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Abstract

Purpose To compare functional abnormalities of
enhanced S-cone syndrome (ESCS), as examined
using standard and extended electroretinography
(ERG), with structural findings and retinal architecture
obtained by spectral domain optical coherence to-
mography (SD-OCT).

Methods Four patients with ESCS underwent stan-
dard full-field and multifocal ERGs, with extended
S-cone and ON/OFF ERG protocols also performed.
SD-OCT was also carried out, and longitudinal
reflectivity profiles (LRPs) were calculated for the
perifoveolar retina.

Results All four patients exhibited pathognomonic
full-field ERG findings for ESCS, with delayed
responses of similar waveforms to the same intensity
flash under both scotopic and photopic conditions. The
amplitudes of the full-field ERGs showed considerable
variation between patients, which were not related to
the extent of the visual field defects. Multifocal ERGs
reflected preserved central function in eyes with good
visual acuity (Snellen visual acuity >0.7). The ERGs
to S-cone-specific stimulation confirmed the expected
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predominant activity of the S-cone system in all four
patients. The ON/OFF ERG recordings revealed
abnormal presence of both ON-response and OFF-
response activities in three patients; the remaining
patient showed only OFF-response activity. SD-OCT
showed a significantly thickened outer nuclear layer in
all four patients, as obtained by LRP analysis.
Furthermore, in the patient with selective preservation
of the OFF-response activity, LRP showed reduced
numbers of hyper-reflectivity sub-peaks in the inner
plexiform layer.

Conclusion Patients with ESCS show characteristic
full-field ERG waveform abnormality, predominance
of S-cone ERG activity, and thickening of the outer
nuclear layer on SD-OCT. Moreover, they can also
show abnormal post-photoreceptor connectivity
through S-cone-related OFF-bipolar cell activity.

Keywords Enhanced S-cone syndrome -
Longitudinal reflectivity profile - NR2E3 -
OCT - ON- and OFF-responses - S-cone ERG

Introduction

Enhanced S-cone syndrome (ESCS) is an autosomal
recessive retinal disorder that is characterized by night
blindness from an early age, variable loss of visual
acuity, and increased sensitivity to blue light [1, 2].
ESCS is caused by mutations in the NR2E3 gene,
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which encodes a retinal orphan-photoreceptor-specific
nuclear receptor [3, 4]. The pathogenic mechanism of
the mutation is not clearly understood. However, it
appears that the NR2E3 protein has a key role in rod
and cone photoreceptor development and mainte-
nance, as it appears to act as a suppressor of the cone
generation program in retinal progenitor cells and as a
transcriptional activator of several rod-specific genes,
including rhodopsin [5]. The retina of ESCS patients
contain no rod photoreceptors, and most of the cones
are the short-wavelength-sensitive type (S-cones),
while long-wavelength- and medium-wavelength-sen-
sitive cones (L-/M-cones) are degenerate to various
degrees [6]. Mutations of the NR2E3 gene have also
been identified in related retinal disorders, including
Goldmann-Favre syndrome, clumped pigmentary
retinopathy, and autosomal dominant retinitis pig-
mentosa [5, 7].

Functional defects in ESCS patients can be iden-
tified by pathognomonic features of electroretino-
grams (ERGs), in which responses to shorter
wavelengths of light are relatively increased [1], the
waveform to the same strength of flash is similar under
both photopic and scotopic conditions, and there is a
loss of the rod response b-wave elicited with dim
scotopic flash (dark-adapted 0.01 ERGs) [8, 9].
Although these ERG features are well established,
large variations in the response amplitudes are still
intriguing. The full-field ERG amplitude in molecular-
ly confirmed ESCS varies from abnormally large [9] to
severely reduced [10], and there are even cases with
very mild functional impairment and preserved rod
function [11, 12]. However, amplitude variations
might partly relate to disease progression. The mul-
tifocal ERG abnormalities in ESCS have not been
studied extensively. To our knowledge, there has been
only one detailed multifocal ERG study, which
showed differences between central and peripheral
multifocal ERG responses in one patient with ESCS
[13]. Extended ERG protocols previously showed the
expected S-cone-related ON-bipolar cell activity and
also indicated OFF-bipolar cell activity in some, but
not all, patients with ESCS [8, 14, 15]. This S-cone-
related OFF-bipolar activity was suggested to be the
result of abnormal second-order retinal development
[8], as the S-cone typically only connects to ON-
bipolar cells [16].

Structural impairment of the ESCS retina has also
been reported [6, 17, 18]. Histopathology of the
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postmortem retina of one older patient with ESCS
identified lack of structurally recognizable rods,
increased number of S-cones, and disorganized retina,
with cones intermixed with inner retinal neurons [6].
Optical coherence tomography (OCT) showed thick-
ened retinal layers within an otherwise normally
structured retina in early stages of the disease. In later
stages, retinal lamination was coarse, with a thick and
bulging appearance of the retina, localized to an
annulus encircling the central fovea [17]. Cases with
normal overall retinal structure and thinner retina have
also been described [19].

The aim was to examine the phenotypes in a series
of four genetically confirmed cases of ESCS. Retinal
function was characterized using extended ERG
protocols that included ON/OFF ERGs and S-cone
ERGs, and perifoveal structure was detailed using
longitudinal reflectivity profiles (LRPs) and retinal
thickness maps based on spectral domain OCT.

Subjects and methods

This study was performed according to the tenets of
the Declaration of Helsinki, and it was approved by the
National Ethics Committee. All of the subjects
provided their signed approval for study participation,
and they were fully informed of the study protocol.
Four patients with ESCS (one female, three males)
aged 31-49 years participated in this study. Early
standard full-field ERG findings of two of these
patients (ESCS-2, ESCS-3) have been described
previously in a larger international study of ESCS
patients [8], and one patient (ESCS-4) was recently the
subject of a case study [20]. The S-cone-specific ERGs
of all four of these patients have been previously used
for identification of optimal stimulus conditions to
elicit S-cone responses [21]. However, the structural
findings and their correlation with extended elec-
troretinography have not been investigated previously
in these patients. The data of 20 control subjects (aged
24-59 years) were also analyzed, to obtain confidence
limits for the structural OCT parameters. As an
exemplary comparison, structural findings of four
male patients (aged 15-19 years) with complete type
of congenital stationary night blindness (complete
CSNB) are presented in this study. The clinical and
electrophysiological findings of complete CSNB pa-
tients are described in detail elsewhere [22, 23].
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The ophthalmological examination included best-
corrected visual acuity according to the Snellen chart
(decimal units), slit-lamp and dilated fundus examina-
tion, and visual field analysis with Octopus automated
static perimetry (TOP strategy, program tG2). Muta-
tional screening for the NR2E3 gene was also carried
out and confirmed the NR2E3 mutation in all four of
these patients.

The ERGs were recorded simultaneously from both
eyes. The recording electrode was an HK loop that was
placed in the fornix of the lower eyelid [24]. The silver
chloride reference electrode was placed on the
ipsilateral temple, and the ground electrode was
positioned on the forehead. The pupils were dilated
with 1 % tropicamide (Mydriacyl®, Alcon, Belgium).
The recording of the full-field and multifocal ERGs
followed the standards of the International Society of
Clinical Electrophysiology of Vision [25, 26].

Full-field ERG was performed using a Ganzfeld
stimulator of the RETI port unit (Roland Consult,
Wiesbaden, Germany). Dark-adapted ERG responses
(dark-adapted 0.01 ERGs, dark-adapted 3.0 ERGs,
and dark-adapted 3.0 oscillatory potentials) were
obtained after 20 min of dark adaptation. Light-
adapted ERG responses (light-adapted 3.0 ERGs,
light-adapted 3.0 flicker ERGs) were obtained after
10 min of light adaptation, at a background luminance
of 30 cd/m”. The luminance of the standard flash was
3 ¢d s/m?, and the luminance of the attenuated dark-
adapted flash was 0.01 cd s/m”. For dark-adapted
responses, eight sweeps were averaged for each
recording, while for light-adapted responses, 30
sweeps were collected and the measurement was
repeated at least twice.

Multifocal ERGs were recorded using the RETI
scan system (Roland Consult, Wiesbaden, Germany)
with a field diameter of 60° (61 hexagons), to examine
a wider area of macular region. The stimulus was at a
distance of 260 mm, and refractive errors due to
cycloplegia were corrected with +3.50 diopters. The
recording sessions consisted of eight trials that lasted
50 s each.

S-cone ERGs were elicited with a Ganzfeld
Espion ColorDome stimulator (Diagnosys LLC,
Littleton, MA, USA) with 0.016, 0.063 and
0.25 cd s/m? blue (449 nm) stimuli on a 100 cd/m?
amber (594 nm) background. The flashes were
generated with a xenon bulb, and a blue filter was
placed between the bulb and the patient (Wratten

47B; radiance peak, 449 nm). For each recording,
15 sweeps were averaged and the measurement was
repeated at least twice.

ON-OFF ERGs were elicited with a ColorBurst
light-emitting diode (LED) stimulator (Diagnosys
LLC, Littleton, MA, USA) with broadband white
(strength, 1.7 log cd s/m?; wavelength composition,
blue 651 nm, green 511 nm, red 650 nm LEDs; color
temperature 6,500 K) and monochromatic blue
(461 nm LED; strength, 1.7 log cd s/mz) stimuli on
a white background (40 cd/m?). The flash duration
was 200 ms. The strengths of the flashes were set to
the same photopic luminance, to achieve equal
stimulation of the L-cone and M-cone mechanisms.
In this way, differences in the response amplitudes
between the white and blue flashes were interpreted as
the consequence of the S-cone system activity. For
each response, 20 sweeps were averaged and the
measurement was repeated at least twice. All of the
responses were differentially amplified and stored on
the hard disk of a computer. The flash and background
luminance were calibrated with a photometer/ra-
diometer (IL-1700, International Light INC, New-
buryport, USA), using detectors with integrated
photopic and scotopic filters.

SD-OCT scanning of the macula was performed with
a Topcon 3D OCT-1000-Mark II instrument (Topcon,
Tokyo, Japan). The superluminescent diode light source
used was centered at 850 nm with a bandwidth of
50 nm. Retinal lamination was further studied with
LRPs. The methodology for the LRP calculations was
similar to that described in detail in previous studies [17,
27,28]. The cross-sectional RGB retinal image through
the foveolar region was exported, and a slice of the
temporal perifoveolar retina was chosen for further
analysis (taken from 2.2 to 2.8 mm perifoveolarly; total
width of cross sections analyzed, 0.6 mm). This region
was chosen according to the best preservation of
function among all of the patients and to avoid regions
of notable intraretinal schisis. Post-acquisition process-
ing was first performed in the Adobe® Photoshop® CS3
program, where the OCT scan was manually aligned.
Within this selected 0.5-mm image, 170 parallel LRPs
were calculated with the OriginPro 8.1 program (Orig-
inLab, Northampton, USA). These 170 LRPs were
averaged, and the signal intensity was normalized to
provide relative LRP values. The diameters of the
hyper-reflectivity and hypo-reflectivity layers were
measured manually as the longitudinal distances
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between the midpoints of each reflectivity peak or
trough. The retinal structures were comparatively
evaluated, according to the 5-95 % confidence limits
of the age-matched control group.

Results

Four patients with ESCS were identified during
routine clinical and electrophysiological examinations
at the University Eye Hospital, Ljubljana (Slovenia).
At the time of inclusion, the patients showed various
decreases in their Snellen visual acuity and a history of
night blindness since childhood. Their visual fields
were considerably constricted. Clinical examination
revealed nummular pigmentation around the vascular
arcades in all four of these subjects, and areas of
chalky white preretinal reticular deposits were seen in
patient ESCS-4. Disrupted macular structure was also
seen. Their clinical findings and molecular details
(NR2E3 mutations) are given in Table 1.

Full-field and multifocal ERG abnormalities
The full-field ERGs in all four of the patients showed

characteristic findings for ESCS (Fig. 1). Dark-adapt-
ed 0.01 ERGs (rod system responses) were not

detectable, while dark-adapted 3.0 ERGs (combined
rod-cone responses) and light-adapted 3.0 ERG (cone
responses) were simplified and delayed and had
similar waveforms. The light-adapted 3.0 flicker
ERGs were delayed and of lower amplitude than the
cone response a-waves. The implicit times of the full-
field ERG responses were delayed in all of the
patients, while the amplitudes of the responses had a
wider range of abnormality, from moderate amplitude
abnormality in patient ESCS-1 to the most severe
amplitude reduction in patient ESCS-4. Furthermore,
the extent of the full-field ERG amplitude abnormality
did not relate to visual field disturbances. This was
most clearly seen in two of the patients. Patient ESCS-
1 had the most extensive visual field defect, with the
largest ERG amplitudes, while patient ESCS-4 had the
best preservation of visual field, but the most severely
reduced ERG amplitudes.

Multifocal ERG was recorded for the evaluation of
central retinal function (Fig. 2). The distribution of the
multifocal ERGs showed preservation of responses for
up to approximately 15° of the central retina, which
corresponded with the first three rings, while the
responses in the peripheral rings were either reduced
or absent. The central P1 response of the multifocal
ERG appeared to be related to visual acuity, as it was
preserved in the left eye of patient ESCS-3 and in the

Table 1 Clinical characteristics of the four ESCS patients in the present study

Patient ~Age Sex NR2E3 mutation Visual Visual field OCT findings
code acuity
Appearance MD LV
ESCS-1 49 c.119-2A > C Re: Constriction, preserved central 16.3 50.8 Large intraretinal schisis
c.1049A > G 0.1 5°-7°, | sensitivity
Le: Constriction, preserved central 147 61.4 Abnormal foveolar
0.2 4°-6°, | sensitivity structure
ESCS-2 31 c.481delA Re: Constriction, preserved central 18.6 73 Abnormal foveolar
c.481delA [8] 0.3 7°-13° structure
Le: Constriction, preserved central 17.4 80.7 Preserved macular
CF 14° appearance
ESCS-3 33 c.481delA Re: Constriction, preserved 5°—15°, 16.3 69.3 Large intraretinal schisis
c.481delA [8] 0.2 central scotoma
Le: Constriction, preserved central 16.5 629 Small macular cysts,
0.7 5°-15° preserved lamination
ESCS-4 43 c.481delA Re: Constriction, preserved central 14.6 59.4 Preserved macular structure
¢.1120C > T [20] 0.9 12°-15°
Le: Constriction, preserved central 13.4 69.4 Preserved macular structure
1.0 13°-15°

M male, F female, Re right eye, Le left eye, MD mean defect [dB], LV lost variance
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Full-field ERG
Control

ESCS-1
DA 3.0 ERG

DA 0.01 ERG

ESCS-2

ESCS-3 ESCS-4

N

DA 3.0 OP
LA 3.0 ERG

LA 3.0 flicker

Fig. 1 In the four patients in the present study, the standard
full-field ERGs show characteristic abnormalities. The full-field
ERG traces are symmetrical for both eyes, and therefore, the
responses from only one eye for each patient are shown. DA dark
adapted, LA light adapted. Dark-adapted 3.0 ERGs (combined

both eyes of patient ESCS-4, which also showed
preservation of visual acuity (VA > 0.7). In contrast,
in the eyes with decreased visual acuity (VA < 0.7),
the central response was reduced in comparison with
the averaged response of the second ring in patients
ESCS-1 and ESCS-2, as well as in the right eye of
patient ESCS-3, in which the central response was
within the noise level. However, the possibility of
fixation error and its impact on the multifocal ERG
amplitude cannot be completely excluded.

Function of the S-cone mechanism and activity
of the ON- and OFF-response retinal pathways

S-cone ERGs to blue stimuli were used to evaluate the
function of the S-cone mechanism (Fig. 3a). To
characterize the responses of the S-cone system, the
luminance of the S-cone-specific stimulus was gradual-
ly increased. In control subjects, the predominant
activity of the S-cone mechanism is identified only
with the dimmest strengths of blue flash (0.016 cd s/m?),
in which the responses showed simple, monophasic
waveforms. With brighter flashes (0.063 cd s/mz),
typical responses showed a biphasic appearance, as
well as the S-cone component, and there was interfer-
ence of the faster L-cone and M-cone components.
With the brightest blue stimulus (0.25 cd s/mz), the
L-cone and M-cone components predominated in the

=3

3
Rt un af 5 8 m PV i
Mot N/ e s &
20ms 20ms

rod-cone responses); dark-adapted 0.01 ERGs (rod system
responses); dark-adapted 3.0 oscillatory potentials; light-adapt-
ed 3.0 ERGs (cone responses); light-adapted 3.0 flicker (30 Hz
flicker). Two waveforms are superimposed to demonstrate
reproducibility

response. This typical course of waveform changes
with the S-cone-specific stimuli due to the S-, M- and
L-cone mechanisms was previously described in detail
elsewhere [21]. In contrast, in all four of these patients
with ESCS, their responses to S-cone-specific stimula-
tion showed simple, monophasic and delayed wave-
forms to all of these flash strengths. These responses
were larger and considerably more delayed than the
normal S-cone responses (Table 2). The waveforms of
the S-cone responses in the patients with ESCS were
essentially similar to those of the combined rod-cone
responses and the light-adapted cone responses.
However, their amplitudes to the brightest S-cone-
specific stimuli were larger, although they were
elicited at considerably lower flash strengths (S-
cone-specific stimuli, 0.25 cd s/mz; standard full-field
ERGs, 3 cd s/m?), which indicated that the majority of
the ERG responses were broadly consistent with an
S-cone mechanism of origin.

The responses to long-duration stimuli were used to
evaluate the function of the retinal ON- and OFF-
response bipolar cell mechanisms (Fig. 3b). In control
subjects, the ON-response comprised two prominent
waves, the negative a-wave and the positive b-wave,
whereas the OFF-response was the positive d-wave.
Furthermore, with white and with blue stimuli, the
response waveforms remained identical in the control
subjects, due to the weighted equal stimulation of the
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Fig. 2 Multifocal ERGs from the patients with ESCS, showing various degrees of macular involvement. The multifocal ERGs are
presented for both eyes: Re right eye, Le left eye, R. rings, Amp. amplitude; Im.t. implicit time
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Fig. 3 In the four patients
in the present study, the

A S-cone ERG

S-cone-specific ERGs are Control ESCS-1 ESCS-2 ESCS-3 ESSCS-4
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b-wave is absent in one
patient (B). Two waveforms
are superimposed to
demonstrate reproducibility

Stimulus intensity [cd s/m?]
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Table 2 Summary of the functional and structural findings of the four patients in the present study

ESCS-4

Patient Eye DA 3.0 ERG MfERG Extended ERG OCT LRP
A-wave B-wave Pl S-cone? ON/ TV CT ONL 1PL
[UV; ms] [UV; ms] [nV; ms] [nV; ms] OFF° [um] [um] [um]
ESCS-1 Re 74; 33 129; 59 21.4; 43 25; 68 ON/OFF 13.1 920 127.8 3 peaks
Le 62; 31 100; 59 21.3; 47 22; 65 8.0 203 117.9
ESCS-2  Re 46; 34 46; 61 37.1; 46 10.; 75 ON/OFF 7.1 142 103.7 3 peaks
Le 46; 35 36; 63 23.0; 45 13; 76 7.5 235 97.8
ESCS-3 Re 54; 35 46; 61 21.4; 50 15; 82 OFF only 10.8 714 114.5 2 peaks
Le 52; 37 38; 63 65.4; 50 15; 79 9.7 219 144.6
ESCS-4 Re 8; 27 15; 58 41.1; 42 7; 63 More ON 8.3 208 99.5 Multiple
Le 13; 27 17; 58 43.7; 44 9; 65 8.2 223 106.3 peaks
Normal range 92-191; 169-347; 92-172; 1.8-10; 7.1-8.0 165-235 73-88 3 peaks
[5-95 %] 20-24 42-58 35-44 37-55

2 S-cone response elicited with 0.016 cd s/m> stimuli, as used in the routine clinical extended ERG protocol

b ON-responses and OFF-responses to S-cone-specific stimulation

predominant L-cone and M-cone mechanisms. In
patient ESCS-1, a-, b- and d-waves were present, but
the waveforms were different from normal, with a

seen only as a possible residual response. In patient
ESCS-4, the white flash ON/OFF ERG a-, b- and
d-waves were markedly reduced and b- and d-waves

delayed implicit time and a sustained waveform for the
d-wave. With blue stimuli, there was an enlargement
of all three waves compared with white flash respons-
es. Patient ESCS-2 showed similar findings as patient
ESCS-1. In patient ESCS-3 (brother of patient ESCS-
2), a- and d-waves were clearly recognizable, while
the b-wave was small and almost extinguished to
white flashes. With blue flashes, the amplitudes of a-
and d-waves were increased, while the b-wave was

were of similar low amplitude. The blue flash elicited
larger a- and b-waves, but there was no corresponding
increase in the d-wave.

Morphological findings with SD-OCT and LRP
analysis

Visual inspection of the cross-sectional SD-OCT
images in patient ESCS-1 (Fig. 4) revealed large
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«Fig. 4 SD-OCT macular scans of the four patients with ESCS,
and their corresponding retinal thickness maps and LRPs. The
white frames on the OCT scan approximate the retinal region
taken for the LRP analysis (2.2-2.8 mm of temporal perifoveolar
retina). Discrete LRP peaks that correspond to anatomical layers
of the OCT are marked for the normal range: NFL neural fiber
layer, IPL inner plexiform layer, INL inner nuclear layer, OPL
outer plexiform layer, ONL outer nuclear layer, ELM external
limiting membrane, IS/0S inner/outer segment photoreceptor
layer, RPE retinal pigment epithelium, arrows hyper-reflectivity
sub-peaks inside the IPL. Black arrows hyper-reflectivity sub-
peaks at the inner plexiform layer (IPL)

intraretinal schisis (diameter, 5 mm), with delamina-
tion of the foveolar retina at the level of the outer
nuclear layer (ONL) in the right eye. In the left eye, the
foveal structure was preserved. In both eyes, there was
partial diffuse loss of the photoreceptors, which was
seen as loss of the inner segment/outer segment (IS/
OS) junction and thinning of the retinal nerve fiber
layer (RNFL). The thickening of the retina was
notable in both eyes, which was more severe in the
right eye, due to the presence of a large macular cyst
(Fig. 4; Table 2). In patient ESCS-2, the foveolar
laminar structure was preserved, along with a slightly
diminished foveolar topography. Retinal thickness
was within normal limits in both of the eyes, although
slight thinning was detected at the perifoveolar
annulus (Fig. 4; Table 2). In contrast, patient ESCS-
3 (the brother of patient ESCS-2) had intraretinal cysts
in both eyes, with larger intraretinal schisis in the right
eye (diameter, 3.5 mm), as well as delamination of the
foveolar retina. In regions without schisis, the retinal
lamination was preserved, although there was slight
diffuse photoreceptor deterioration. The retina of
patient ESCS-3 was thicker than normal, which was

CONTROL

also notable in the perifoveolar regions, where no
apparent schisis could be identified. In patient ESCS-
4, no foveal cystoid changes or retinoschisis were seen
in either eye, and retinal thickness was also notably
increased in the perifoveolar regions.

Quantification of retinal lamination was performed
using LRP (Figs. 4, 5; Table 2). A region of the
perifoveolar retina was chosen for analysis, as in this
region, retinal function was relatively preserved in
most patients (according to the multifocal ERG and
visual field testing), and no intraretinal schisis was
present in the analyzed slice. In the control subjects,
LRPs appeared as layers with different amplitudes of
signal, in which the hypo-reflective layers correspond-
ed to the inner and outer nuclear layer, while hyper-
reflectivity matched with the synaptic layers. At the
inner plexiform layer (IPL), three hyper-reflective sub-
peaks were observed in all of the control subjects.
Patient ESCS-1 showed preserved retinal lamination
through the LRP profiling. In agreement with the visual
inspection of the OCT, the LRP also showed a
diminished photoreceptor IS/OS peak and a relatively
thin RNFL, while the most profound finding was
considerable thickening of the ONL. The three hyper-
reflective sub-peaks in the IPL were similar to those
seen in the controls (Fig. 5). In patients ESCS-2 and
ESCS-3, retinal lamination was preserved, the pho-
toreceptor IS/OS peaks were diminished, and the ONL
was thickened (Table 2). However, there was a differ-
ence in the reflectivity profile between the patients
ESCS-2 and ESCS-3 at the level of the IPL. In patient
ESCS-2, three hyper-reflective sub-peaks were iden-
tified, and they appeared similar to those of patient
ESCS-1 and the control subjects. In patient ESCS-3,

ESCS Complete CSNB

NFL
- - 4 - =l -
IPL - - ,/ -— D < N
- - C o e S - ~~—
INL
OPL
ONL
IS/0OS
RPE

Fig. 5 Comparison of relative LRPs of four control subjects,
three patients with ESCS, and with an example also of four
patients with complete CSNB. LRPs are vertically rescaled to
match the anatomical levels of the OCT: NFL neural fiber layer,

IPL inner plexiform layer, INL inner nuclear layer, OPL outer
plexiform layer, ONL outer nuclear layer, 1S/OS inner/outer
segment photoreceptor layer, RPE retinal pigment epithelium,
arrows hyper-reflectivity sub-peaks inside the IPL
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the IPL showed only two hyper-reflective sub-peaks,
which were shifted toward the RNFL in such a way that
the hypo-reflective band between the IPL and the
RNFL hyper-reflectivity was extinguished. In patient
ESCS-4, the retinal lamination of the LRPs was in
general preserved, with profound thickening of the
ONL, while peaks at the IPL could not be reliably
discriminated from the noise level (Fig. 4).

To further characterize a lack of hyper-reflectivity
sub-peaks in patient ESCS-3, LRP findings (Fig. 5)
were observed in four patients with complete type of
congenital stationary night blindness (complete
CSNB). This group of patients was chosen according
to the characteristic selective preservation of the OFF-
response (d-wave) ERG activity, which was found
also for patient ESCS-3. In complete CSNB patients,
LRP showed only two hyper-reflectivity sub-peaks in
the IPL, which appeared similar to patient ESCS-3.

Discussion

The present study of four cases with ESCS describes
the functional and structural characteristics of this rare
retinal disorder. The common findings in all four
patients were characteristic full-field ERG abnor-
mality [8], predominance of S-cone ERG activity [1],
and thickening of the ONL on the OCT [17]. S-cone-
related ON-response activity was detectable in three
patients, while OFF-response activity was identified in
all four patients. In a patient with selective preserva-
tion of the retinal OFF-response, this functional
abnormality appeared to be associated with a reduced
number of hyper-reflectivity sub-peaks at the IPL.
This finding might indicate that primarily photorecep-
tor disease leads to abnormal post-photoreceptor
connectivity independent of its genotype, as the
ERG and SD-OCT findings were different in a sibling
who was homozygous for the same NR2E3 mutation.

All four patients in this series were selected on the
basis of confirmed NR2E3 mutation, pathognomonic
changes in the ISCEV-standard ERGs and pre-
dominance of S-cone ERG activity, described in
several previous publications [1, 2, 8, 14, 29, 30].
However, the present study also defines a common
structural abnormality that was present in all four of
these ESCS patients and was seen as a thickening of
the ONL on the OCT. The thickening of the ONL has
been described previously in only one study, by
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Jacobson et al. [17], in a group of 17 patients. Other
OCT studies have described cystic changes in the
macula as the most common finding in ESCS [8, 11,
18, 31, 32]. Disorganized retinal lamination with
splitting at the level of the outer retinal layers [18] or
normal overall retinal structure within thinner retina
have also been described [19]. In the present study,
there were cystic changes in only half of the patients;
the retina was thicker than normal in three patients,
and the retinal lamination in the central regions was in
generally preserved, while profound thickening of the
ONL was common in all four of these patients. This
was seen also in the case when the overall retinal
thickness was normal. Therefore, it is possible that
ONL thickening presents a common structural alter-
ation of the retina in patients with ESCS.

Large variability of full-field ERG amplitudes in
patients with ESCS was previously not explained. In
the present study, the ERG amplitude abnormalities
did not correlate with psychophysically measured
visual field disturbances. This can be identified also
from other studies, where cases with relatively good
preservation of the visual field show severely reduced
ERG amplitudes [7], or the ERG amplitudes are
inconsistently variable in patients who share similar
degrees of visual field abnormality [33]. It is therefore
possible that the amplitudes of full-field ERGs in
ESCS might not be primarily related to the extent of
retinal dysfunction, but might rather reflect variously
responsive retinal cells inside the functional part of the
retina. Multifocal ERG findings in our patients were in
agreement with this hypothesis, as they showed
preservation of the responses to approximately within
15° of the central retina, which is comparable to the
results of visual field testing, while their amplitudes
were affected to a relatively similar degree, as seen
with the full-field ERGs. However, ERG amplitude
and the results of visual field testing do not necessarily
correlate, as the visual fields test threshold sensitivity
and the ERGs test suprathreshold activity.

Although ESCS is primarily a photoreceptor disor-
der, abnormal post-photoreceptor connectivity was
previously assumed [8, 14, 15]. Post-photoreceptor
activity can be more precisely evaluated with respons-
es to long-duration stimuli that can separately evaluate
the functions of the ON-bipolar cells versus the OFF-
bipolar cells [34-37]. Studies in non-human primates
have reported that the a-wave originates from cones
and partially also from post-photoreceptor activity,
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mainly from OFF-bipolar cells [34]. The b-wave
origin has been related to the ON-bipolar cells,
although its amplitude and shape have been shown
to be influenced by OFF-bipolar and horizontal cells
[35, 36]. Studies of the d-wave origin have demon-
strated that the initial phase of the d-wave originates
from OFF-bipolar cells and cones that contribute to the
later phases, while the amplitude and shape are
modulated by ON-bipolar cells [37]. In healthy
retinas, S-cones are only connected to ON-bipolar
cells [16, 38]. In patients with ESCS, previous studies
have shown not only an expected ON-bipolar cell
activity, but in some cases, also measurable OFF-
bipolar cell activity [8, 14]. Similar to previous
studies, two of our patients had clearly recognizable
both ON-response b-waves and OFF-response
d-waves to S-cone-specific stimuli. In one patient
(ESCS-3), the findings were exceptional, because this
patient showed a predominance of the OFF-response
d-wave, which became even more prominent to blue
S-cone-specific stimulation, while the b-wave was
seen only as a possible residual response. Previously,
Roman and Jacobson [14] noted that a measurable
OFF-response might not necessarily represent an
abnormal S-cone to OFF-bipolar cell connectivity;
instead this might also be a false OFF-effect due to the
algebraic sum of the various waveform components.
For instance, it might represent cone activity and its
return to baseline. Another argument against the
presence of OFF-bipolar cell activity in ESCS would
be the possible contamination with the blinking
artifacts. However, this cannot be the case, because
the same delayed and sustained waveform of the
d-wave has been described before in ESCS [8, 14];
also, the waveforms in the present study showed good
reproducibility. Our results cannot completely exclude
a primarily photoreceptor origin of the observed
d-wave. However, as there was no b-wave and the
only possible post-photoreceptor transmission in this
patient was through the activity related to the d-wave,
these findings most likely indicate that the S-cones to
OFF-bipolar cell connections are truly present in
ESCS retinas, which indicates abnormal development
of second-order retinal connectivity.

Furthermore, an interest of present study was to
determine whether there were any structural correlates
with the abnormal post-photoreceptor connectivity in
our group of ESCS patients. It was previously shown
by Tanna et al. [39] that sublamination and synaptic

aggregation of the IPL of the retina might be seen
through three distinct hyper-reflective sub-peaks at the
level of the IPL. These hyper-reflective sub-peaks were
identified in all of our control subjects. At the level of
the IPL, bipolar cells form synapses with correspond-
ing ganglion and amacrine cells. Anatomically, the [PL
is divided into two functionally discrete sublaminae,
which separate the ON-channels and OFF-channels of
the bipolar-to-ganglion cell contacts [40, 41]. The
appearance of discrete peaks inside the IPL might
therefore correspond to these histological sub-layers;
however, additional histological evidence will be
needed to confirm this finding. In the present study,
three hyper-reflective sub-peaks at the IPL were seen
also in the two ESCS patients who showed function-
ality for the ON- as well as OFF-bipolar cell activities.
However, the patient with the functional disruption of
the ON-bipolar cell pathway showed only two discrete
hyper-reflective sub-peaks of the IPL. It is possible that
these two findings correspond and that the develop-
mental lack of otherwise normal S-cones to ON-
bipolar cell connectivity might be structurally seen as a
lack of sublaminae at the IPL. In agreement with this
hypothesis, our findings in patients with a complete
type of CSNB that was electrophysiologically charac-
terized by ON-pathway dysfunction also showed only
two sublamination peaks at IPL.

Due to the severity of the visual loss and the
associated laminar changes in the retina in patients
with ESCS, Jacobson et al. [17] suggested five stages
of this disease. Stage I would represent congenital
laminopathy, in which some of the layers are abnor-
mally thick and there is supernormal S-cone function
and normal L-cone function. Stages II-IV represent
the progressive aspects of retinal remodeling and
degeneration, which end at stage IV with the de-
laminated retina and no measurable function. Accord-
ing to the spectrum of structural and functional
abnormalities, three of the patients in our group would
be classified into stage II or I1I, while the fourth patient
would not fit into any of these sub-categories. This
fourth patient showed normal visual acuity and
possible signs of L-cone and M-cone function, but
the full-field ERGs revealed that retinal function was
almost extinguished. It is therefore more likely that the
initial stage I might include a broader spectrum of
abnormalities than those suggested by Jacobson et al.
[17]. Our example for probably broader congenital
anomalies was seen in the brothers (ESCS-2 and
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ESCS-3), who shared the same NR2E3 mutation
(c.481delA homozygous mutation [8]). Interestingly,
there were functional and structural differences in
their post-photoreceptor connectivity. It therefore
appears that sharing this same genotype does not
necessarily lead to the same phenotypic expression.
Related findings have been noted previously, as
patients with the same ethnic origin and homozygous
for the same NR2E3 mutation can manifest variable
fundoscopic and ERG phenotypes [31]. A primarily
photoreceptor pathology caused by an NR2E3 muta-
tion might therefore manifest itself as a wide spectrum
of abnormal post-photoreceptor connectivity, which
has yet to be established.

In conclusion, the spectrum of functional and
structural abnormalities of the retina of patients with
ESCS is wide, although there are common findings of
pathognomonic changes in the full-field ERG and a
predominance of S-cone activity, together with thick-
ening of the ONL, which was identified using SD-
OCT. The presence of abnormal OFF-pathway ac-
tivity, which might occur in correlation with structural
alterations at the level of the IPL, raises the need for
further investigations of the structural-functional
correlates in larger groups of patients with ESCS.
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