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Abstract
Purpose: To describe in detail the phenotype of a patient with enhanced S-cone syndrome.

Methods: We describe a 13-year-old boy who presented with blurred vision, vitreous cells,
cystoid macular edema refractory to steroid treatment, and a negative uveitic workup. The patient
underwent a complete ophthalmic examination, full-field electroretinograms (ffERG), automatic
static perimetry and multimodal imaging with spectral domain optical coherence tomography, and
adaptive optics scanning laser ophthalmoscopy (AOSLO).

Results: Spectral domain optical coherence tomography demonstrated cystoid macular edema
and a hyperthick, delaminated midperipheral retina. Fluorescein angiography did not demonstrate
macular leakage. Rod-mediated ffERGs were undetectable, and there was a supernormal

response to short-wavelength stimuli compared with photopically matched longer wavelengths

of light consistent with enhanced S-cone syndrome. Gene screening was positive for compound
heterozygous mutations NR2E3. a known (c.119-2 A>C) and a novel (c.119-1G>A) mutation. By
perimetry, sensitivities were normal or above normal for short-wavelength stimuli; there was no
detectable rod-mediated vision. AOSLO demonstrated higher than normal cone densities in the
perifoveal retina and evidence for smaller outer segment cone diameters.

Conclusion: Evidence for supernumerary cones (at least twice the normal complement) by
AQOSLO and spectral domain optical coherence tomography was associated with supernormal
S-cone sensitivities and electroretinogram responses confirming previous in vivo findings in
postmortem human specimens. Smaller than normal cones in enhanced S-cone syndrome may
represent “hybrid” photoreceptors analogous to the r@7/rd7 murine model of the disease.
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Methods

The enhanced S-cone syndrome (ESCS) is an infrequent, typically autosomal recessive
retinal degeneration characterized by early onset of nyctalopia and supernormal S-cone
function. The condition is caused by mutations in NR2E3 (retinal nuclear receptor
subfamily, group E, member 3), a gene that encodes a transcription factor that directs

retinal photoreceptor precursors toward a rod lineage.1=* A minority of autosomal recessive
cases have been reported in association with mutations in NRL (neural retina leucine
zipper), a transcription factor upstream of NR2E3.> Many of these patients are relatively
asymptomatic at an early age without obvious fundus findings but eventually present with
nyctalopia, central vision loss, or visual field defects.1:6-8 Although the fundus findings
may be subtle, patients often present with a clumped pigmentary midperipheral retinopathy,
pericentral degeneration, whitish yellow dots, central and peripheral retinoschisis, and
cystoid macular edema (CME), which have been grouped along vitreal changes as the
Goldmann-Favre syndrome.1.7:9-13 |nfrequent findings include subretinal fibrosis, choroidal
neovascularization, vascular anomalies with exudation, and torpedo-like lesions.1* Although
variability in severity and phenotypic expression is well recognized, abnormalities of the
electroretinogram (ERG) in this condition are pathognomonic, consisting of absent rod-
mediated responses with counterintuitively large dark-adapted a-waves to high-intensity
stimulation that change minimally with light adaptation and a spectral signature that
indicates the responses are S-cone driven.1:9:14.15 Retinal imaging demonstrates in most
cases a delaminated, thick retina, also characteristic of this condition.16

Enhanced S-cone syndrome, and by extension the larger group of inherited retinal
degenerations (IRDs), should be considered a diagnostic possibility in any patient with

a presumed intermediate uveitis of unclear etiology that is irresponsive to conventional
treatment, particularly in young patients when clinical findings may be subtle.1” In this
study, we describe details of the disease that help guide the diagnosis and detail the early
functional abnormalities in this condition correlated with the underlying retinal structure,
both in cross-section with spectral domain optical coherence tomography (SD-OCT), and
with adaptive optics scanning laser ophthalmoscopy (AOSLO).

Informed assent and permission were obtained from the patient and his family; the
procedures adhered to the Declaration of Helsinki, and the study was approved by the
institutional review board. The patient underwent a complete ophthalmic examination.
Automated static perimetry was performed with a modified Humphrey Field Analyzer
(HFA 11-i; Carl Zeiss Meditec, Dublin, CA) using a 200-ms-long, 1.7° diameter stimuli
presented at 2° intervals along a horizontal profile that extended to 30° of eccentricity.
Light-adapted perimetry was performed with an achromatic stimulus on a white (10 cd-m~2)
background and with a short-wavelength (SW) (440-nm) stimulus on a yellow (530 nm,

100 cd-m~2) background; two-color dark-adapted perimetry was performed with 500-nm
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and 650-nm stimuli. The sensitivity profile corresponds to the retinal region scanned with
SD-OCT. Spectral sensitivity differences in the dark-adapted state were used to define
photoreceptor mediation of the stimuli.18 A standard full-field electroretinogram (ffERG)
was recorded using a computer-based system (Espion e3; Diagnosys LLC, Littleton, MA).
Rod-mediated responses were elicited with a dim white flash (0.01 phot-cd-s:-m~2). A
white flash (3 phot-cd-s:-m2) in the dark-adapted state was used to evoke a combined
rod—cone response and in light-adapted conditions in response to a 1-Hz or 30-Hz flicker to
elicit cone-mediated ERGs. Light-adapted ERGs were also obtained with long-wavelength
(637-nm) and SW (467-nm) stimuli photopically matched in normal subjects for L-M

cone stimulation. Spectral domain OCT, en face near-infrared (NIR) reflectance (REF),
and fundus autofluorescence imaging using NIR and SW excitation lights were performed
using a Spectralis-HRA system (Heidelberg Engineering GmbH, Heidelberg, Germany).
Segmentation of the SD-OCT images was performed with the built-in segmentation software
of the Spectralis-HRA system ensuring correct identification of retinal boundaries. The
custom AOSLO system used in this study and adaptive optics image analysis methods
have been previously described.® The patient was aligned to the AOSLO system using a
dental impression. Wavefront sensing was performed using an 848-nm superluminescent
diode with a full width at half-maximum bandwidth (FWHM) of 26 nm (Superlum, Diodes
Ltd., Cork, Ireland), and aberration correction was provided by a 97 actuator deformable
mirror (Alpao SAS, Montbonnot-Saint-Martin, France). Confocal images were acquired at
16.7 frames per second over a 1° by 1° field of view using a superluminescent diode
centered at 795 nm with FWHM of 15.3 nm (Superlum) and a photomultiplier tube (PMT;
Hamamatsu Photonics K.K., Hamamatsu City, Japan). The patient was instructed to fixate
(using the imaged eye) at a target while the AOSLO image sequences were acquired along
the temporal meridian. A custom strip-registration algorithm was used for intraframe strip-
based registration and dewarping of the AOSLO images. Reference frames for registration
were chosen manually from the confocal image sequence, and 50 frames of the confocal
AOSLO images were registered and averaged. Averaged images were then automatically
montaged using a previously described algorithm. Regions of interest were extracted at 0.8
mm and 1.9 mm temporal to the fovea. Cones were identified within the regions of interest
in a semiautomated fashion, using a previously described algorithm, and bound cone density
was extracted from the cone locations.

Case Report

A 13-year-old hyperopic boy (spherical equivalent +2.00 in the right eye and +2.25 in
the left eye) was referred for a second opinion for decreased visual acuity (20/30 in the
right eye, 20/50 in the left eye), bilateral vitreous cells, and CME. He had been initially
started on topical prednisolone 1% four times a day in both eyes without improvement.
A comprehensive inflammatory and infectious workup was negative with the exception
of HLA-B27 positivity. He had no arthralgias, and a rheumatologic evaluation was
unremarkable. Fluorescein angiography showed questionable peripheral leakage in both
eyes but no macular leakage. He had previously been switched from topical prednisolone
to difluprednate 0.05% every 2 hours without improvement, and then started on a

taper of 60-mg oral prednisone; however, he still showed no improvement. Our initial
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examination revealed unchanged visual acuities, mostly pigmented vitreous cells and CME
(Figure 1). With the exception of central cystoid changes, his disk, vessels, and macula
were unremarkable (Figure 1). Near-infrared FAF (NIR-FAF) demonstrated an area of
hyperautofluorescence just peripheral to the vascular arcades that contrasted against the
unrevealing fundus appearance (Figure 1, arrows). Spectral domain OCT showed a thick
retina near the fovea in association with the cystoid changes. Central subfield thickness was
349 um in the right eye and 541 4m in the left eye. But unlike normal retinas, where some
reduction in overall thickness is expected with increasing eccentricity, the retinal thickness
topography continued to be hyperthick (>400 gm), most obvious in the peripapillary nasal
retina (Figure 1C).

Hallmark Signs of Enhanced S-Cone Syndrome

Spectral domain OCT, 16.4 mm-long, cross-sections extending from the fovea into nasal
midperipheral retina show hyporeflective spaces within the inner retina in both eyes (Figure
2A, asterisks) and markedly increased total retinal thickness (Figure 2A). The outer nuclear
layer (ONL) was clearly visible within the macula. Nasal to the optic nerve, the retina

is twice the normal thickness and acquires a “bilaminar” appearance with a discernible
ONL but a thickened inner retina where the inner nuclear layer and ganglion cell layer

are not easily distinguishable and is crisscrossed by highly reflective dots (Figure 2A).
There are no cystoid spaces in the extrafoveal retina. In the peripapillary retina, there is
approximation of the external limiting membrane to the apical retinal pigment epithelium,
and the inner segment/outer segment junction band near the inner segment ellipsoid (ISe)

is fragmented; the interdigitation band (1Z2) is no longer discernible (Figure 2A). With
increasing eccentricity into the nasal retina, there is disappearance of the 1Se band followed
by the external limiting membrane. The retina takes on a “bilaminar” appearance with an
inner thick hyperreflective band and an outer hyporreflective band that may represent an
amalgamate of nuclei from the inner nuclear layer and ONL.16:20 Superficially, there is a
thick vitreal band and numerous vitreous opacities. Full-field electroretinograms showed
nondetectable rod responses. Electroretinograms recorded with a brighter stimulus that
normally elicits mixed cone—rod responses in the dark-adapted state showed a peculiar
morphology that closely resembled the light-adapted ERGs recorded with the same stimulus
(1 Hz cone ERG) (Figure 2B). Electroretinograms recorded with SW and long-wavelength
stimuli that produce photopically matched responses in normal subjects elicited a grossly
mismatched response in the patient with larger and unusually shaped waveforms in response
to the SW stimulus, consistent with the diagnosis of ESCS (Figure 3C). The findings were
highly suggestive of ESCS, and gene screening was pursued, which confirmed a previously
reported (c.119-2A>C), and a novel (c.119-1G>A), mutations in NR2E3 segregating in a
compound heterozygote state.314 The novel mutation disrupts the same universal “AG”
splice acceptor site as the known mutation and can be considered pathogenic.1* Molecular
confirmation led to the discontinuation of the steroid therapy in favor of treatment with
topical and systemic carbonic anhydrase inhibitors in the hopes of improving the cystoid
maculopathy mainly for his left eye; however- his visual acuity and CME remained
unchanged.
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Retinal Function and Colocalized Cross-Sectional and Cellular Structure

Short-wavelength automatic static perimetry demonstrated hypernormal S-cone-mediated
sensitivities across the central and near midperipheral retina, particularly in nasal retina
(Figure 3A). Two-color dark-adapted perimetry confirmed no rod mediation of the stimuli
(not shown). The areas with hypersensitivity on perimetry colocalize with areas of the retina
with an intact ISe and I1Z and a thick ONL on OCT (Figure 3B). The ONL at two locations
at 0.8 mm and 1.9 mm in the temporal retina is twice the normal thickness. The decline in
S-cone sensitivity in the temporal retina colocalizes with the locations where the 1Se band
becomes undetectable.

AOSLO imaging was used to explore the cone photoreceptor mosaic. Cone density is
approximately 2-fold and 3-fold higher than normal in the patient at 0.8 mm and 1.9 mm
temporal to the fovea, respectively. The greater than normal cone densities in regions with S-
cone hypersensitivity in this patient suggest the cone mosaic is enriched with supernumerary
S-cones. The ESCS cone outer segment waveguided signals appear smaller than normal
eccentricity-matched waveguided reflectance from normal cones. We approached this
quantitatively by examining the intercone spacing in the patient with ESCS compared with
normal. Intercone spacing in the patient with ESCS was 74% and 56% of normal cone
spacing at 0.8 mm and 1.8 mm temporal.2! This intercone spacing is smaller than the normal
cone inner segment diameter at comparable retinal locations (6.3 and 7.2 ¢m at 0.8 and

1.8 mm temporal, respectively), suggesting that the cones in the patient with ESCS are
necessarily smaller than normal.

Discussion

Inherited retinal degenerations can show signs that overlap with those caused by
intermediate uveitis and autoimmune retinopaties.1”-22 Autoimmune and/or inflammatory
processes secondary to these molecularly heterogeneous degenerations may explain the
clinical overlap and have been implicated in the pathophysiology.17:22 Cystoid macular
edema, the most common overlapping sign, occurs frequently in patients with IRD at

some timepoint in the course of their disease and may be more prevalent in specific
molecular subtypes, such as autosomal dominant retinitis pigmentosa caused r10dopsin class
A mutations, CRBI- and ESCS-associated IRDs, and Usher syndrome.1:10:20.22 \fascular
sheathing, vitreous degeneration, and cellular vitreous are also frequently described.1’
CRBI-associated IRD and ESCS present diagnostic dilemmas as the retina may be thick, in
some cases with CME, vitreal changes, and leakage on fluorescein angiography.23

Strong evidence supports the use of carbonic anhydrase inhibitors in IRDs in general, and

in ESCS in particular, although the indications for treatment should be based on vision
rather than the retinal appearance as the changes may represent an abnormal intercellular
environment rather incompetence of the inner and outer blood-retinal barriers.19-11 Of
course, immunosuppression or immunomodulation are alternatives that should be carefully
considered should there be a failure with the use of carbonic anhydrase inhibitors in the
presence of vision loss attributable to CME and after other causes of macular edema, such as
choroidal neovascularization, have been ruled out.1®
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NRZ2E3plays a critical role in photoreceptor differentiation.* A model has been proposed
whereby NRZE3 suppresses cone-specific genes in postmitotic, NRL-expressing, early

rod photoreceptor precursors and commits these cells to a rod fate rather than to the

default S-cone phenoptype.# Consistent with this mechanism, ESCS caused by mutations
in NRZE3results in supernumerary S-cones that appear to be distributed after the normal
rod photoreceptor topography.®:8:24 The opportunity presented to examine with AOSLO

the cone photoreceptor mosaic of our young patient. We found 2- to 3-fold greater cone
densities at a location in temporal parafovea with borderline hypersensitive S-cones by
psychophysics, confirming observations of supernumerary S-cones in patients with ESCS
documented ex vivo in two histopathologic reports and of supernumerary cones in vivo
with AOSL0.6:1224.25 The estimated cone densities (L/M- and S-cones) in our patient were
higher than normal, but lower than the total photoreceptor densities (rods and cones) for the
eccentricity. This finding suggests the final cone photoreceptor mosaic in ESCS does not
result from a programmed conversion of all potential rod precursors into S-cones, but rather
of a subset of the initial rod precursors. Alternatively, the number of fated S-cones may

be limited by degeneration occurring since their terminal differentiation.28 Interestingly, the
cone outer segment signals from our patient appeared smaller in diameter than eccentricity-
matched waveguided reflectance signals of normal cones. Intercone spacing was reduced
up to half the normal spacing, which was also smaller than normal cone inner segment
diameters at comparable retinal locations, suggesting that cones in this patient with ESCS
are necessarily smaller than normal. We speculate that the finding may reflect the existence
of a “hybrid” phenotype of “S-cones” with outer segments that are smaller in size than
normal cones, although larger than rods, analogous to observations in the r@7 mouse

model of the disease.26:27 Alternatively, the mosaic may represent cross-sections of slender
S-cone cone outer segment tips imaged more distally than neighboring (more vitread) L-M
cones.28 Greater differences in size between rods and cones near the ellipsoid region of the
inner segment may be exploited as morphometric markers to help clarify this finding.27.28
Imaging of the cone inner segments by nonconfocal split-detection AOSLO imaging in our
patient, however, failed to reveal the boundaries between neighboring cone inner segments,
perhaps in part because of the high cone densities measured.?! The finding also suggested
the changes may not be limited to S-cones but rather to the entire cone photoreceptor
mosaic. The use of imaging techniques that separate cone photoreceptor subtypes may help
clarify the significance of these signals.2® Changes in waveguiding or reflective properties
of cones as a result of the primary developmental abnormality or as a consequence of
degeneration may contribute to the apparent smaller than normal cone outer segment
diameters in our patient.

Enhanced S-cone syndrome is a slowly progressive condition, and the sequence of events
that lead to degeneration is still not completely understood but likely includes disruption of
developmental and postnatal maintenance processes.®8 The documentation of a relatively
well-laminated central retina and of a relatively well-organized cone photoreceptor mosaic
in the patient reported herein as well as in other young patients with ESCS, however, raises
hope that emerging therapies may be able to abort the onset of degenerative changes and
perhaps even revert some of the functional abnormalities.
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Fig. 1.
En face imaging in the patient. Montages of fundus photographs (A), NIR-FAF (B), and

total retinal thickness topography of the central macula and peripapillary retina (C). Arrows
(A and B) point to the retina along the vascular arcades that appears normal on fundus
photography but show hyperautofluorescence on NIR-FAF.
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Diagnostic hallmarks of ESCS on SD-OCT and full-field ERGs. A. Horizontal, 16.4-mm-
long, SD-OCT cross-section from near fovea (F) into nasal (N) retina in the patient
compared with a normal subject. Nuclear layers (INL, inner nuclear layer; GCL, ganglion
cell layer) and outer photoreceptor laminae are labeled (1, outer limiting membrane;

2, inner segment/outer segment junction near the inner segment ellipsoid zone [ISe];

3, interdigitation between photoreceptor outer segment tips and apical retinal pigment
epithelium; and 4, retinal pigment epithelium, following conventional terminology. Asterisks
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are placed near hyporreflective cystoid spaces. Arrow points to vitreoretinal band or
posterior hyaloid that separates optically empty spaces from a vitreous with reflective dots.
B. Standard full-field ERGs in the patient compared with a representative normal subject.
C. Light-adapted ERGs elicited with long-wavelength (637-nm, thin gray traces) and SW
(467-nm, thick gray traces) stimuli matched (3 phot-cd-s-m~2) for L-M cone stimulation

in the normal subject elicit grossly mismatched waveforms in the patient. Traces start at
stimulus onset. Calibration bars are to the right of the traces.
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A. Central retinal function and colocalized cross-sectional and cellular structure in ESCS.
S-cone sensitivity profiles measured with a 440-nm stimulus on a yellow L-M cone adapting
background compared with the normal range (gray band = mean + 2 SD). Hatched bar:
blind spot. B. Horizontal, 16.5-mm, SD-OCT through the fovea in the patient. Inset is an
NIR-REF image with the location and orientation of the scan (green arrow). Asterisks
denote cystoid spaces. Arrow points to transition zone where the 1Se band becomes
undetectable. Black arrow heads on the eccentricity axis denote locations where ONL
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thickness measurements from the patient (P) were compared with normal measurements (N)
(plotted as vertical bars overlaid above SD-OCT cross-section). Scale bar is to the bottom
left; (A and B) share the same eccentricity scale. C. AOSLO images from the patient with
ESCS compared with a normal. Cone densities and cone spacing are denoted in panel. Cone
density is approximately 2- and 3-fold higher than normal in the patient at 0.8 mm and 1.9
mm (~3° and 6°) temporal to the fovea, respectively. Scale bar: 25 ym.
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