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Abstract
Purpose—To investigate the retinal structure and function during the progression of X-linked
retinoschisis (XLRS) from childhood to adulthood.

Methods—Ten patients clinically diagnosed with XLRS were investigated at 6–15 years of age
(mean age 9 years) with a follow-up 8 to 14 years later (mean 12 years). The patients underwent
regular ophthalmic examination as well as testing of best corrected visual acuity (BCVA), visual
field (VF) and assessment of full-field electroretinography (ERG) during their first visit. During
the follow-up, the same clinical protocols were repeated. In addition, macular structure and
function was examined with multifocal electroretinography (mfERG) and optical coherence
tomography (OCT). The patients were 18–25 years of age (mean age 21 years) at the follow-up
examination. All exons and exon-intron boundaries of RS1-gene were sequenced for gene
mutations in 9 out of the 10 patients.

Results—Best corrected VA and VF were stable during this follow-up period. No significant
progression in cone or rod function could be measured by full-field ERG. Multifocal
electroretinography and OCT demonstrated a wide heterogeneity of macular changes in retinal
structure and function at the time of follow-up visit. Three different mutations were detected in
these nine patients, including a known nonsense mutation in exon 3, a novel insertion in exon 5
and an intronic mutation at 5' splice site of intron 3.

Conclusions—Clinical follow-up (mean 12 years) of ten young XLRS patients (mean age of 9
years) with a typical congenital retinoschisis phenotype revealed no significant decline in retinal
function during this time period. MfERG and OCT demonstrated a wide variety of macular
changes including structure and dysfunction. The XLRS disease was relatively stable during this
period of observation and would afford opportunity for therapy studies to judge benefit against
baseline and against the fellow eye.
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INTRODUCTION
Juvenile retinoschisis is a genetic X-linked recessive retinal disease (XLRS) that affects
1:5000 to 1:25000 males worldwide and is one of the most common causes of juvenile
macular degeneration in boys and adolescent men.1 XLRS is a monogenic trait caused by
mutations in the RS1 gene.2,3 Women who carry the trait rarely experience vision
abnormality.

The RS1 gene product, retinoschisin (RS1), is expressed in the retina4 and pineal.5 It is a 24
kDa protein that encodes an evolutionarily conserved discoidin domain implicated in cell
adhesion and signaling.6 Retinoschisin is predicted to serve as an adhesive protein in
maintaining the structural and functional integrity of the retina.7 The condition manifests
clinically with cystic changes in the macula which to some extent reduces visual acuity.
Although the disease is congenital, most affected males are diagnosed about the time they
reach school age because of failed vision tests. Visual acuity is frequently reduced to Snellen
0.2–0.4, but can be in the range from light perception to 0.9. In some severe cases with
nystagmus, bilateral bullous schisis cavities and retinal detachment in the affected males are
diagnosed at birth.

Clinical retinoschisis changes extend into the peripheral retina and cause lamellar splitting
through multiple retinal planes, both in the nerve fiber layer at the retinal surface and also
deeper in the retina. Peripheral retinoschisis occurs most commonly in the infero-temporal
retina.8 The clinical literature indicates that about half of XLRS males have peripheral
retinoschisis9 that leads to retinal lamellar holes with full thickness retinal detachment in up
to 5–10% of cases. The recent introduction of optical coherence tomography (OCT) has
increased the clinical sensitivity for detection,1 and a majority of XLRS males are found to
have peripheral retinal involvement with schisis formations.11 Typical scotopic full-field
electroretinography (ERG) findings in XLRS patients is a reduction of the b-wave response
disproportionate to the a-wave,12 ie, a decrease in b/a-wave ratio. Furthermore there is often
a delay in 30Hz flicker ERG implicit time.13–15

The clinical phenotype of XLRS is quite broad in the age and severity of clinical
presentation and in the extent of peripheral retinal pathology.16 Visual deterioration,
principally visual acuity loss, typically progresses during the first two decades of life. XLRS
affected men often barely qualify for a drivers license (Sweden 0.5 Snellen). There is slow
progression of severity into the fifth and sixth decades with an early onset age related
macular degeneration that commonly causes additional visual failure.8 XLRS patients over
age 50 years frequently have macular pigmentary changes and / or retinal pigment epithelial
(RPE) atrophy. The older age consequences have not been fully described, but in our clinical
experience, visual failure can become profound even without complicating factors such as
retinal detachment or vitreous hemorrhage, implicating a progressive failure and loss of
retinal cells and function.

Macular changes seem to be present in almost all cases. In most young patients a wheel-like
cystic formation is seen in the macula, whereas middle-aged and older patients more often
present a non-specific atrophic appearance in the macula.

In this study we have examined clinically diagnosed XLRS patients from the Swedish
Retinal Degeneration registry with different mutations in the XLRS1 gene in order to further
evaluate the rate of progression.
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METHODS
The study was conducted in accordance with the tenets of the Declaration of Helsinki and
had the approval from the Ethics Committee, Lund University. Informed consent was
obtained from each of the patients after they were provided sufficient information on the
procedures to be used.

Patients
Male patients, from the Swedish RD-registry, a national registry of patients with retinal
degeneration in Sweden containing approximate 2800 patients, between 18 and 25 years of
age with clinical diagnosed congenital retinoschisis and with records of previous
ophthalmologic examination including full-field ERG at least eight years earlier, were
included in this study. The clinical diagnosis of X-linked retinoschisis was based on the
ocular history, funduscopic findings, visual fields, ISCEV (International Society for Clinical
Electrophysiology of Vision) standard full-field ERGs,17 and in some cases OCT when
available. Based on these inclusion criteria, 20 eyes of 10 patients with XLRS (10 males;
mean age 21.4 years; range, 18–25) were included in this study. The first examination was
conducted between ages 6 and 15 years (mean age 9.3 years), mean interval between
examinations was 12.1 years (Table 1). All included patients were re-examined and
underwent a complete ophthalmologic test including Snellen best corrected visual acuity
(BCVA), full-field ERG, multifocal ERG, Goldmann visual field test, OCT and fundus
photography. Blood was drawn for DNA analysis in 9 out of the 10 patients. Age matched
controls for full-field ERG and mfERG responses were selected from a database of patients
without signs of retinal degeneration using same standardized ERG protocols.

Full-field ERG
Full-field electroretinography (full field ERG) was recorded in a Nicolet analysis system
(Nicolet Biomedical Instruments, Madison, WI, USA). The subjects were dark adapted for
40 minutes and a Burian Allen bipolar contact lens was applied on the cornea and a ground
electrode on the forehead. Responses were obtained with a wide band filter (−3 dB at 1 Hz
and 500 Hz) stimulating with brief (30 µs) single full-field flashes of dim blue light
(Wratten filter #47, 47A and 47B) and white light (0.81 cd.s / m2 and 3.93 cd.s / m2). Cone
responses were obtained with 30-Hz flickering white light (0.81 cd.s / m2) averaged from 20
sweeps. If responses measuring less than 10 µV were recorded with single white flashes,
recordings were also obtained with computer averaging (30 flashes), a bipolar artifact
rejecter and a line frequency notch filter (50Hz). To obtain small cone responses, stimulation
then included 200 sweeps of 30-Hz flickering white light and a digital or analogue narrow
band-pass filter added to the system.

Multifocal ERG
Multifocal electroretinography (mfERG) was recorded using the visual evoked response
imaging system (VERIS 4; EDI, San Mateo, CA, USA), developed by Sutter et al.18, 19
The stimulus matrix consisted of 103 hexagonal elements displayed on a screen in the
infrared (IR) camera. The recording procedures were performed according to the ISCEV
guidelines for clinical mfERG.20 Recordings were monocular and the fixation was
controlled using the IR camera and illumination with infrared light from the recording
electrode, with visualization of the hexagonal elements over the retina. The first order kernel
P1 amplitudes and implicit times in ring areas 1–6 were calculated according to the
guidelines for basic mfERG.20 Responses from ring areas 1 and 2 were averaged, noted
Ring (1 + 2).
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Optical Coherence Tomography
OCT was performed on both eyes using the spectral domain 3D OCT-1000, version. 3.00
software (Topcon, Tokyo). The parameters for all scans in this study were a 3D macula scan
centered on the fovea covering 6 × 6 mm, resolution 512 × 128, imaging the complete
macular area. The instrument utilizes a Fourier domain spectrometer producing cross-
sectional B scans and 3-D volumetric images at a speed of 25,000 A scans / sec. OCT scans
were used for classification of retinal phenotypes in XLRS using a modified version21 of
Prenner’s “Classification scheme for XLRS.10

Mutation Analysis
Blood samples were collected from all participants after obtaining informed consent
according to the Helsinki declaration. Genomic DNA was extracted from peripheral blood
cells using QIAamp DNA Mini Kit, Qiagen GmbH, Hilden, Germany). RS1 gene coding
regions (exons 1–6) and the flanking intronic sequences were amplified by polymerase chain
reaction (PCR) with Platinum Taq DNA polymerase (Invitrogen, Carlsbad, CA, USA) in
Peltier Thermal Cycler (BioRad Life Sciences, Hercules, CA, USA). The sequence of the
primers and the annealing temperatures set in PCR are listed in Table 5. The amplicons were
analyzed on 1.4% agarose gels and stained with ethidium bromide and purified using
QIAEX II gel extraction kit (Qiagen) according to the manufacturer’s protocol. The purified
amplicons were used as sequencing templates. Sequencing was carried out in an
ABI3730XL analyzer using Big Dye 3.1 sequencing kit (Applied Biosystems, Foster City,
CA, USA). Sequences were assembled and analyzed with Lasergene SeqMan software. The
results were compared with the RS1 reference sequence: ENSG00000102104
(http://uswest.ensembl.org/Homo_sapiens/Gene/Summary?db=core;g=ENSG00000102104).

Statistics
Statistical analysis was performed on a computer (SPSS statistical software, ver. 17; SPSS
Science, Inc., Chicago, IL). Student’s paired t-test was used to evaluate full field ERG and
BCVA differences between a patient’s eyes as well as differences between same eyes over
time. Mann-Whitney U, a non-parametric test for assessing whether two independent
samples of observations come from the same distribution was used to compare mfERG data.

RESULTS
Ten patients with clinically diagnosed XLRS were included in this study and were examined
at two time points. The first examination was done between ages 6–15 years (mean age 9.3
years) and all the patients were re-examined at the age of 18–25 years (mean age 21.4
years). The mean interval between examinations was 12.1 years (Table 1).

Visual Acuity
Best corrected visual acuity varied in this group of patients but demonstrated no significant
difference between a patient’s right and left eye at the measured time points (paired
student’s t-test p=0.64; p=0.116) (Table 2). Comparing BCVA between time points gave a
small significance in the left eyes, with better BCVA at the later time point (paired student’s
t-test p=0.305; p=0.048) (Table 2). At the first time point, there was a positive correlation
with age in patients between 6 and 15 years old, (Pearson Correlation 0.531 p=0.016), but at
the later time point, when the patients were between 18 and 25 years, there was no
correlation found between age and BCVA (Pearson Correlation −0.108 p=0.670) (Figure 1).
Visual acuity progresses normally in early childhood and, at age 6 years, virtually 100% of
the children in a recent study achieved BCVA 0.5 or better.22
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Ophthalmologic Examination
Fundus appearances, observed by indirect funduscopy, varied among patients, but all had
macular abnormalities at both first and second examination. The fundus findings included a
spoke wheel pattern, macular retinoschisis and demonstrated a different degree of retinal
changes. Foveal retinoschisis was detected in 6 eyes of 3 patients by funduscopy and OCT,
while macular lamellar schisis was visualized by OCT in 12 eyes of 6 patients (Table 1).

Structural and macular dysfunction was further examined with OCT and mfERG (Figure 2,
Table 1). Visual field (VF) tests could be assessed at both visits in only seven of the patients,
as three of them were too young to co-operate in visual field testing at the first visit. Repeat
examination in these seven patients demonstrated results similar to the previous test. The
peripheral borders of the visual field tested, with object V:4, was within normal limits in
these seven patients at both time-points, while the inner border, tested with object I:4e,
demonstrated various degrees of constriction in the visual field.

Full-field ERG
Reduced rod function evaluated by full-field ERG blue light and white bright flash b-wave
amplitude was demonstrated in all patients at both ages without any significant difference
between the visits (Student’s paired t-test bright flash b-wave OD p=0.142 OS p=0.573) or
between eyes.

Cone function measured by 30Hz flicker amplitude and implicit time showed a reduction in
most of the patients, but there was no significant difference between the two eyes or
between visits (Student’s paired t-test 30 Hz flicker amplitude OD p=0.981 OS p=0.683, 30
Hz implicit time OD p=0.904 OS p=0.325) (Figure 3 and 4).

A reduced b / a-wave ratio, reflecting a disruption between photoreceptors and second-order
neurons, has been a hallmark of x-linked retinoschisis. In all examined patients this ratio
was below normal, in average 1.2 ± 0.22 (n=10) at first visit and 1.5 ± 0.65 (n=10) at follow-
up visit compared with age matched normal controls 3.5 ± 1.75 (n=30) and 3.3 ± 1.42
(n=34) (Table 3).

Structure and Retinal Function in the Macular Region
Multifocal ERG and OCT—Multifocal ERG measured at the follow-up demonstrated
locally subnormal cone function in the macular region in all patients, and significantly
delayed implicit time in all ring areas compared with normal controls (Table 4). Optical
coherence tomography revealed various degrees of foveal schisis and thinning of the retina
in some patients (Table 4, Figure 2), but in some of the patients, there was no schisis-like
appearances in the macular or peripheral retina. The 3 patients that exhibited both lamellar
and foveal schisis had the lowest mfERG central amplitudes but variable implicit time.

Genetic Analysis—PCR Amplification of the RS1 gene on individual genomic DNA
samples with primer sets (Table 5) producing amplicons covering the entire 6 exons with
their flanking sequences was carried out in order to identify and confirm the mutations. RS1
mutations were found in three of the nine subjects including a known nonsense mutation in
exon 3 (c.120 C>A; p.Cys40X). The C>A substitution changes the actual amino acid from
cystiene to a stop codon. As a consequence, the nonsense mutation p.Cys40X produces a
nonfunctional truncated RS1 protein (39 amino acid vs. 224 amino acid RS1). This mutation
was reported earlier in a Swedish family.3,14 A novel one nucleotide insertion in exon 5 (c.
421_422ins A; pArg141GlnX3) was identified in another patient (Figure 5A). The 1-bp
insertion of A residue at nucleotide 421 in exon 5 introduces an amber stop codon, UAG,
that prematurely terminates translation—that is, a frame-shift change with Arg 141 as the
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first affected amino acid changing to Gln and creating a new reading frame ending in a UAG
stop codon at position 3 (pArg141Gln fsX3).

No mutations were detected in the other six patients examined although all coding regions
and exon-intron boundaries were sequenced. It is possible that XLRS in these families is
caused by a mutation located in the promoter or other regulatory regions including those
within introns or unknown splice variants that we didn’t detect in this experimental setup.
Interestingly, one such intronic mutation was observed in one patient, the atypical T>C
transversion 35 bp downstream of 5' splice site of intron 3 (c.184 + 35T>C; g.IVS3 +
35T>C; Figure 5B).

In general a majority of splice site mutations involve regions at the positions −2 to +6 at the
5'splice sites and −26 to +1 at the 3'splice sites. Although these positions are more critical
for splicing, mutations including point mutations located deep in introns are also known to
be associated with diseases.23,24 The significance of T>C transversion at a distal site from
the exon–intron junction in the context of RS1 RNA splicing needs to be further
investigated.

DISCUSSION
XLRS is a congenital disease with changes in retinal structure occurring early in life. There
are currently no proven treatments for this human disease, but recent reports of improved
retinal structure and function after gene transfer therapy in mouse retinoschisin knockout
models of XLRS30,32,33 are promising. One important aspect of successful retinal rescue is
almost certainly the necessity of early treatment before any major structural damage has
occurred. Considering the relative stability of visual function, or even slight increase in
function, possibly the result of slow maturation, shown for the age group in this study, this
might be a good period for intervention in the disease process, eg, with aav-RS1 gene
therapy.

Previous studies have defined X-linked juvenile retinoschisis (XLRS) as a neuro-
developmental abnormality caused by retinoschisin gene mutations characterized by a
splitting of the retina leading to visual failure early in life. The phenotype has therefore been
well characterized but rather few studies have investigated the rate of progression according
to changes of function and structure of the retina in the macular region.

Forsius25 evaluated the visual acuity in 183 Finnish patients and found that, after an early
decrease in visual acuity, it seems to be stable for many years. Comparable results have been
published13,15,26 demonstrating no changes in visual acuity after childhood, and therefore,
XLRS has been considered to be a slowly progressive retinal degeneration. In the present
longitudinal study, examining XLRS patients at early ages with a follow-up 12 years later,
result for visual acuity were similar with no significant differences between the eyes at the
two different time points.

Electrophysiological examination has been of major interest in XLRS patients, as the
disproportionate reduction in the b-wave reflects the site of dysfunction. The change of the
ERG traces with altered b / a wave ratio and reduced amplitude and prolonged implicit time
for the 30Hz flicker stimulation13,15 has been of diagnostic value for this disorder.

Since the RS-gene was identified as the disease causing gene, other phenotypes with
atypical ERG findings have also been recognized during recent years,14, 27–29 confirming
the variety of phenotypes in XLRS patients. In the present study on patients of similar age,
the ERG results confirm this phenotypic variation and showed it remained stable during the
12 year follow-up time period. Few previous studies have evaluated the rate of progression15
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of the XLRS disorder by retinal function. In the present study the amplitude reflecting the
cone and rod response did not demonstrate any progression during a follow-up period of 12
years after childhood. This is in consistent with previous studies that show that this disorder
progresses during early childhood and thereafter is stable over a long period of time.25

Though not significant, there was a tendency towards increased b-wave amplitudes and
increased b / a-wave ratio at the later time point reflecting a possible late visual maturation.
This has been suggested in a knockout mouse model for X-linked retinoschisis.30

Five of the 10 patients in this study belong to two families both living within a small region
in southern Sweden, and there is a convincing possibility that they have the same ancestor.
An XLRS mutation in the exons could not be found in these patients, but it is possible that
there is a mutation within the promoter or in the introns. Clinically, they exhibit blunt
macular reflex, an x-linked inheritance pattern, a reduced b / a-wave ratio and a reduced rod
response with a relatively spared cone function, which would distinguish it from other
congenital degenerations such as X-linked congenital stationary night blindness (CSNB).

Three different mutations were detected in these nine patients, including a previously
reported nonsense mutation in exon 3, a novel insertion in exon 5 and a novel intronic
mutation at 5' splice site of intron 3. The significance of this intronic mutation as well as the
probability of detecting other mutation in the same patient needs to be further investigated,
but in this patient, it caused phenotypical juvenile retinoschisis.

The majority of young patients with XLRS exhibit a wheel-like cystic formation across the
macula region, whereas middle-aged and older patients more often present a non-specific
atrophic appearance of the macula.15 With new methods, including OCT, more extensive
evaluation of these structural changes in the macular region has been done.28 In the present
study of young patients, OCT demonstrated a variety of cystic formations and degeneration.
Recent reports have confirmed phenotypic variations in the fundus appearance as well, in
some case without any typical schisis cavities in young patients.28,29 The present study
showed that the progress of degeneration in these structures also is extremely slow. These
findings concur with a previous study that visual acuity is stable during this period if no
secondary retinal event such as retinal detachment or vitreal hemorrhage occurs.15

These structural changes in the macular region could be correlated to local dysfunction by
use of the multifocal ERG.27,31 In the present study, reduced perifoveal function was seen in
all patients, even without OCT verified schisis cavities. This could be due to small inner
retinal synaptic disruptions not detectable by OCT. Though no statistics were done, because
of the small sample size, the three patients with both lamellar and foveal schisis had more
affected central function with lower amplitudes suggesting a correlation between schisis
cavities and central retinal function.

Clinical follow-up of young XLRS patients with different genotypes did not indicate a
progression of the retinal dysfunction after early childhood. MfERG and OCT demonstrated
a wide variety of structural and functional macular changes at the follow-up.
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FIGURE 1.
Best corrected visual acuity (BCVA)(Snellen) at 1st and 2nd visit plotted against age (years)
at examination. Regression line at 1st visit with positive correlation with age (Pearson
Correlation 0.531 p=0.016), at 2nd visit no correlation (Pearson Correlation −0.108
p=0.670).
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FIGURE 2.
Box plot of full field ERG measurements from both eyes at 1st and 2nd visit compared with
normal ERG (18–25 years old n=10). (a) 30Hz flicker amplitude (µV). (b) White bright
flash b-wave amplitude (µV). (c) 30Hz flicker implicit time (ms). (d) Calculated b / a-wave
ratio on right eyes. Outliers are marked with a circle and extreme cases with an asterisk.
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FIGURE 3.
Decreased macula function (multifocal electroretinography) and structural alteration with
foveal and lamellar retinoschisis (Fundus image and optical coherence tomography) at last
visit (3 cases).
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FIGURE 4.
Full-field electroretinography traces at 1st and 2nd visit (3 cases). White light as a
measurement of mixed rod cone function and 30 Hz flicker as a measurement of cone
function. Note different scale for normal ERG traces.
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FIGURE 5.
Sequence chromatograms showing the (a) insertion mutation in exon 5 {c.421_422 ins A (p
Arg141GlnX3)}. Mutation was numbered according to Gene Bank NM_000330. Nucleotide
1 is A of the ATG initiation codon (CDS 36–710). (b) T>C transversion in intron 3 of RS1
gene. The genomic reference sequence is ENSG00000102104. The mutation was numbered
the following way: the number of the last nucleotide of preceding exon 3 (=nt 184) and a
plus sign and the position of T in intron(+35) which is c.184 + 35T>C. Description of the
same mutation in the earlier format: (g.IVS3 + 35T>C). The normal sequences from the
corresponding region are also shown in the upper panel.
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FIGURE 6.
Pedigree of patients. Members from family 190 and family 179 previously examined.
Circles indicate found mutations in this study.
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TABLE 5

The sequence of the primers and the annealing temperatures set in PCR for amplification of RS1 coding exons
and the flanking intron sequences from genomic DNA samples

Name of Primer Sequence Ta(°C)

RS1 exon 1 F 5'-CTTCCATGAGACTTCCTTGTTGAG-3’ 55

RS1 exon 1 R 5’-ATTTCTGAGACCCATCCTGTTTTC-3’

RS1 exon 2 F 5’-gtgatgctgttggatttctc-3’ 55

RS1 exon 2 R 5’-gtcctctatgttattttggc-3’

RS1 exon 3 F 5’-ACAGTTGCCTTTGACCGTGAC-3’ 63

RS1 exon 3 R 5’-GAAGCAGGGGCCATTGTGAGA-3’

RS1 exon 4 F 5’-ggtgcttgttgagtattgag-3’ 55

RS1 exon 4 R 5’-aaaatccccgggccctgc-3’

RS1 exon 5 F 5’-ATGCAGGGAGAGGGAGAATGAGATG-3’ 63

RS1 exon 5 R 5’-CACCAAAGCAAGCCCAGGAAAGAGA-3’

RS1 exon 6 F 5’-Cccgatgtgatggtgacagg-3’ 62

RS1 exon 6 R 5’-ctttgttctgactttctctggc-3’

PCR conditions: 94°C 4 min; 30 cycles of 94°C 30s, Ta 30s, 72°C 30s, 72°C 5min. (Ta: annealing temperature).
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