory for adequate
diagnosis of patients since from the
clinical data only two patients were
diagnosed as having BCM. In the
other patients, either rod monochro-
matism or cone-rod dystrophy could
not be excluded with certainty. The
patients should be cautioned that
macular dystrophy may develop in
adults older than 30 years.

Introduction

Blue cone monochromatism (BCM; MIM303700) is a
rare disorder with x-linked inheritance; it was first iden-
tified by Blackwell and Blackwell [7]. Since then, the
psychophysical characteristics have been described in
several reports. The visual perception of affected males is
limited to the input of short wavelength sensitive (blue)
cones and rods. Due to the absence of blue cones in the
foveola, the visual acuity is markedly reduced, and nys-
tagmus is frequently observed [4, 26]. The course of BCM

is regarded as stationary; however, macular dystrophy has
been reported in some older patients [2, 3, 9, 17, 21].
Female carriers may show normal ocular findings, but in
some carriers, macular pigment epithelial irregularities
and specific ERG abnormalities have been reported [5].
BCM has been observed in Caucasian, Afro-American
and Japanese patients [18, 22].

The clinical presentation of BCM is rather similar to
autosomal recessive rod monochromatism (achromatop-
sia). If the family history is not informative, few features
allow a clinical distinction between these two disorders. A
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specific color test has been designed to distinguish be-
tween rod monochromatism and BCM [4]. In addition,
testing the visual acuity with the use of blue and yellow
filtered glasses has been used to differentiate between the
two disorders [26].

The molecular genetic basis of BCM has been identified
by Nathans et al. [17]. BCM is associated with mutations
that affect the genes encoding the apo-proteins of the
middle wavelength-sensitive (green) and long wavelength-
sensitive (red) cone photopigments. These two genes are
located adjacently on the human x-chromosome, where
they constitute a particular arrangement, including a locus
control region, one red pigment gene and one or more
green pigment genes [23]. Only a limited number of reports
of BCM with identified genotype have been published [2,
3,17, 18, 21].

Herein, we report the clinical and molecular genetic
findings in a series of nine German patients with BCM to
illustrate the variability of the disease and the value of
molecular genetic testing.

Subjects and methods

The nine patients with congenital cone dysfunction or x-linked cone
dystrophy were examined at the Department of Ophthalmology of
the Benjamin Franklin University Clinic in Berlin by one author
(UK). For all examinations, informed consent was obtained either
by the patients or their parents. All examinations were done ac-
cording to the tenets of the Declaration of Helsinki.

All patients underwent basic ophthalmologic evaluation. Visual
field testing was done with Goldmann perimetry. The desaturated
Panel D15 test was used for color vision testing using a standard
daylight illumination lamp. If possible, tests with blue and yellow
filtered glasses were performed as described by Zrenner et al. [26].
Berson’s specific color test for BCM was not available for exam-
ination [4]. Full-field ERGs were recorded according to the ISCEV
standard [15]. The recording technique has been described in detail
previously [12]. In short, recordings were done using a Nicolet
Spirit and Ganzfeld (Nicolet, Madison, USA) with maximally di-
lated pupils (2.5% phenylephrine and 0.5% tropicamide). Stimulus
duration was 0.1 ms. Following 30 min of dark adaptation, four
stimuli with increasing intensity (maximum light intensity 10 cd s/
m?) were used for recordings in the dark. Light-adapted recordings
were performed after 10 min of light adaptation in the presence of
white background light of 30 cd/m® with white and chromatic
stimuli of maximum light intensity. No averaging was done. Nor-
mal ranges for amplitudes and implicit times were determined by
calculation of the median values and the 95% confidence intervals
from single eyes of 50 age-similar probands.

All molecular genetic analyses were performed in the Molecular
Genetics Laboratory at the University Eye Hospital of Tiibingen. In
some patients (nos. 1,251 and 1,812), mutations in the CNGA3,
CNGB3 and GNAT2 genes, all known to be associated with rod
monochromatism, had been excluded [13, 14, 15, 25].

Molecular genetic analysis of the red/green opsin gene cluster
was done as follows. In a first series of experiments, the presence or
absence of specific parts of the gene cluster was analyzed by PCR
amplification (primers and their sequences in brackets): (1) the
locus control region (FEO 207:5°-TTA GGA GTA GTC GCA TTA
GAG A; FEO 208:5’- CAG AGG AGG AGT GGG GTG TC), (2)
the red opsin gene promoter (FEO 204:5’- GCC TCT TCA CCT
TAA AAG CT; FEO 206:5’- GGC GGA CGC AGG ACA GTA

GAA), (3) the green opsin gene promoter (FEO 204: see above;
FEO 205:5’- ACC TCC GCC TCC CAG ATT CAA G), exon 4 of
the red and green opsin gene (FEO 26:5’- AGG AGT CTC AGT
GGA CTC AT; FEO 27:5’- ACA AAC CCC ACC CGA GTT AG)
and exon 5 of the red and green opsin gene (FEO 201:5’- TCC
AAC CCC CGA CTC ACT ATC; FEO 202:5’- ACG GTA TTT
TGA TGT GGA TCT GCT). Standard 50-pl PCR reactions in-
cluded 50 ng genomic DNA, 10 pmol each primer, 200 uM each
dNTP and 1 U Taq polymerase in 10 mM Tris-HCI pH 8.9, 50 mM
KCl and 1.5-3 mM MgCl,. Typical thermal cycling protocols in-
cluded an initial denaturation for 4 min at 94°C, 30 cycles of 20 s at
94°C, 30 s at 58°C and 30 s at 72°C, and a final extension for 7 min
at 72°C.

For the differentiation of red and green opsin gene sequences,
exon 5 PCR amplification products (see above) were digested with
Rsal [18] and separated on agarose gels. Similarly, a BstUI RFLP
assay on exon 4 PCR products (see above) was used for the de-
tection of the Cys203Arg mutation [18]. The presence of the mu-
tation was additionally confirmed by DNA sequencing (Big Dye
Terminator Chemistry; Applera, Darmstadt) of exon 4 PCR prod-
ucts using FEO 26 as sequencing primer.

Results

Mutations in the red/green opsin gene cluster were iden-
tified in three patients from a family with x-linked re-
cessive inheritance (family no. 124, pedigree displayed in
Fig. 1) and six unrelated patients with non-informative
family history. In family no. 124 and three other unrelated
patients, a single red-green hybrid opsin gene was found
that harbored a Cys203Arg mutation (Fig. 2). Two pa-
tients had a red/green hybrid opsin gene and one or more
green opsin gene(s), all carrying the Cys203Arg mutation.
In one patient, a large deletion including the locus control
region and at least parts of the red pigment gene were
detected.

The age at examination ranged between 9 and 55
years. All patients reported low visual acuity from child-
hood on. Two patients (age: 45 and 55 years) complained

.

Fig. 1 Pedigree family no. 124. Numbers indicate examined family
members
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Fig. 2 Scheme on the BCM genotypes found in this study. Grey,
white and half grey/white arrows represent the red, green and red/
green hybrid opsin genes, respectively. The block box upstream of
the opsin genes represents the locus control region (LCR), which
controls the expression of the opsin genes

about progression after 20 years of age; one patient (age
25 years) reported increased problems with photophobia.
Ophthalmoscopy revealed normal findings in three pa-
tients (Table 1). In family no. 124, both older brothers dis-
played macular dystrophy, and even the 9-year-old cousin
had fine pigment irregularities in the foveal area, possibly
a precursor to macular dystrophy. One 13-year-old patient
with normal refraction had mid-peripheral areas of cho-
riocapillaris atrophy. In most patients (4/5) older than
25 years, dystrophic alterations in the macula were pres-
ent (Fig. 3).

At the time of the examination, two patients presented
with nystagmus (Table 2). Refractive errors varied be-
tween +8.0 and —11.0 D; however, even within family no.
124, refractive errors varied between +8.0 and —4.0 D.
Visual acuity was between 0.05 and 0.3, but only four
patients had a visual acuity better than 0.1. In four pa-
tients, blue filtered glasses were tested, but only in two
patients could visual acuity be improved slightly. One

Table 1 Clinical findings. *Age at last examination

patient preferred a light blue (Schott BG23), the other pa-
tient a dark blue filter (Schott BG28). Visual field testing
revealed relative central scotomata in all seven patients
tested. In addition, a mild concentric narrowing was de-
tected in all three members of family no. 124. Severe
color vision defects were present in all eight patients
tested.

Full-field ERG recordings could be obtained in 8/9
patients (Table 3). Due to lack of cooperation, only one
eye could be recorded in patient no. 1,485. In most pa-
tients, cone function could be detected neither by single
flash white, chromatic nor 30-Hz flicker stimulation. In
two patients, residual cone responses could be recorded
when stimulating with single white flashes. However, no
responses could be elicited to 30-Hz flicker stimulation.
Interestingly, within family no. 124, the 45-year-old pa-
tient had residual cone function, whereas the older and
younger patients did not show measurable cone function
(Fig. 4). The b-wave amplitude for the maximum mixed
rod-cone response was reduced in all patients, but the
implicit time was slightly delayed only in one eye. The
amplitudes of rod responses to dim white or blue flashes
were reduced in about half of the eyes tested. The implicit
times were normal in the majority of patients.

Only in the two patients with increased visual acuity
using blue filter glasses was BCM diagnosed clinically. In
patient no. 1,525, the visual acuity of 0.3 was suggestive
of BCM, but blue filtered glasses did not improve the
visual acuity. In family no. 124, due to the reported sub-
jective progression, the macular dystrophy, the con-
stricted fields and the residual cone function in one pa-
tient, x-linked cone dystrophy was suspected. In the re-
maining three patients (nos. 880, 1,251 and 1,485), rod
monochromatism was diagnosed. There was no obvious
correlation between the mutations in the red/green opsin
gene cluster and the phenotype in the patients of this
study.

Patient Family  Red/green opsin, gene(s) genotype Age* Follow-up  Subjective  Retinal findings
no. no. (years)  (years) progression
582 F124 Single red/green hybrid gene + Cys203Arg 45 - Yes Macular pigment irregularities
587 F124 Single red/green hybrid gene + Cys203Arg 55 - Yes Macular pigment irregularities
600 F124 Single red/green hybrid gene + Cys203Arg - No Foveal pigment irregularities
880 Red/green hybrid gene + Cys203Arg, green 25 6 Yes Normal
opsin gene(s) + Cys203Arg
1,251 Red/green hybrid gene +Cys293Arg, green 45 22 No Normal
opsin gene(s) + Cys203Arg
1,485 Single red/green hybrid gene + Cys203Arg 27 - No Missing foveolar reflex,
macular pigment irregularities
1,525 Single red/green hybrid gene + Cys203Arg 13 - No Mid-peripheral choriocapillaris
atrophy
1,812 Deletion LCR and red opsin gene 54 12 No Macular dystrophy, vitreous
haze
1,853 Single red/green hybrid gene + Cys203Arg 22 - No Normal
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Fig. 3 Patient no. 587: a macular pigment epithelial irregularities. No. 1,812: macular dystrophy (b) and retinal autofluorescence (c)

Table 2 Functional findings

Patient ~ Refractive Visual Nystag- Blue filter Visual field (GM: Goldmann: Color vision, (PD15:
no. error (D) acuity mus improvement  smallest detected target) Panel D 15)
582 +6.5/+8.0 0.1 - Not done [11/4 concentric narrowing, 1/4 PD15: no difference detected
587 -2.0/-1.75 0.05 - Not done 1I/4 concentric narrowing, 1/4 PD15: no difference detected
600 -4.0/-3.75 0.2 - Not done II/4 concentric narrowing, 1/4 PD15: severe errors
880 —4.25/-5.0 0.2 - Not done Peripheral normal, central relative ~ PD15: severe errors
scotoma
1,251 -1.75/-2.25 0.1 + Not done Peripheral normal, central relative ~ PD15: no difference detected
scotoma
1,485 +4.0/42.0 0.08 + No Not done PD15: severe errors
1,525 +0 0.2/0.3 - No Peripheral normal, central relative PDI15: severe errors
scotoma
1,812 —11.5/-11.5 0.1 - Yes (0.2) Not done Not done
1,853 -3.75/-3.75 0.16/0.2 - Yes (0.32) Peripheral normal, central relative ~ PD15: severe errors
scotoma
Discussion that the Cys203Arg mutation is the most prevalent cause

Blue cone monochromatism results from the simultane-
ous loss or defect of the red and the green opsin gene.
Basically, two basic molecular mechanisms can be dis-
tinguished: (1) deletions that include both genes and/or
the locus control region that is necessary for the ex-
pression of the downstream opsin genes and (2) point
mutations that result in functionally defective pigments.
The latter can occur either on a single leftover opsin gene
or be simultaneously present on all opsin genes in the
array [2, 3, 8, 17, 18]. Among the few BCM-associated
point mutations reported so far, the Cys203 Arg mutation
is by far the most frequent [17, 18, 21, 23]. Recent in
vitro experiments have shown that the Cys203Arg mu-
tation disrupts the folding, half life of the mutant protein
and its light absorption and G protein activation capa-
bilities [11]. In our sample of German BCM patients, all
but one were associated with the Cys203Arg mutation.
This is in line with previous findings in other German
and Northern European patients included in the study by
Nathans and colleagues [18], but contrasts with a recent
report in American BCM patients, in which deletions
were observed in most families [3]. Presently, it appears

of BCM in German patients.

The clinical and functional findings in patients with
BCM are variable. Visual acuity can be as good as 0.3.
However, it was about 0.1 in our series and in the ma-
jority of reported cases. In young patients, the disorder
appears to be stationary. Two of our older patients as well
as patients in other studies reported progression, and
progressive macular dystrophy with severe atrophy of
macular pigment epithelium and choriocapillaris atrophy
could be documented during long-term observation in two
males [2, 17]. The majority of affected males with mac-
ular dystrophy were older than 30 years of age. In our
series, four of five patients older than 25 years of age
presented with macular pigment epithelium alterations.
The measurement of retinal pigment epithelium autoflu-
orescence in patient no. 1,812 revealed an increased au-
tofluorescence at the upper and lower borders of the
atrophic lesion. The increased autofluorescence is in ac-
cordance with an accumulation of lipofuscin, which is
indicative of a progressive dystrophic process [6]. Mac-
ular alterations have been more frequently observed in
patients with mutations of the locus control region [2, 3,
9, 17]. However, as reported here (Table 1) and in a
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“1,485 only right eye recorded. Numbers in bold indicate values outside the normal range

Table 3 Electroretinographic findings: B-wave amplitudes and implicit times.
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previous study [21], macular changes may also occur in
patients with the Cys203Arg mutation.

Due to the limited number of patients, the risk for
development of macular dystrophy cannot be calculated.
Not all older BCM patients develop visible macular al-
terations. On the other hand, many BCM patients do not
undergo long-term follow-up when the condition is con-
sidered stationary. Some authors consider BCM a slowly
progressive disorder [9]. In this respect, two findings are
of interest. Pinckers [19] obtained similar results for
testing with the Berson test for blue cone monochroma-
tism when he compared BCM patients and four patients
with x-linked inherited cone dystrophy. It could be pos-
sible that some families diagnosed as having x-linked
cone dystrophy (similar to our family no. 124) may have
mutations in the red/green opsin gene cluster.

Reichel and co-workers reported macular dystrophy to
occur in older patients in one family with x-linked cone
dystrophy distinct from BCM. Although this family seg-
regates a deletion in the red opsin gene, a causal rela-
tionship still remains to be established [20]. In addition,
macular alterations can be found in some obligate female
carriers of BCM [5].

Color vision was severely abnormal in our series and
in the majority of reported patients. Occasionally, BCM
patients that performed exceptionally well in color tests
like the Panel D15 test have been reported [3]. Similar
variability has been reported for the full-field ERG. As in
our patients, cone responses were absent in the majority
of patients, but in some patients the single flash cone
response was clearly present [3]. The origin of these re-
sidual cone responses remains unclear [3]. The longer
cone b-wave implicit time in our patients compared to
healthy subjects indicates blue cones as a likely origin for
these responses [10]. Although the cone b-wave implicit
times appear to be increased judging from figures in
previous reports, unfortunately exact data for these im-
plicit times have not been given. It could be speculated
that the number of blue cones varies between individuals,
and therefore measurable cone responses can be obtained
only in some patients. Responses at dark adaptation and
maximum light intensity were reduced due to the (largely)
missing cone contribution. Rod response amplitudes to
dim stimuli were subnormal in half of the recordings, but
the implicit times were normal. Previously, rod responses
were reported to be in the lower normal range [3], mildly
reduced [9] or normal [1]. The variability of ERG find-
ings is apparent in family no. 124, with residual cone
responses in one patient and variably reduced rod re-
sponses (Fig. 3). Similar ERG variability within families
has been observed by Ayyagri et al. [3]

Based on our clinical data, only two patients were
correctly diagnosed as having BCM. In the other patients,
either rod monochromatism or x-linked cone dystrophy
were suspected and could not be excluded with certain-
ty. In our experience, clinical findings in BCM patients
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overlap with findings in patients with rod monochroma-
tism [13]. In the majority of our patients, molecular ge-
netic evaluation was necessary for the correct diagnosis
and adequate counseling of patients and families. It has to
be noted that in addition to the BCM patients reported
here and patients with rod monochromatism in a previous
study [13], we have observed seven patients with clinical
and functional features in accordance with either blue-
cone monochromatism or rod monochromatism without

L

cone response (fourth row), 30-Hz flicker response (last row). a
Normal ERG, b patient no. 600 (9 years), ¢ patient no. 582
(45 years), d patient no. 587 (55 years)

detecting mutations in the red green pigment gene cluster,
the CNGA3, CNGB3 or GNAT2 genes. This indicates, that
additional genes may be associated with the clinical
characteristics of monochromatism.
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