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Abnormal Cone Structure in Foveal Schisis Cavities in
X-Linked Retinoschisis from Mutations in Exon 6 of the
RS1 Gene
Jacque L. Duncan,1 Kavitha Ratnam,1 David G. Birch,2 Sanna M. Sundquist,1
Anna S. Lucero,1 Yuhua Zhang,3 Meira Meltzer,4,5 Nizar Smaoui,6 and Austin Roorda7
PURPOSE. To evaluate macular cone structure in patients with
X-linked retinoschisis (XLRS) caused by mutations in exon 6 of
the RS1 gene.
METHODS. High-resolution macular images were obtained with
adaptive optics scanning laser ophthalmoscopy (AOSLO) and
spectral domain optical coherence tomography (SD-OCT) in
two patients with XLRS and 27 age-similar healthy subjects.
Retinal structure was correlated with best-corrected visual acuity, kinetic and static perimetry, fundus-guided microperimetry, full-field electroretinography (ERG), and multifocal ERG.
The six coding exons and the flanking intronic regions of the
RS1 gene were sequenced in each patient.
RESULTS. Two unrelated males, ages 14 and 29, with visual
acuity ranging from 20/32 to 20/63, had macular schisis with
small relative central scotomas in each eye. The mixed scotopic ERG b-wave was reduced more than the a-wave. SD-OCT
showed schisis cavities in the outer and inner nuclear and
plexiform layers. Cone spacing was increased within the largest foveal schisis cavities but was normal elsewhere. In each
patient, a mutation in exon 6 of the RS1 gene was identified
and was predicted to change the amino acid sequence in the
discoidin domain of the retinoschisin protein.
CONCLUSIONS. AOSLO images of two patients with molecularly
characterized XLRS revealed increased cone spacing and abnormal packing in the macula of each patient, but cone coverage and function were near normal outside the central foveal
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schisis cavities. Although cone density is reduced, the preservation
of wave-guiding cones at the fovea and eccentric macular regions has
prognostic and therapeutic implications for XLRS patients with foveal schisis. (Clinical Trials.gov number, NCT00254605.) (Invest
Ophthalmol Vis Sci. 2011;52:9614–9623) DOI:10.1167/iovs.11-8600

X

-linked juvenile retinoschisis (XLRS) is an inherited retinal
degeneration affecting between 1 in 5000 and 1 in 25,000
males.1–3 The gene responsible for XLRS, RS1, is located at
Xp22.1 and encodes a soluble 224-amino acid secretory adhesion protein, retinoschisin.4,5 Retinoschisin comprises an N-terminal signal peptide, the Rs1 domain, a highly conserved discoidin domain important for cell-cell interactions and
adhesion, and a short C-terminal segment.6 Retinoschisin is
synthesized and secreted by photoreceptors, forms a disulfidelinked homo-octameric complex,7–11 and mediates interactions and adhesion between photoreceptor, bipolar, and Müller cells to maintain the structural integrity of the retina.8,12–14
XLRS is characterized by splitting, or schisis, affecting all
retinal layers. Peripheral schisis cavities are observed in 50% to
70% of XLRS patients,2,15–17 most commonly inferotemporally.17 The electroretinogram is a full-field measure of the
outer retinal response to light in which a-wave amplitudes are
generated by rod and cone photoreceptors and b-wave amplitudes are generated by bipolar cells in response to a bright
flash in darkness. The electroretinogram shows a characteristic
electronegative pattern in most XLRS patients, with loss of
b-wave amplitudes to a greater extent than loss of a-wave
amplitudes.1,18 This finding, along with additional evidence of
bipolar cell dysfunction, suggests that XLRS may not affect
photoreceptor function directly.19 –21
Stellate cystic-appearing splitting at the fovea, known as
foveal schisis, is present in most patients with XLRS.15 Foveal
schisis may account for reduced central visual acuity,17 although visual acuity, foveal thickness, and cystic area have not
been correlated in other studies.15 In older patients, retinal
pigment epithelial (RPE) atrophy has been observed at the
fovea.15 Although some studies have reported the natural history of XLRS shows little decline in visual acuity over time,17,22
several studies have reported progressive visual acuity loss
over decades, when foveal cysts coalesce to form macrocysts
as patients age.23,24 Foveal atrophy in the fourth to fifth decades of life has been associated with reduced vision, perhaps
as an adverse effect of chronic foveal schisis on cone structure.16 Among 86 patients with RS1 mutations, visual acuity
was reduced with increasing age, and patients older than 30
had significantly more severe macular changes than younger
patients,24 presumably because of chronic disruption of the
normal foveal architecture.16 To determine whether therapies
are likely to improve visual prognosis in patients with XLRS, a
clearer understanding of the effects that foveal schisis caused
by mutations in RS1 have on cone structure is required.
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Definitive histologic studies of cone structure in XLRS have
provided limited information not only because of postmortem
changes but also because eyes studied histologically have had
severe end-stage disease,25–31 making it difficult to study the
effect of RS1 mutations on foveal cone structure. However,
some reports have demonstrated loss of normal cone structure
in regions underlying schisis,29,30 whereas regions of attached
retina without schisis showed preserved photoreceptor structure.25,31 Optical coherence tomography (OCT) has been used
to study macular structures in younger, living patients with
XLRS and has demonstrated schisis in all retinal layers bridged
by vertical palisades,15,32–38 many in patients with identified
RS1 mutations.39 – 41 However, the lateral resolution of commercially available spectral domain OCT (SD-OCT) systems is
not sufficient to study the effect of RS1 mutations on individual
cone photoreceptor structure.
It has not been possible to study individual cone photoreceptors affected by XLRS in living patients because optical
imperfections in all eyes, healthy or diseased, limit the lateral
resolution of retinal images with all the methods commonly
used in clinical practice.42 We and others43–55 have used adaptive optics to compensate for optical aberrations and significantly improve the resolution of retinal images in patients with
inherited retinal degenerations and diseases. In vivo high-resolution studies of macular structure provide a unique opportunity to analyze the structural and functional effects of RS1
mutations on a cellular level.
In the present study, we characterized the retinal phenotype using adaptive optics scanning laser ophthalmoscopy
(AOSLO)56,57 to obtain single-cell resolution images of macular
cones in three eyes of two unrelated patients with mutations in
exon 6 of the RS1 gene, predicted to affect protein structure in
the discoidin domain.24 This noninvasive imaging approach
permits correlation between cone structure and function in
patients with XLRS caused by mutations in exon 6 of the RS1
gene.

METHODS
Research procedures were performed in accordance with the Declaration of Helsinki. The study protocol was approved by the University
of California at San Francisco and the University of California at Berkeley institutional review boards. Subjects gave written informed consent
before participation in any of the studies.

Clinical Examination
A complete history was obtained, including information about all
known family members. Measurement of best-corrected visual acuity
was performed using a standard eye chart according to the Early
Treatment of Diabetic Retinopathy Study protocol. Goldmann kinetic
perimetry was performed with V-4e and I-4e targets. Automated static
perimetry was completed using a visual field analyzer (Humphrey
Visual Field Analyzer II, 750-6116-12.6; Carl Zeiss Meditec, Inc., Dublin,
CA) 10 –2 SITA-standard threshold protocol with measurement of foveal thresholds, using a Goldmann III stimulus on a white background
(31.5 asb) and an exposure duration of 200 ms. Pupils were dilated
with 1% tropicamide and 2.5% phenylephrine before color fundus
photographs were obtained with fundus autofluorescence (AF) and
fluorescein angiograms were obtained using a digital camera (50EX;
Topcon, Tokyo, Japan).
Full-field electroretinography (ERG) was performed after 45 minutes of dark adaptation using Burian-Allen contact lens electrodes
(Hansen Ophthalmic Development Laboratory, Iowa City, IA), according to International Society for Clinical Electrophysiology and Vision
(ISCEV) standards58 and as described elsewhere.51 Reduced amplitudes
were reported as percentage of mean, and mean values and standard
deviations obtained from 200 normal age-similar eyes were used for
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comparison. Multifocal ERG testing was performed in a light-adapted
state (VERIS 5.2.4X; Electro-Diagnostic Imaging, Inc., Redwood City,
CA), using a Burian-Allen contact lens electrode, following ISCEV
standards as previously described.51,59,60 Response densities of the
central ring and implicit times were compared with nine healthy
controls ranging in age from 14 to 72 years. Fundus-guided microperimetry (MP-1; Nidek Technologies America Inc., Greensboro, NC)
tested 45 locations within the central 8° visual field using a Goldmann
III stimulus of 200-ms duration with a 4 –2 threshold strategy; the
subject was asked to fixate on each center of four crosses, each 2° in
extent at an eccentricity of 5°. Fixation was monitored with respect to
retinal landmarks. Numeric thresholds in decibels (dB) were exported
and superimposed on AOSLO images using technical computing software (MatLab; MathWorks, Natick, MA). Mean normal values ⫾ 1 SD
across the central 10° for subjects aged 0 to 20 were 19.9 ⫾ 0.4 dB, and
for subjects aged 21 to 40 they were 19.5 ⫾ 1.1 dB (Midena E, et al.
IOVS 2006;47:ARVO E-Abstract 5349).
SD-OCT images were obtained (Spectralis HRA ⫹ OCT Laser Scanning Camera System; Heidelberg Engineering, Vista, CA). The infrared
beam of the superluminescent diode, with a center wavelength of 870
nm, was used to acquire 20° horizontal scans through the locus of
fixation; scans included 100 A-scans/B-scans for images through the
locus of fixation and 10 A-scans/B-scans for the 19 horizontal scans
used to acquire the 20° ⫻ 15° volume scans. Photoreceptor inner
segment layer and outer segment layer thickness at the fovea was quantified
by manually placing cursors provided with the manufacturer’s software at the
midpoint of the internal limiting membrane, external limiting membrane,
inner segment/outer segment (IS/OS) interface, and OS/RPE interface within
1° of the anatomic fovea to measure outer nuclear layer (ONL), IS, and OS
thickness. Optically empty schisis cavities were excluded from the measurements and precluded accurate measurement of the ONL in all but the left eye
of patient 1. Five measures separated by 1 pixel were made of each layer
along each interface, in each eye, and average thickness measures were
compared with measures from seven eyes from age-similar healthy subjects
(age range, 23–54 years).

AOSLO Image Acquisition and Cone
Spacing Analysis
High-resolution images were obtained using AOSLO in each eye, and
images were analyzed using custom-written software to determine
cone spacing measures using previously described methods.51,59 Cone
spacing measures were compared with measures from 27 age-similar
healthy subjects. Voronoi analysis61– 63 was performed on contiguous
patches of unambiguous cones to determine the regularity of the
mosaic. The results were compared with results from three age-similar
normal eyes at similar eccentricities, cone spacing, or both.

Genetic Testing
Whole blood was obtained for mutation analysis of the RS1 gene
through eyeGENE protocol 06-EI-0236.4,5 The six coding exons and the
flanking intronic regions of the RS1 gene were amplified by PCR, and
the bidirectional sequence was analyzed. The first base of the ATG
initiation codon is denoted as nucleotide 1 (RefSeq: NM_000330).

RESULTS
Clinical Characteristics
Two unrelated male patients, aged 14 (patient 1) and 29 (patient 2), were diagnosed with XLRS at ages 8 and 7, respectively, when they had trouble seeing the blackboard at school.
Both patients reported reduced night vision since early childhood. Patient 1 was of Native American (Choctaw and Cheyenne River Sioux) descent while patient 2 was from Mexico.
Patient 1 had a 7-year-old brother and two older sisters with
normal eye examination results; patient 2 had one older
brother with vision loss who lived in Mexico and was not
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Foveal thresholds were measured using the Humphrey visual field 10 –2 SITA standard protocol. SD-OCT thickness values represent the average of five measures within 1° of the fovea. Mean normal
foveal ONL thickness ⫽ 125.5 ⫾ 13.1 m. Mean normal foveal IS thickness ⫽ 32.6 ⫾ 3.2 m. Mean normal foveal OS thickness ⫽ 43.7 ⫾ 5.3 m. BCVA, best-corrected visual acuity; ETDRS, Early
Treatment Diabetic Retinopathy Study visual acuity score, expressed as number of letters correctly identified.
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TABLE 1. Clinical Characteristics of Patients

OCT showed large central foveal cyst-like spaces surrounded
by schisis in the inner nuclear layer (INL) and ONL with
vertical palisades in the right eye of patient 1 and in both eyes
of patient 2 (Fig. 1, bottom panels); in patient 1, there were no
foveal cysts in the left eye. In patient 1, the walls of multiple
small schisis cavities precluded acquisition of clear images of
cone mosaics using AOSLO within the schisis cavities in the
right eye (Fig. 1, left bottom) and in regions greater than 2°
eccentric to the fovea in the left eye. In patient 2, large central
cysts permitted imaging of cone mosaics using AOSLO within
the schisis cavities in both eyes. In each eye of patient 2, many
small schisis cavities were observed in the INL and ONL in and
around the fovea. In each patient, laminar structure (corresponding to the external limiting membrane, IS/OS interface,
posterior tips of OS, and RPE cells) was abnormal throughout
the macula. The IS/OS interface was variable in thickness and
reflectivity throughout the fovea, and the increase in photoreceptor length at the fovea seen in healthy subjects was absent.
Foveal schisis precluded accurate measurement of ONL thickness in all but the left eye of patient 1, in whom the ONL was
significantly thinner than normal (P ⫽ 4.5 ⫻ 10⫺13; Table 1).
Schisis cavities were present in the IS layer of the right eye of
patient 1, but in all other eyes the IS were significantly thinner
than normal (P ⬍ 3.5 ⫻ 10⫺5; Table 1). OS were significantly
shorter than normal in each patient (P ⬍ 0.02) (Fig. 1, bottom,
Table 1).
Retinal images were obtained using AOSLO and revealed
schisis walls with high resolution (patient 1, Fig. 2A; patient 2
right eye, Fig. 3A; patient 2 left eye, Fig. 4A). Anatomic foveola
was estimated by retinal landmarks. The preferred retinal locus
(PRL) was identified by using a fixation stimulus integrated into
the raster scan of the AOSLO.64 Walls of tiny schisis cavities
prevented imaging of unambiguous cone mosaics beyond the
central 2° in the left eye of patient 1. Regions of increased cone
spacing were identified within 2° of the fovea in each eye
imaged. However, in patient 2, in whom cones were visualized
at eccentricities greater than 2°, cone spacing was normal
(Figs. 3C, 4C, 5). With a few exceptions, increased cone spacing correlated with reduced sensitivities measured with fundus-guided microperimetry in each eye imaged with AOSLO
(Figs. 2B, 2C, 3B, 3C, 4B, 4C).
Regions encompassing contiguous and unambiguous cones
(range, 78 –121 cones per set) were selected for Voronoi testing. For patient 2, all contiguous regions were from the right
eye and were inside the limits of the large foveal schisis cavity.
Schisis walls disrupted the contiguity of cones and precluded
analysis of cone packing in regions outside the largest central
schisis cavity in the right eye and throughout the image in
the left eye. Results of the analysis are shown in Supplemen-
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Thickness (m)

available for examination; there was no other family history
of vision loss or consanguinity in either family. Clinical
characteristics of the patients are presented in Table 1. See
Supplementary Table S1 (http://www.iovs.org/lookup/
suppl/doi:10.1167/iovs.11-8600/-/DCSupplemental) for fullfield ERG and multifocal ERG data. Both patients showed
relative central scotomas with reduced foveal sensitivities in
each eye. Stellate macular schisis and preretinal vitreous veils
were present in each eye of each patient, although the fovea
was minimally affected in the left eye of patient 1 (Fig. 1, top
panels). AF was relatively homogeneous in the macula of each
eye of patient 1, despite large schisis cavities in the right eye.
In patient 2, however, AF was increased in the large foveal
schisis cavities with stellate linear regions of reduced AF corresponding to foveal schisis cavity walls in each macula (Fig. 1,
middle panels).
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FIGURE 1. Color (top), AF (middle), and SD-OCT images (bottom) of the right (left column) and left (right column) eyes of XLRS patient 1 (A)
and patient 2 (B). Locations of the AOSLO images (Figures 2– 4) are indicated by the thin, black outlines. SD-OCT locations are shown by the
horizontal white lines. Vitreous veils created dark shadows visible in AF images of the right eye of patient 1 and the left eye of patient 2 and
precluded acquisition of AOSLO images in the right eye of patient 1.

tary Table S2 (http://www.iovs.org/lookup/suppl/doi:10.
1167/iovs.11-8600/-/DCSupplemental). In addition to being
less dense, all metrics demonstrated that the cones in the XLRS
patient were also less regular within the central foveal schisis
cavity. Supplementary Fig. S1 (http://www.iovs.org/lookup/
suppl/doi:10.1167/iovs.11-8600/-/DCSupplemental), which
shows the Voronoi domains superimposed on the AOSLO
image, illustrates the difference in packing between healthy
and XLRS patients.

Genetic Test Results
The RS1 gene in patient 1 contained a hemizygous G3 C
change at nucleotide 626 in exon 6, changing the amino acid
arginine (Arg) to proline (Pro) in the discoidin domain of the
retinoschisin protein. Although this variation has not been previously reported in the literature, mutations at the same codon
leading to different amino acid substitutions (p.Arg209His,
p.Arg209Cys, p.Arg209Gly, p.Arg209leu) have been reported in patients with XLRS4,5,65– 68 (http://www.dmd.nl/
rs.html). In patient 2, the RS1 gene contained a hemizygous
C duplication at nucleotide 579 in exon 6 (c.579dupC),
reported previously in XLRS patients.5,24,69,70 This mutation
changes the amino acid isoleucine (Ile) to histidine (His) at
residue 194 and creates a frameshift in the retinoschisin
protein (p.Ile194Hisfs).5 The mutation is predicted to disrupt the discoidin domain and to result in premature truncation5,24 (http://www.dmd.nl/rs.html).

DISCUSSION
In the present study, we addressed a major challenge that limits
understanding of the effects of RS1 mutations on photoreceptor structure, namely the inability to study single cells in living
eyes. We used AOSLO to obtain single-cell resolution images of
the macular cones in two patients with mutations in the discoidin domain of the retinoschisin protein. Our findings are
summarized in Table 2.

Patient 1, who had no foveal schisis in the left eye, used
the anatomic fovea for fixation. Visual acuity was lower than
normal (20/32), likely because of a combination of reduced
sensitivity and increased cone spacing at that location. In
patient 2, similar increases in cone spacing were observed in
the fovea, but foveal schisis appears to have affected the
synaptic connections between the photoreceptors and the
inner retina, leading to more profound sensitivity loss. As a
result, patient 2 uses an eccentric fixation location, choosing a retinal region with relatively preserved cone spacing
(right eye: fixation ⬃1° temporal, cone spacing z-score ⫽
⫺0.6; left eye: fixation ⬃2° nasal, cone spacing z-score ⫽
1.2). Despite the normal spacing, acuity is lower than expected for normal eyes at those eccentricities; visual acuity
is expected to be 20/30 at 1° and better than 20/40 at 2°.71
In the present study, fundus-guided microperimetry showed
central scotomas with 1 to 2 log units of sensitivity loss in
regions with increased cone spacing (z-score range, 2.4 –
5.7). However, the correlation between microperimetry
scores and cone spacing z-scores showed several regions in
which cone spacing was not correlated with sensitivity;
either cone spacing was near normal with reduced sensitivity or cone spacing was abnormal in a region with relatively
preserved sensitivity. This discrepancy may be due to dysfunction of synaptic connections caused by schisis. However, fundus-guided microperimetry scores were made using
a system in which fundus landmarks are tracked using a
low-resolution infrared fundus image; the resolution of these
measures is not commensurate with the single-cell resolution recorded using AOSLO. More precise comparisons between retinal sensitivity and cone spacing abnormalities
would require the delivery of visual stimuli through modulation of the AOSLO scanning laser used to image the retina
(Tuten WS, et al. IOVS 2011;52:ARVO E-Abstract 4459).
The present study supports a correlation between the
degree of abnormality in macular structure and function
based on SD-OCT, fundus-guided microperimetry, and
AOSLO that might not have been evident in previous studies
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FIGURE 2. (A) AOSLO image of the
left eye of patient 1. (B) Fundusguided microperimetry scores superimposed on AOSLO image. (C) Cone
spacing z-scores superimposed on
AOSLO image. Sensitivities are reduced by 1 to 2 log units, and cone
spacing is increased by 2.3 to 5.7 SD
from normal. The white circle with a
black outline indicates the preferred
locus for fixation, which coincides
with the anatomic fovea. Scale bar,
1° (⬃300 m).

using lower resolution imaging techniques. Changes in cone
spacing and packing within the foveal schisis cavities suggest that chronic disruption of foveal architecture results in
cone loss in XLRS but that many cones are preserved and act
as effective optical waveguides. Eccentric to large central
schisis cavities, the cones are well preserved, despite diffusely abnormal macular structures identified on SD-OCT.
This observation suggests therapeutic interventions designed to normalize foveal structure, such as carbonic anhydrase inhibitors, and treatment to replace normal retinoschisin may be likely to improve visual function and cone
survival in patients with XLRS.
We observed focally increased AF and increased cone
spacing within large foveal schisis cavities in patient 2, as
others have reported in patients with XLRS67,70,72,73 and
isolated foveal retinoschisis.74 The radial hyperautofluorescence of the central macula corresponding to schisis cavities

may be caused by differences in retinal thickness, shadowing effects of schisis cavity walls, effects of alterations in
macular pigment content, or changes in the RPE lipofuscin
content,72 perhaps representing an increase in photoreceptor-RPE metabolic load before cell loss and atrophy.70 AF
changes in XLRS may not be caused by RPE dysfunction, as
in other forms of retinal degeneration, but instead may
indicate the variability of retinal light transmission caused by
schisis walls, disruption of macular pigment, or fluorophores in schisis cavity fluid.67 In conjunction with the
increased cone spacing we observed within the schisis cavities, the increased AF may indicate RPE cells are present but
abnormal, in response to chronic disruption of the overlying
retina and cone loss.
Several possible explanations, alone or in combination,
may account for the increased cone spacing we observed
near the anatomic fovea in the XLRS patients we studied.

IOVS, December 2011, Vol. 52, No. 13

Cone Structure in Retinoschisis with RS1 Mutations

9619

A

B

C

FIGURE 3. (A) AOSLO image of the
right eye of patient 2. (B) Fundusguided microperimetry scores superimposed on AOSLO image. (C) Cone
spacing z-scores superimposed on
AOSLO image. Sensitivities and cone
spacing are near normal temporal-tolarge central foveal schisis cavities
seen on SD-OCT. The white circle
indicates the anatomic fovea, and the
black circle indicates the PRL. Scale
bar, 1° (⬃300 m).

Intracellular Retention of Mutant Retinoschisin
Results in Increased Cone Size

1, who showed no foveal schisis, as in patient 2, who
showed large foveal schisis.

It is possible that abnormal mutant retinoschisin accumulates
within swollen, abnormal cone IS and causes increased cone
spacing. However, all photoreceptors in these hemizygous
male patients express mutant retinoschisin, which would most
likely be retained within all photoreceptors throughout the
retina. Given that we observed increased cone spacing focally
near the fovea with regions of normal cone spacing, this
explanation is less likely.

The Fovea Develops Abnormally in the Absence of
Normal Retinoschisin

Intraretinal Fluid Alters the Retinal Refractive Index
and Results in Apparent Increases in
Cone Spacing
A magnification artifact generated from a “fluid lens” within
the central foveal schisis cavities could give rise to apparent
increases in cone spacing. However, this possibility is unlikely because the refractive index changes are expected to
be very small and the photoreceptors are very close to the
posterior side of the cavities (objects held close to a lens will
not appear magnified). In addition, cone spacing near the
anatomic fovea was equally, if not more, abnormal in patient

If retinoschisin is required for normal foveal development, the
absence of normal retinoschisin may produce a fovea with
increased cone spacing or reduced cone density, which may be
stable over time. Retinoschisin is required for normal development and maintenance of retinal structure.14,31,75 During development, there is massive migration of the cone photoreceptors inward and of inner retinal neurons outward.76 –78 This
migration forces the foveal retinal cells to make connections
radially, creating Henle’s fiber layer, rather than vertically, as
elsewhere in the retina. A mechanism by which cellular displacement creates the foveal pit may involve interactions between cones and Müller cells at the outer limiting membrane.
As Müller cells are stretched laterally when the foveal pit forms,
these stretching forces squeeze the cones together to create
the foveal pit.76,79 In the absence of retinoschisin, interactions
between Müller cells and cones are likely compromised, not
only predisposing to the formation of schisis cavities but perhaps also preventing normal foveal development. Longitudinal
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FIGURE 4. (A) AOSLO image of the left eye of patient 2. (B) Fundus-guided microperimetry scores superimposed on AOSLO image. (C) Cone
spacing z-scores superimposed on AOSLO image. Sensitivities and cone spacing are near normal nasal-to-large central foveal schisis cavities seen
on SD-OCT. The white circle indicates the anatomic fovea, and the black circle indicates the PRL. Scale bar, 1° (⬃300 m).

studies of XLRS patients with AOSLO showing stable cone
spacing over time would support this hypothesis. If the increased foveal cone spacing we observed results from a nonprogressive developmental abnormality, therapies to improve
retinal structure with the administration of normal retinoschisin may be of great benefit, especially if administered early in
life.

Chronic Disruption of Normal Foveal Structure
Causes Photoreceptor Loss
It is possible that intraretinal fluid or disruption of connections
between photoreceptors and inner retinal cells causes photo-
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FIGURE 5. Cone spacing in the maculae of three eyes with XLRS. In
patient 1, walls of small schisis cavities precluded measurement of
cone spacing beyond 2° eccentricity. Cone spacing was increased
within the central 2° but was normal at greater eccentricities imaged in
patient 2.

receptor degeneration over time. Cone spacing was within
normal limits in regions affected by diffuse schisis, with smaller
cavities in patient 2. In contrast, patients with photoreceptor
degeneration caused by mutations in retinitis pigmentosa
GTPase regulator (RPGR),51 rhodopsin,80 or mitochondrial
DNA63 show increased cone spacing diffusely throughout the
macula. Our results suggest that the RS1 mutation in patient 2
did not cause diffuse degeneration of cones throughout the
macula but that regions of increased cone spacing and reduced
visual function were limited to the central foveal schisis cavities in which retinal structure was most disrupted, perhaps
indicating that cone degeneration occurs secondary to disruption of the inner retinal layers. Although there are no histologic
studies of foveal cones that lie beneath schisis cavities in XLRS
patients, studies of cystoid macular edema show intraretinal
fluid accumulation that causes cell displacement and splitting
of the perifoveal retina within the same layers affected in
XLRS.81– 83 Cystoid macular edema is believed to cause reduced acuity by compression of retinal neurons, nerve fibers,
and capillaries, with photoreceptor degeneration over time.84
A similar mechanism may cause cone loss in XLRS patients.
This hypothesis predicts that therapies, such as carbonic anhydrase inhibitors, designed to improve retinal structure by
reducing schisis volume would result in improved foveal cone
function and survival over time.85– 88
In addition, if the degeneration of cone photoreceptors is
limited to regions near the anatomic fovea affected by large
schisis cavities, therapies for XLRS may be more likely to
succeed than therapies for retinal degenerations that cause
photoreceptor degeneration diffusely and directly. Although
synaptic abnormalities were present in the outer plexiform
layer in mice deficient in Rs1h, the mouse ortholog of the
human RS1 gene,89 the ONL contained a normal number of
photoreceptor nuclei at 1 month, with slowly progressive
loss of nuclei beginning from 1 month to 4 months of age
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TABLE 2. Summary of Findings
Cone Spacing in
Large Central Schisis
Cavities

Cone Spacing
Eccentric to
Schisis Cavities

1

Increased with irregular
packing structure

Not imaged

Fovea

2

Increased with irregular
packing structure

Normal

1° to 2° eccentric to the
fovea in regions with
preserved cone
spacing

Patient

Preferred Retinal
Locus of Fixation

and continuing through 16 months of age. 90 Adenoassociated viral vector-delivered human RS1 resulted in substantial recovery of retinal structure and visual function in
Rs1h-deficient mice.6,89 –92 When expressed in the same
cells as disease-causing mutant retinoschisin, wild-type retinoschisin was folded, assembled into octamers, and secreted
in nearly all disease-causing mutants studied.93 These findings suggest XLRS may be a suitable candidate for therapeutic trials because gene or protein replacement therapy might
result in wild-type retinoschisin secretion and improved
retinal structure and function in patients independent of the
causative mutation. AOSLO may provide a sensitive measure
of disease progression in regions with increased cone spacing
when correlated with high-resolution measures of retinal thickness and visual function.
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