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Purroskt. The purpose of this study was to characterize changes in the full-field flash elec-
troretinogram (ERG) in association with psychophysical dark-adapted visual thresholds
in patients with genetically characterized Duchenne muscular dystrophy (DMD) either
lacking Dp427 (Up 30) or at least Dp260 in addition to Dp427 (Down 30).

MerHops. Twenty-one patients with DMD and 27 age-similar controls participated in this
study. Dark-adapted (0.01, 3.0, and 10 cd.s/m? flashes) and light-adapted (3.0 cd.s/m?
flash) ERGs were recorded following International Society for Clinical Electrophysiology
of Vision (ISCEV) standard protocols. Visual detection thresholds to 625-nm (cone func-
tion) and 527-nm (rod function) light-emitting diode (LED) flashes (2 degree diameter)
were measured during a dark adaptation period after a 1-minute exposure to a bleaching
light (3000 cd/m?). Initially, 8 minutes of interleaved 625-nm and 527-nm thresholds were
measured. After an additional 5 minutes of dark-adaptation, a second set of threshold
measurements to 527-nm stimuli was performed during the subsequent 6 minutes.

Resurrs. Dark-adapted b-wave amplitude was significantly reduced to all strengths of flash
and a-wave in response to the strong flash stimulus was delayed (15.6 vs. 14.7 ms, P <
0.05) in patients with Down 30 compared with controls. Dark-adapted cone thresholds
did not differ among the groups (—2.0, —1.8, and —1.7 log cd/m? for Down 30, Up 30, and
controls, respectively, P = 0.21). In contrast, dark-adapted rod thresholds were elevated
(F36 = 8.537, P = 0.001) in patients with Down 30 (mean = —3.2 £+ 1.1 log cd/m?)
relative to controls (mean = —4.2 + 0.3 log cd/m?). Dark-adapted b-wave amplitudes
were correlated with dark-adapted rod sensitivity in patients with DMD (Spearman Rho
= 0.943, P = 0.005). The changes were much smaller or absent in patients with intact
Dp260.

Concrusions. Dp260 is particularly required for normal rod-system function in dark adap-
tation.

Keywords: retina, rod, cone, electroretinogram (ERG), dark-adaptation, human vision,
Duchenne muscular dystrophy (DMD), dystrophin protein

uchenne muscular dystrophy (DMD) is a monogenic

X-linked genetic condition caused by mutations of the
DMD gene (MIM: 300377) affecting dystrophin protein (Dp)
expression.!'? In addition to the characteristic progressive
muscular dysfunction,® patients with DMD show nonpro-
gressive cognitive disturbances? and altered retinal phys-
because dystrophins play an important role in
and in glial cell membranes'*'> in
the mammalian central nervous system (CNS), including the

iology®°

synaptic structures’~?

retina.

Copyright 2021 The Authors
iovs.arvojournals.org | ISSN: 1552-5783

Reduced or nearly abolished scotopic full-field flash elec-
troretinogram (ERG) b-wave, the positive ERG component, is
a classic feature of DMD that has been confirmed by several
groups in the past decades in patients®®1°-2° and in mouse
models of DMD.#:%7-30

The negative dark-adapted ERG in which the b-wave is
smaller than the electro-negative a-wave, found in patients
with DMD and mouse models of DMD, has been mainly
associated with the alteration of Dp427,24%” a dystrophin
protein encoded by a promoter located at the beginning
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(exon 1) of the DMD gene, and Dp260,%23-2429:31 expressed
by an independent internal promoter located at exon 30
of the DMD gene.** Both Dp427 and Dp260 are primarily
expressed in the outer plexiform layer of the mammalian
retina®® and possibly in the inner nuclear layer.'3

A shorter DMD gene product, the Dp140 (promoter at
exon 45), that is strongly expressed in the developing brain
of the mouse and associated with cognitive dysfunctions
in patients with DMD,*33* is also expressed in the retina.'?
However, its specific role in retinal physiology has not been
elucidated. In addition, a short DMD gene product, Dp71,
is strongly expressed in Muller glial cells of the mammalian
retina.” Its promoter is located far downstream in the gene
(between exons 62 and 63). Because distal mutations are
rare in humans, the specific roles of this dystrophin protein
in the human visual system have not been investigated in
detail. There is evidence that genetic alterations presumably
preventing expression of Dp71 result in a severe ERG pheno-
type?* and its selective absence resulted in altered ERGs in
Dp71-null mice.*®

Despite structura and functiona evidence
that abnormal synaptic transmission between photorecep-
tors and bipolar cells is associated with DMD gene muta-
tions, obvious clinically relevant visual dysfunctions, such
as altered visual acuity, are not found in patients with DMD.
However, red-green color deficiency®® and reduced spatial
luminance contrast sensitivity’”** have been reported by our
group. Relatively preserved vision associated with impaired
on-mediated photopic ERGs in patients with DMD!®:3” may
be due to structural and functional differences between
central and peripheral (or extra-foveal) retinal organiza-
tion (i.e. photoreceptor to bipolar cell ratios in the primate
retina®®).

About 25 years ago, 2 studies showed normal dynamic
dark-adaptation processes in patients with DMD.?"#! In the
first study,*! normal thresholds to, presumably, white flashes
were measured during 40 minutes of dark-adaptation after
5 minutes of bleach (600 cd/m?) in 3 patients with a clinical
diagnosis of DMD (two of them with abnormal ERGs) but
without genetic confirmation. The second study?*! showed
normal averaged thresholds during dark adaptation in DMD
and patients with Becker muscular dystrophy (BMD; a mild
variant of the disease) among other preserved visual func-
tions. Unfortunately, details on their dark-adaptation proce-
dure were not reported. It is unclear if the measured thresh-
olds in these studies were mediated by cone or by rod activ-
ity. The severe dysfunction of rod-driven ERGs suggests that
psychophysical dark-adaption thresholds may be changed
when mainly mediated by rod activity. Furthermore, the indi-
vidual thresholds may then be correlated with ERG param-
eters. Finally, the functional deficits may depend on which
dystrophins are affected and thus on the location of the gene
mutation.

In the present study, we measured full-field ERGs and
psychophysical dark-adapted visual thresholds (separately
for cone and rod pathways) in genetically characterized
patients with alterations of the DMD gene either upstream
of exon 30, thereby exclusively affecting the expression of
Dp427 (DMD Up 30), or downstream of exon 30 (DMD
Down 30), affecting the expression of Dp427 and Dp260
and possibly of Dp140 and Dp116. The results have been
partially published as an ARVO abstract (IOVS 61: 5047
e-abstract).

112,13,36 118,30,57
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METHODS
Subjects

The experiments were performed in accordance with the
tenets of the Declaration of Helsinki and were approved
by the Human Research Ethics Committee of the Institute
of Psychology at the University of Sao Paulo (CAEE no.
85512617.6.0000.5561), Brazil. All subjects, or their legal
guardians, gave written informed consent prior to the exam-
inations.

A group of 21 patients with DMD (mean age = 13.8 £+
4.3 years, all male patients) and 27 age matched (Fp47) =
0.999, P = 0.376) healthy volunteers (mean age = 16.1 +
5.5 years, 13 male patients) participated in this study. We
have pooled the data from male and female control subjects
because similar ERG responses and dark-adapted visual
thresholds were obtained in the two groups (see Supple-
mentary Material).

The subjects underwent a full ophthalmological examina-
tion, including of refraction, measurements of best-corrected
visual acuity, and measurements of intraocular pressure, slit-
lamp biomicroscopy, and funduscopic examination. ERGs
and dark-adapted psychophysical thresholds were measured
monocularly as an attempt to shorten the time of prepara-
tion and examination to avoid fatigue. The dominant eye
was selected to obtain the best possible performance. Inclu-
sion criteria were normal best-corrected distant visual acuity
of 20/20 or better; absence of ocular hypertension and of
ocular diseases, such as cataract, in the tested eye; absence
of diseases that could affect the CNS (other than DMD for
the experimental group); and no medications targeting the
CNS.

The Table shows demographic information of two DMD
groups that were determined according to the location of
the genetic alteration in the DMD gene. Determination of
the affected dystrophin proteins was based on the genomic
organization of the human DMD gene (Fig. 1, based on
Muntoni et al., 2003). Seven patients with DMD (DMD Up
30; mean age = 13.9 £ 6.3 years) displayed genetic alter-
ations upstream of exon 30 with, presumably, only Dp427
affected. The other 14 patients with DMD (DMD Down 30;
mean age = 13.7 £ 3.1 years) displayed genetic alterations
downstream of exon 30 indicating that additional dystrophin
proteins were affected (as indicated in the Table and Fig. 1).
Patients who underwent both ERG and dark-adapted exami-
nations (V= 10), are indicated by a symbol that corresponds
to the symbols used in correlation plots (see Fig. 6). The
other patients either participated in the ERG recordings or
in the psychophysical measurements.

ERG Recordings

Dark-adapted and light-adapted flash ERGs according to
International Society of Clinical Electrophysiology of Vision
(ISCEV) standards (McCulloch et al., 2015) were recorded
monocularly from the dilated dominant eyes of 28 subjects
(15 patients with DMD and 13 controls). Control ERGs
were recorded from six male and seven female (V =
13 control subjects) healthy volunteers. The remaining
14 control subjects undergoing only the psychophysi-
cal examination were tested before ERG protocols were
included in the study.
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TaBLE. General Characteristics of Both DMD Groups: DMD Up 30 and DMD Down 30
N Age (y) Mutation Affected dystrophin proteins Examination Symbol code
o 1 22 3-7 Dp427 Both O
m 2 19 3-7 Dp427 Psychophysical
g— 3 19 6 Dp427 Both O
o) 4 8 Dp427 Psychophysical
S 5 7 Dp427 Both A
- 6 7 16 Dp427 Psychophysical
7 14 20 Dp427 Both O
8 14 12-39 Dp427 + Dp260 Both [@)
9 18 39 Dp427 + Dp260 Electrophysiological
10 12 40 Dp427 + Dp260 Both O
11 17 17-50 Dp427 + Dp260 + Dp140 Electrophysiological
g 12 11 34-44 Dp427 + Dp260 + Dp140 Electrophysiological
c 13 14 45-46 Dp427 + Dp260 + Dp140 Both AN
% 14 9 45-52 Dp427 + Dp260 + Dp140 Both O
o 15 13 45-52 Dp427 + Dp260 + Dp140 Psychophysical
% 16 19 47-50 Dp427 + Dp260 + Dp140 Both o)
a) 17 13 48-50 Dp427 + Dp260 + Dp140 Electrophysiological
18 16 48-52 Dp427 + Dp260 + Dp140 Psychophysical
19 10 49-50 Dp427 + Dp260 + Dp140 Psychophysical
20 16 52 Dp427 + Dp260 + Dp140 Both O
21 10 57 Dp427 + Dp260 + Dp140 + Dp116 Electrophysiological
DMD gene
Exon number 30 44 56 63
DMD Up 30 DMD Down 30
Dp427 Dp260 Dp140 Dpl116 Dp71

Ficure 1. Genomic organization of the DMD gene.3> Numbers indicate the exons after which internal promoters are located and arrows
indicate the dystrophin protein (Dp) encoded by the gene fragment activated by the respective promoter. The blue area shows the localization
of the genetic alterations (upstream exon 30) in 7 patients with DMD Up 30 and the red area shows the localization of genetic alterations
(downstream exon 30) of 14 patients with DMD Down 30. Observe that the mutations in the DMD Down 30 of our patients were always
located upstream of exon 63, meaning that all patients had presumably a normal expression of the shortest DMD gene product (Dp71).

First, the subjects were dark-adapted for 20 minutes.
Flash stimuli of 0.01 cd.s/m?, 3.0 cd.s/m? and 10 cd.s/m?
were presented in sequence with an inter-stimulus time of 2,
10, and 20 seconds, respectively. Subsequently, the subjects
underwent light-adaptation to a background of 30 cd/m?
for 10 minutes. Then ERG responses to 3.0 cd.s/m? flashes
(standard flash) were recorded with inter-stimulus time of
0.5 seconds. ERG responses were recorded with Dawson-
Trick-Litzlkow (DTL) fiber electrodes placed under the lower
lid and attached to the outer and the inner canthus. The
reference and the ground (gold cup) skin electrodes were
attached to the ipsilateral temple and forehead, respectively.
Signals were amplified 100,000 times, filtered between 1 and
300 Hz, and sampled at 512 Hz using the RetiPort system
(Roland Consult, Brandenburg, Germany). ERG responses
were averages of five 256-ms epochs for the 10 cd.s/m?
flashes and of 10 such epochs for the weaker flashes.

Detection Thresholds During Dark Adaptation

Flash detection thresholds during dark adaptation after a
bleach were monocularly measured in nondilated dominant

eyes of 38 subjects (16 patients with DMD and 22 controls).
From 21 patients with DMD included in the study, 5 patients
were not able to perform the psychophysical examination
because of cognitive and / or motoric limitations. The equip-
ment was the Roland dark adaptometer (Roland Consult,
Brandenburg, Germany) equipped with a Q450 Ganzfeld
stimulator. A fixation camera for pupil detection monitored
fixation during the session. The subjects were instructed to
press a key when they saw a flash. Thresholds to 625 nm
peak wavelength (for cone-mediated detection) and 527 nm
peak wavelength (for rod-dominant detection) light-emitting
diode (LED) flashes (2 degrees diameter) were measured.
Stimuli were presented at an eccentricity of 20 degrees in
the temporal retina. The thresholds were measured during
dark adaptation after 1 minute of bleach to 3000 cd/m?
white light. We have adapted the bleach period (originally
5 minutes) and bleach luminance (originally 7000 cd/m?) so
that it was tolerated by the young subjects. In a pilot study,
four different luminances (700, 3000, 5000, and 7000 cd/m?)
of the bleach light were used, keeping 1 minute of bleach
time, to examine the control subjects (N = 5). We found
that dark-adapted cone (P = 0.779) and rod (P = 0.960)
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Ficure 2. Dark-adapted visual thresholds. Thresholds were
determined in darkness after 1 minute of bleach to 3000 cd/m?
full field. The dark-adaptation curve was measured by the presen-
tation of 250 ms flashes of 625-nm and 527-nm lights alternating
every 30 seconds. After 8 minutes of measurements and 5 minutes
interval in darkness, thresholds were measured by the presenta-
tion of 250 ms flashes of only 527 nm flashes (A). Representative
thresholds measured with a control subject (B). Red triangles show
the 625-nm light detection thresholds while green circles thresh-
olds to the 527 nm flashes. Dark-adapted cone threshold was the
averaged threshold luminances during the last minute of the first
protocol. Dark-adapted rod threshold was the averaged luminances
for measurements during the last 3 minutes of the second protocol.

thresholds as well as rod recovery time to —3 log cd/m?
(P = 0.542) were similar with 3000 cd/m? and 7000 cd/m?
bleach in control subjects (Supplementary Material).

After 1 minute of bleach, the tests started with 8 minutes
of interleaved 625 nm and 527 nm stimuli presentations
to measure cone-mediated and rod-dominant thresholds in
parallel (Fig. 2B, red triangles and green circles, respec-
tively). Within this period, a full recovery of cone-mediated
thresholds was obtained. Because 527 nm light flash stim-
ulates both rods and cones it produces a double function,
whereas we see a single function with 627 nm, which does
not stimulate the rods significantly. We are therefore call-
ing cone function the curve that precedes the break, regard-
less of wavelength, and rod function the curve that follows
the break, which results from stimulation that is not suffi-
ciently intense to activate the cones. After an additional
5 minutes of dark adaptation, a second set of measurements
was performed with only 527 nm stimuli for 6 minutes to
measure rod-mediated thresholds. The thresholds generally
reached a plateau within this period.

The procedure started with the determination of a thresh-
old to 625 nm flashes. After 30 seconds, the procedure was
repeated for 527 nm flashes. The alternation in threshold
measurements in 30-second periods was continued through-
out the first part of the test. Flashes were presented once
every 2 seconds (flash duration = 250 ms). After every
flash, the subject was requested to indicate if the flash was
detected by pressing a button within 750 ms. Absence of a
response was interpreted that the flash was not detected. If
a flash was detected, the flash strength was decreased by
6 dB. If the flash was not detected, the flash strength
increased by 2 dB.

Dark-adapted cone threshold was calculated by averaging
the intensities (in log cd/m?, only when the flash was seen)
required to detect (the change from not detected to detected
luminance) the 625 nm flash during the last minute of the
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first period. Dark-adapted rod threshold was obtained by
averaging detection intensities (log cd/m?) during the last
3 minutes of the second protocol.

Statistical Analysis

ERG amplitudes and phases and visual thresholds are
presented as means + one standard deviation. Group
comparisons were performed using 1-way ANOVAs. Paired
comparisons were performed using Bonferroni post hoc
analyses. Significant correlations among variables were eval-
uated with Spearman’s Rho (SPSS, Statistical Package for the
Social Sciences, Hong Kong, China). P values < 0.05 were
considered significant.

RESsuULTS

Electrophysiologically Measured Retinal
Responses to Light

Dark-adapted ERG responses to the weak (0.01 cd.s/m?)
flash (Fig. 3A) elicited a positive (b-wave) component with
the peak at about 90 ms after flash onset. Mean (& one stan-
dard deviation) amplitudes differed significantly between
the groups (F;6 = 10.519, P = 0.001). B-wave amplitudes
of control subjects (mean = 235.8 £+ 100.4 pV) were signif-
icantly higher (P < 0.001) than those of the patients with
DMD Down 30 (mean = 52.2 + 36.9 pV). Intermediate
amplitudes were found in the DMD Up 30 group (mean =
195.8 £ 168.2 pV). Their mean amplitude did not signifi-
cantly differ from those of control subjects (P = 0.998) and
of patients with DMD Down 30 (P = 0.053). There was no
significant group effect on b-wave implicit times (F 25 =
2.131, P = 0.141).

Figure 3B shows averaged responses of control subjects
and patients to the dark-adapted 3.0 cd.s/m?* flash show-
ing a-wave and b-wave peaking at about 18 and 40 ms,
respectively. In control subjects, the mean b-wave amplitude
was 351.3 + 116.4 pV and the mean a-wave amplitude was
214.7 £ 69.6 pV. Individual b:a ratios varied between 1.3
and 2 for the control subjects. Amplitudes (F 25 = 2.485,
P = 0.105) and times (F;25 = 0.821, P = 0.452) of the
a-wave were comparable among the groups. All patients
with DMD Down 30 showed a single-peak a-wave in the DA
3.0 cd.s/m?, whereas all 4 patients with Up 30 and 7 out of
13 control subjects showed bifid a-wave. In contrast to the
normal a-wave amplitudes, b-waves were remarkably differ-
ent among the groups (F 25 = 14.947, P < 0.001). B-wave
amplitudes of patients with DMD Down 30 (mean = 144.7
£ 57.5 pV) were significantly decreased (P < 0.001). Simi-
lar to the results obtained with the weak flash, patients with
DMD Up 30 showed intermediate b-wave amplitudes (mean
= 223.5 + 41.6 pV), not differing statistically from those of
control subjects (P = 0.064) or of patients with DMD Down
30 (P = 0.466). The mean b-wave implicit times were similar
among the three groups (F(; 25 = 3.004, P = 0.069).

The b:a ratio data had an approximately normal distribu-
tion and according tests were applied. The mean b:a ratios
(Fig. 3B) were significantly different between groups (F 2
= 36.183, P < 0.001). The b:a ratio was < 1 for 9 out of
10 patients with DMD Down 30 (mean = 0.6 £+ 0.3) and
> 1 for all patients with DMD Up 30 (mean = 1.3 + 0.5)
and all control subjects (mean = 1.7 £ 0.2). Mean b:a ratios
were significantly lower for patients with DMD Down 30
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Ficure 3. Dark-adapted ERG results. Averaged traces and mean/median (box = interquartile range [IQR]; whisker = minimum and
maximum values) amplitudes, implicit times, and b:a ratios for controls (black symbols), patients with DMD Up 30 (blue symbols), and
patients with DMD Down 30 (red symbols) for dark-adapted ERG measurements with 3 flash strengths: 0.01 cd.s/m? (b-wave only) (A),
3.0 cd.s/m? (B) 10 cd.s/m? (a-wave only) (C). and oscillatory potentials (D) extracted from responses to 3.0 cd.s/m? flash. Asterisk (*)
indicates significant difference (P < 0.05) compared to the control group.
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Light adapted 3.0 cd.s/m? flash response
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Ficure 4. Light-adapted ERGs. Averaged traces (A: original responses; B: details of the b-wave) and mean / median (box = interquartile
range [IQR]; whisker = minimum and maximum values) amplitudes (C) and implicit times (D) are shown for controls (black symbols),
patients with DMD Up 30 (blue symbols), and patients with DMD Down 30 (red symbols) in the light-adapted protocol.

compared with both controls (P < 0.001) and patients with
DMD Up 30 (P = 0.001).

Dark-adapted a-waves and b-waves elicited by a strong
(10 cd.s/m?) flash were recorded and the respective ampli-
tudes and implicit times were compared between the
groups. Figure 3C shows that there was a significant group
effect (F26 = 5.610, P = 0.010) in the time to peak of
the a-wave, whereas the amplitudes did not differ signifi-
cantly between the groups (F 25 = 0.900, P = 0.420). The
mean a-wave implicit time measured in the control group
was 14.7 £+ 0.6 ms, similar (P = 0.711) to what has been
observed for patients with DMD Up 30 (mean = 14.2 £+
0.4 ms). In contrast, patients with DMD Down 30 showed
significantly longer a-wave peak times (mean = 15.6 =+
1.0 ms, P = 0.019) and with a marginal difference (P = 0.050)
compared to patients with DMD Up 30. The dark-adapted
b-wave elicited by the 10 cd.s/m? condition confirmed the
results obtained with the standard 3.0 cd.s/m? flash: there
was a group effect on b-wave amplitudes (F 25 = 06.7060,
P = 0.005) with patients with DMD Down 30 showing
significantly lower b-waves compared to controls (P =
0.004), but not compared to patients with DMD Up30 (P =
0.863). The last group showed intermediate b-wave ampli-
tudes. The mean b-wave implicit time showed group effect
(Fep6 = 4.067, P = 0.030), however, paired comparisons
using Bonferroni post hoc analyses revealed that all three
groups had statistically similar peak times (P > 0.058). In
addition, b:a ratios calculated for DA 10 cd.s/m? strong flash

amplitudes were significantly lower for patients with DMD
Down 30 compared to both controls (P < 0.001) and patients
with DMD Up 30 (P = 0.019).

Mean DA oscillatory potentials (OPs) from controls (black
trace), patients with DMD Up 30 (blue trace), and patients
with DMD Down 30 (red trace) extracted from DA 3.0 cd/m?
are shown in Figure 3D. DA OPs were significantly reduced
(group effect, F 25 = 16.168 and P < 0.001) and delayed
(group effect, amplitude F(,5) = 6.426 and P = 0.005) in
patients with DMD Down 30 compared to controls (OP
amplitudes P < 0.001 and implicit times P = 0.005) and
compared to patients with DMD Up 30 for the amplitudes
(P = 0.003), but not for the implicit times (P = 0.119).

Averaged light-adapted ERG responses are shown
in Figure 4A with a more detailed representation of the
b-wave in Figure 4B. The average waveforms were simi-
lar for the three groups. A significant group effect was
observed for the a-wave amplitude (Fo.5 = 4.496, P =
0.021). Patients with DMD Down 30 showed slightly larger
a-wave amplitudes (Fig. 4C) with marginal statistical differ-
ences compared to control subjects (P = 0.052) and patients
with DMD Up 30 (P = 0.067). In contrast, a-wave peak
times were comparable (F;z5 = 0.191, P = 0.827) among
the three groups (Fig. 4D). Light-adapted b-wave amplitudes
(see Fig. 4C) were also comparable in the three groups
(Fe26 = 0.004, P = 0.996). Patients with DMD Down 30
showed a nonsignificant (P = 0.059) delay of the b-wave
compared to control subjects (Fig. 4D). Relatively delayed
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Ficure 5. Course of detection thresholds during dark adaptation. Cone (A) and rod (B) thresholds as a function of time in the dark
are shown for controls (black traces), patients with DMD Up 30 (blue traces), and patients with DMD Down 30 (red traces). The traces are
thresholds from representative subjects from each group. The right plots show mean/median (box = interquartile range [IQR]; whisker =
minimum and maximum values) during the last minute of the cone thresholds and of the last three minutes of the rod thresholds. Asterisk
(*) indicates significant difference (P < 0.05) compared to the control group.

LA b-wave implicit times were more pronounced in the
DMD Up 30 group. However, only 4 patients with DMD Up
30 were included in the analysis. Therefore, LA response
impairments cannot be reliably evaluated.

Comparable light-adapted OP amplitudes (P = 0.518)
and implicit times (P = 0.181) between patients with DMD
Down 30 and controls have been found. For patients with
DMD Up 30, we found significantly reduced light-adapted
OPs compared to controls (P = 0.036), whereas there
were no significant changes in implicit times (P = 0.999).
However, because only 4 patients with DMD Up 30 were
included in the study, a definitive conclusion regarding LA
ERG alterations in patients with DMD Up 30 cannot be
established.

Psychophysically Measured Dark Adaptation of
Cone and Rod Thresholds

Figure 5 shows the course of cone (responses to 625-nm
light; see Fig. 5A) and rod (responses to 527-nm light; see
Fig. 5B) detection thresholds for one representative subject
of each group. Observe that the cone thresholds are similar
for all three subjects (see Fig. 5A). Accordingly, the dark-
adapted cone thresholds, calculated by averaging stimulus
luminances at the last minute of the first protocol, were
statistically similar (F35 = 0.388, P = 0.681) among the

three groups: control subjects (mean = —1.7 £+ 0.5 log
cd/m?), patients with DMD Up 30 (mean = —1.8 &+ 0.4 log
cd/m?), and patients with DMD Down 30 (mean = —2.0

+ 1.3 log cd/m?). In addition, there was no group effect
(Fa3s = 1.634, P = 0.210) when the same method was
applied to calculate dark-adapted (initial) rod thresholds
averaging stimulus luminances at the last minute of the first
protocol. Although, patients with DMD both DMD Up 30
(mean = —2.5 + 0.6 log cd/m?) and DMD Down 30 (mean
= —2.5 + 1.4 log cd/m?) showed slightly elevated thresh-

olds compared to control subjects (mean = —3.0 + 0.5 log
cd/m?).

We have previously demonstrated®? that with the type
of bleaching used in this study, rod-cone break can be
observed at about 2.5 minutes after bleaching offset in
healthy subjects. In Figure 5B, responses elicited by 527
nm stimulus represent a mixture of rod and cone function,
with a small contribution from the cones. However, stim-
uli detected at a luminance level of about -4 log cd/m?,
as found in controls and patients with DMD Up 30, are
probably too low for cone detection. Therefore, it may be
considered a rod threshold. The dark-adapted rod thresh-
olds, calculated by averaging stimulus luminances at the 3
last minutes of the second set of measurements, were signif-
icantly elevated (group effect: F; 35 = 8.537, P = 0.001) in
patients with DMD Down 30 (mean = —3.2 £ 1.1 log cd/m?,
P = 0.001) compared to control subjects (mean = —4.2 +
0.3 log cd/m?), but not compared to patients with DMD Up
30 (mean = —3.8 & 0.6 log cd/m?, P = 0.130). Patients with
DMD Up 30 thresholds were statistically similar (P = 0.566)
to control thresholds as well.

Correlations

Properties of ERG components were correlated with visual
sensitivity (Fig. 6). As shown in the Table, 6 patients with
DMD Down 30 and 4 patients with DMD Up 30 partici-
pated in the ERG and the psychophysical measurements.
Six control subjects underwent both measurements. There
was a significant positive correlation between dark-adapted
b-wave amplitudes to 0.01 cd.s/m? flashes and the dark-
adapted rod sensitivity (1/threshold luminance in cd/ 'm?) for
patients with DMD Down 30 (red symbols; Spearman’s Rho
= 0.943, P = 0.005). Similar tendency was observed for the
patients with DMD Up 30 (blue symbols). For the control
subjects we did not observe significant correlation (black
symbols; Spearman’s Rho = 0.290, P = 0.577). Other ERG
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FiGure 6. Correlations between dark-adapted ERG b-wave and
rod sensitivity. Dark-adapted b-wave amplitudes of ERG responses
to 0.01 cd.s/m? flashes plotted as a function of dark-adapted rod
sensitivity (1/threshold luminance in cd/m?) for patients with DMD
Down 30 (red symbols, N = 6), patients with DMD Up 30 (blue
symbols, N = 4), and control subjects (black symbols, N = 6). A
positive correlation was found for the patients but not for the
control subjects.

parameters were not correlated with dark-adapted cone or
rod thresholds for any of the groups.

DISCUSSION

In the present study, a significant reduction in the dark-
adapted b-wave amplitude of patients with DMD Down 30
(lacking at least dystrophin protein Dp260 in addition to
Dp427 alteration) was found when compared to control
subjects. We also reported that psychophysical dark-adapted
rod thresholds were significantly elevated in patients with
DMD Down 30. A positive correlation between b-wave
amplitude to 0.01 cd.s/m? flashes and rod sensitivity was
found for the patients. These results offer new insights
regarding cone and rod function in retinae of patients with
DMD.

The dark-adapted ERG b-wave to 0.01 cd.s/m? flashes
mainly reflects the integrity of the depolarizing on-bipolar
cells of the rod system.*> This ERG component was found to
be severely reduced (~30% of the control amplitude, in aver-
age) in patients with DMD Down 30, emphasizing the role
that Dp260 plays in the rod to rod-bipolar cell synapse. In
addition, the reduced b-wave with preserved a-wave of the
3.0 cd.s/m? flash (electronegative) ERG, as found in several
conditions affecting the synapses between photoreceptors
and bipolar cells**=> confirms this notion. The correlation
between ERG b-waves and psychophysical results does not
mean that the two parameters are causally linked. However,
they may be indirectly linked by sharing a cause, even if
they are driven by two completely different mechanisms.
The dysfunctional synapse of the rods to rod bipolar cells
possibly underlies the alteration in the rod driven ERG and
psychophysical pathways.
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The dark-adapted ERG a-wave to standard flash depends
on photoreceptor as well as post-receptoral integrity.>°~>® A
strong flash (10 cd.s/m? and above) allows enhancing a-
waves reflecting photoreceptor function,”® because at this
flash strength the a-wave reflect rod sensitivity, not depend-
ing so much on post-receptoral interactions.”’ Patients with
DMD Down 30 showed delayed a-wave peak in response to
the dark-adapted 10 cd.s/m? flash ERG, which may be due
to a delay in the impaired b-wave in these patients. Thus, the
photoreceptoral function is presumably unaffected. Reduced
dark-adapted OPs in patients with DMD Down 30 may
reflect inner retinal disturbances®°! or a consequence of the
outer retinal (photoreceptor to bipolar cells) defects influ-
encing inner retinal activation and, therefore, resulting in
b-wave and OP alteration, respectively. Moreover, decreased
OPs may have altered the bifid a-wave waveform in patients
with DMD Down 30.

Primate light-adapted (photopic or cone) ERG reflects
cone integrity and function of the post-receptoral (on-
bipolar, off-bipolar, and horizontal cells) neurons.®? Patients
with DMD showed normal to slightly enhanced light-
adapted ERG a-wave amplitudes with normal implicit
times, as previously described.!”-?4-2° Slightly delayed light-
adapted ERG b-waves were found in patients with DMD
as it has been previously reported.!” It may reflect the
unbalanced post-receptoral on-bipolar and off-bipolar cells’
function in photopic conditions,®® as previously reported
in patients with DMD,'®%7 possibly due to the slow activa-
tion of the on-bipolar cells.** We hypothesize that relatively
preserved photopic ERG responses in patients with DMD are
due to the retinal mechanism (Off or hyperpolarizing bipo-
lar cells) of the cone system compensating on-dysfunction
and, therefore, resulting in close to normal light-adapted
ERG responses.

The present data showed that DMD gene alter-
ations presumably affecting the expression of the retinal
dystrophin protein Dp260 (patients with DMD Down 30)
is associated with preserved dark-adapted cone thresholds
and elevated dark-adapted rod thresholds without symp-
toms of nyctalopia or bradyopsia. As reported by Bijveld et
al., patients with the incomplete type of congenital station-
ary night blindness (iCSNB or CSNB2) display minimal or
no symptoms of night vision disturbances despite their rod
thresholds being elevated. The authors argued that visual
symptoms may not be perceived by the patients because
vision is disturbed only in very dark circumstances that are
usually not experienced in modern daily routine.®> It may
also explain why patients with DMD do not complain about
their night vision.?®

Interestingly, unaffected dark-adapted visual sensitivity
recovery after photobleaching has been reported in patients
with DMD with altered ERGs.2"*! In the first study show-
ing dark-adapted thresholds in patients with DMD, a few
subjects were tested and only three patients displayed the
characteristic negative ERG. In the second study,?! eight boys
with genetic alteration downstream exon 44 presumably
affecting Dp427 and Dp260 showed normal dark-adaptation,
but patients with BMD, displaying milder phenotype than
patients with DMD due to the ability of the DMD gene to
produce some functional dystrophin protein, were included
in the study.

The discrepancy between our results and previously
reported results® 4! may be partially because of method-
ological differences to record dark-adapted thresholds. We
measured dark-adapted cone (625 nm light) and rod (527 nm
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light) thresholds separately, whereas the dark-adaptation
thresholds to presumably white light has been previously
measured. Alternatively or in addition, only patients with
genetically characterized DMD have been examined in the
present study, whereas, previously, either patients with DMD
without genetic information*' or pooled patients with DMD
and patients with BMD?! were studied.

We recognize that our protocol to measure dark-adapted
cone and rod thresholds is a short (adapted) version of
the original (~40 minutes) protocol that we have devel-
oped as an attempt to make the examination tolerable by
the young patients and controls studied here.> Moreover, a
larger population could be evaluated to provide more reli-
able statistical analysis. Future investigations could consider
evaluating a large group of patients with DMD measuring
final rod thresholds after long dark-adapted intervals, as in
our protocols it was limited to approximately 20 minutes of
dark adaptation, the same adaptation time used to measure
the ERG b-wave to weak flash. However, we believe that
a longer protocol would not change the sensitivity level
arrived at 20 minutes of dark adaptation, at least with the
bleaching strength we used. We found the thresholds to be
stable at the end of the second protocol (mean slope of linear
regression at the last 4 minutes of the second series: controls
= —0.0002 + 0.0006; DMD Up 30 = —0.0004 =+ 0.0023; and
DMD Down 30 = 0.003 £ 0.002).

Regarding DMD causing asymmetric cone versus rod
system dysfunction, we hypothesize that either compen-
satory functional mechanisms of the retina, perhaps
provided by off-bipolar cells spared in patients with
DMD,'®37 or alternative retinal mechanisms for regener-
ating cone visual pigments® would guarantee relatively
preserved light-adapted ERGs and normal dark-adapted
cone thresholds.

CONCLUSIONS

Although the knowledge about affected versus preserved
neural processes in the DMD retina contributes substan-
tially to understand the pathophysiology of this retinal
disease, ERG changes are not necessarily associated with
detectable visual losses. For instance, severe dark-adapted
and slight light-adapted ERG alterations caused by DMD
gene mutations are not related to any obvious visual symp-
tom. However, red-green color vision impairment*® and
contrast sensitivity losses®’-*° revealed that the cone pathway
is affected in patients with DMD. In addition, we have now
reported that rod sensitivity is also affected and, moreover,
it correlates with the severe dark-adapted (scotopic or rod
driven) ERG deficits, which is the classic nonmuscular sign
of DMD. Dark-adapted rod threshold could be used to evalu-
ate the efficacy of future treatments to rescue the expression
of dystrophin proteins in the CNS.
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