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PURPOSE. The dystrophin mouse mutant mdx3Cv exhibits scotopic electroretinograpic (ERG)
abnormalities, which resemble clinical changes observed in Duchenne muscular dystrophy
(DMD) patients. In the present study, ERGs obtained from mdx3Cv and their wild-type
littermates under scotopic, mesopic, and photopic conditions were analyzed to provide
further insight on the affected retinal pathways, and to compare them with human data.
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RESULTS. The mdx3Cv mice exhibited diminished and delayed scotopic and photopic ERGs,
particularly in their b-wave and oscillatory potentials. Interestingly, homologues to the a- and
b-wave of the mesopic ON-response were affected in their peak/trough times but not in their
amplitude, whereas changes to both features were uncovered for photopic ON-response and
sinusoidal flicker. Mesopic and photopic OFF-components were within the norm.
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METHODS. Electroretinograms of mdx3Cv (n ¼ 9) and age-matched C57BL/6J mice (n ¼ 10)
included the scotopic full-field flash (for outer retinal deficits in rod pathway), scotopic
threshold response (for inner retinal integrity), photopic flash, sinusoidal flicker (for outer
retinal deficits in cone pathway), mesopic rapid-on/-off sawtooth flicker, and photopic longduration flash measurements (for separate ON-/OFF-responses under different conditions).

CONCLUSIONS. Abnormal scotopic and photopic flash ERGs were observed in mdx3Cv, which
corroborate with deficits that are likely restricted to the level of photoreceptor-to-bipolar cell
transmission. Further overlaps between mdx3Cv mice and DMD patients exist, including
asymmetrical ON versus OFF ERG alterations under mesopic versus photopic vision. In mice,
ON-pathway function is compromised, whereas the OFF-pathway is spared.
Keywords: Duchenne muscular dystrophy, dystrophin, electrophysiology, mouse model

D

ystrophin is a 427-kDa protein (Dp427), in which nonsense
mutations in its gene (dmd) can cause Duchenne muscular
dystrophy (DMD), a lethal, X-linked recessive muscle degenerative disease that primarily affects male children.1 Shorter gene
products of the protein, also transcribed by dmd, are present in
different tissues.2 The retina, for example, is a tissue where
extensive expressions of the dystrophin proteins occur. Besides
Dp260, the predominant retinal gene products of dystrophin
found in the outer plexiform layer (OPL),3 the full protein
Dp427, and shorter DMD gene products Dp140 and Dp71 are
also found at various locations in the retina (reviewed in Ref. 4).
Mouse strains lacking single or multiple dystrophin gene
products have provided different models to study the
mechanisms underlying electroretinographic (ERG) abnormal-

ities in DMD patients.5 Varying degrees of retinal dysfunction
are associated with different dmd mutations.6 Dp71, for
example, is found around retinal blood vessels, at astrocyte
perivascular processes, and at Müller cell endfeet in mice.7–9 Its
absence (i.e., in Dp71-null mice), however, is associated with
only a mild but significant reduction in the scotopic b-wave in
mice when assessed with the ERG,10,11 probably due to
functional compensation by dystrophin-related proteins (e.g.,
utrophin).7,8,12,13 In contrast, the simultaneous absence of
Dp71, the full-length Dp427, and smaller dystrophin gene
products (i.e., Dp260 and 140) in the Dmdmdx-3Cv (a.k.a.
mdx3Cv) mouse, results in markedly smaller (‡40%) and
delayed (~20-ms) scotopic ERG b-waves and oscillatory
potentials (OPs).14,15 These more severe functional manifesta-
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tions are characteristic of ~80% of DMD patients, who exhibit
dmd mutations in the central region or in the 3 0 end of the
gene.5,16 In comparison to other mdx strains (mdx, mdx2Cv,
mdx4Cv, and mdx5Cv),17 mdx3Cv is currently the only mouse
model that exhibits statistically smaller and slower scotopic bwave and OPs comparable to the ERG phenotype of DMD
patients. As such, the mdx3Cv mouse has been touted to be an
important model for understanding retinal anomalies in the
human disease.
In addition to these pivotal in vivo studies by Pillers’
group,6,17 an in vitro transretinal ERG examination of the
mdx3Cv retina has since revealed a hypersensitivity of the rod
ON-bipolar cell–driven b-wave to 2-amino-4-phosphonobutyrate (APB), a metabotropic glutamate receptor (mGluR6)
antagonist.18 The authors suggest that this phenomenon
reflects malfunction(s) along the (rod) photoreceptor to rod
bipolar cell synapse that are of the ON-type. In that respect,
Green et al.18 proposed hypothetical scenarios involving
presynaptic changes (e.g., to rod photoreceptor glutamate
release) and/or postsynaptic ON-bipolar cell changes (e.g., to
binding mechanisms, concentration of indigenous glutamate,
affinity and release rate of the postsynaptic binding site, and
other modulatory proteins that respond to glutamate release)
that could result in the b-wave amplitude and timing
manifestations. However, since the effect of APB on photopic
ERGs was not examined in these mice, it is unknown if the
abnormal ON hypersensitivity is localized to the rod-mediated
pathway.
Photopic ON/OFF ERG studies in patients and female
carriers (i.e., long-flash ERGs,19–21 sawtooth flicker ERGs, and
psychophysical contrast sensitivity measurements22) give
reason to suspect that the cone ON-pathway is also selectively
altered. Interestingly, however, dysfunctions in both ON- and
OFF-responses were revealed under mesopic conditions.22 In
the mdx3Cv mouse, whether ON- and OFF-responses are
differentially affected (e.g., Green et al.18 examined only with
an ON-pathway blocker18) and what role the state of
adaptation plays have yet to be determined.
It is the purpose of the present study to compare scotopic,
mesopic, and photopic ERGs using various stimulus modalities
that allow the comparison of rod- and mixed rod/cone- versus
cone-mediated responses; ON- versus OFF-mediated mechanisms; and outer versus inner retinal processing in wild-type
and mdx3Cv mice. This will provide further insights into the
fundamental pathogenetic mechanisms that underlie retinal
changes in DMD, as well as reveal whether further parallels
exist between the mdx3Cv mouse model and DMD in humans.

METHODS
Animals
All animal experiments were performed in accordance with
animal care guidelines established in the ARVO Statement for
the Use of Animals in Ophthalmic and Vision Research and by
the Society for Neuroscience. Ethics clearance from the local
animal welfare authorities (Regierungspräsidium Mittelfranken,
Ansbach, Germany) was also obtained.
Experiments were conducted on 9 male mdx3Cv mice
(short: DMD strain; age [mean 6 SD]: 12.01 6 1.20 months)
and 10 male wild-type C57BL/6 (WT; age: 11.36 6 0.32
months) control littermates (all 30–40 g). Age-matched
controls were used to rule out any age-related changes,
although muscle-23 and scotopic ERG–related dystrophic
phenotypes of younger mice of the same type (Pillers DA, oral
communication, 2016) are still unchanged at this age. They
were sourced from the Centre de Développement des
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Technologies Avancées (CDTA, Orléans, France) and transported to the Animal Physiology Department of the University of
Erlangen-Nürnberg (Erlangen, Germany) 2 weeks early to
acclimatize before undergoing measurements. Housing conditions adhered to the standard 12-hour light/dark cycle with
water and mouse chow available ad libitum. Details regarding
the generation of this mdx3Cv mouse strain can be found
elsewhere.14,24
Animals underwent overnight dark adaptation prior to
testing. All further handling, preparation, and electrode
placement (see below) were performed under deep red
illumination to maintain retinal sensitivity. To maintain the
body temperature during anesthesia, the animal was mounted
on a water-heated platform.

In Vivo Electrophysiology
The procedure for conducting ERGs on mice has been
described previously.25,26 In short, mice were sedated with a
single intramuscular injection of 50:10 mg/kg ketamine:xylazine (Ketavet; Pfizer [Berlin, Germany]; Rompun 2%; Bayer
[Leverkusen, Germany], respectively), and a subcutaneous
injection of saline solution (10 mL/kg, 0.9%) was given to
protect them from dehydration while anesthetized. Pupils
were fully dilated using tropicamide (Mydriaticum Stulln, 5 mg/
mL; Pharma Stulln GmbH, Stulln, Germany) and phenylephrinhydrochloride (Neosynephrin POS 5%; Ursapharm, Saarbrücken, Germany) eye drops (1 gutta [gtt] of each). Electroretinogram electrodes consisted of active contact lens electrodes
(Mayo Corporation, Inazawa, Japan) positioned on the cornea
with Corneregel (Dr. Mann Pharma, Berlin, Germany), with
reference and ground needle electrodes inserted subcutaneously, medial to both ears and at the base of the tail.
Full-field ERGs (ffERGs) were recorded binocularly to a
repertoire of stimuli for a detailed assessment of retinal
function. Stimuli were delivered via a Ganzfeld Bowl (Roland
Consult Q450SC, Brandenburg, Germany) containing six
differently colored light-emitting diode (LED) arrays. The
RetiPort system (Roland Consult) was used to control
stimulation and data collection. All signals were amplified
100,000 times, band-pass filtered between 1 and 300 Hz, and
digitized at a rate of 1024 (flicker) or 2048 Hz (flash). Table 1
shows the settings of the different full-field stimulus types
performed on each animal. There were six protocols in total,
which were given in order of increasing mean luminance to
minimize adaptation time, until the animal woke from the
single dose of anesthesia. On completion of the experiment,
mice were killed on the same day by cervical dislocation under
deep isoflurane-induced anesthesia for tissue harvest.
Briefly, in the first protocol, dim flashes of the red LED
(kmax ¼ 639 nm, International Commission on Illumination
[CIE] 1931 color coordinates: x ¼ 0.70, y ¼ 0.30) were
presented to acquire the scotopic threshold response (STR)
that reflects contributions of ganglion cells and other inner
retinal components.27 Here, 40 to 60 sweeps presented every 2
seconds (i.e., Table 1; interstimulus interval, ISI) were averaged
online for every response, due to the lower signal-to-noise
(SNR) ratio of dim threshold signals. A 2-second recovery time
(RT) was allowed between each STR stimulus step. In the
remaining five paradigms only the white LEDs (CIE 1931 color
space: x ¼ 0.36, y ¼ 0.40) were used.
Second, a scotopic flash ERG protocol followed to assess
rod- and mixed rod-cone–mediated function. Here, the number
of repeats for a robust scotopic signal decreased with
increasing flash strength (Table 1; sweeps). Similarly, both
the RT and ISI were progressively lengthened in accordance
with increasing flash strength26 to allow complete recovery of
the rod b-wave amplitude.
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TABLE 1. ERG Recording Protocol
Flash Strength

Protocol

Background
or Mean Luminance,
phot cd/m2

scot cd.s/m2
(log cd.s/m2)

phot cd.s/m2
(log cd.s/m2)

RT*, s

ISI†, s

Temporal
Frequency,
Hz

Sweeps

Scotopic
(1) STR

Dark

(2) Short-flash

8
2.5
8
3.7
3.7

3 106
3 105
3 105
3 104
3 103
0.037
0.37
3.7

(5.10)‡
(4.60)‡
(4.10)‡
(3.43)
(2.43)
(1.43)
(0.43)
(0.57)

2 3 104
6.3 3 104
0.002
2 3 104
0.002
0.02
0.2
2

(3.70)
(3.20)
(2.70)
(3.70)
(2.70)
(1.70)
(0.70)
(0.30)

2

2

40–60

10
30
30
60
120

1
2
5
10
20

12
10
8
8
4

Mesopic (3)
Rapid-ON sawteeth
Rapid-OFF sawteeth

1

2

4

20–40

Photopic
(4) Short-flash
(5) Sinusoidal flicker

25
60

3.70 (0.57)

(6) Long-flash, 200 ms

60

185 (2.27)

2 (0.30)

100 (2.00)

2
2

1
3
4
6
8
12
14
18
22
26
30
2

20
20–40

10

* RT, the interval allowed for rod recovery after each stimulus condition before the commencement of the next, brighter step.
† ISI, the time between repeated flashes (i.e., flash sweeps) for a given stimulus condition for short- and long-duration flash ERG protocols.
‡ Red scot cd.s/m2, all others for white.

The third protocol involved luminance modulation with
sawtooth temporal profiles at 4 Hz: ‘‘rapid-on’’ for incremental
(ON-) and ‘‘rapid-off’’ for decremental (OFF-) responses22,28
under mesopic conditions (preadapted to 1 phot cd/m2 mean
luminance for 5 minutes, 100% temporal luminance contrast).
This allowed us to obtain separate ON- and OFF-driven
responses, as the total response times were prolonged relative
to photopic conditions (see protocol 629–32). Averages of 20 to
40 episodes of 1 second each were obtained. Moreover, signals
from the first two stimulus cycles (i.e., 2 seconds after stimulus
onset) were discarded to avoid onset artifacts.
The fourth protocol examined cone-dominant function with
the photopic flash ERG (preadapted to 25 cd/m2 light
background for 5 minutes). Here, 20 flashes were given every
second for an average.
In protocol 5, flicker ERGs were measured to sinusoidal
luminance modulation around the mean luminance of 60 phot
cd/m2 at 10 different temporal frequencies (3–30 Hz, 100%
contrast, presented in a randomized fashion). Averages of 20 to
40 episodes were obtained, each lasting 1 second. As with the
sawtooth stimuli, the first two episodes were discarded.
Finally, sixth, a 200-ms long-duration flash of 100 cd.s/m2
was presented under photopic conditions to obtain a
reflection of cone-driven ON- and OFF-activity. Under the
photopic condition, a flash was sufficient to obtain separate
ON- and OFF-responses within the limited time that was
available to complete all measurements. The time after flash
offset till the next repeat was 1.8 seconds.
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Signal Analysis
Electroretinogram components were extrapolated offline by
peak/trough detection before and/or after digital filtering in
custom-written Matlab (1994–2010; The Mathworks, Inc.,
Ismaning, Germany) routines and Excel spreadsheets (Microsoft Office 2010; Microsoft Corporation, Redmond, WA, USA).
Details regarding the extraction and analysis of major
components have been published previously: flash ERGs,2
flash OPs,33 sawtooth flicker ERG,34 sinusoidal flicker ERG.35
Briefly, (1) the STR was defined as the positive (pSTR) peak
to negative (nSTR) trough (at approximately 120 and 220 ms
after stimulus onset, respectively). (2) In the scotopic flash
ERG, the a-wave was defined as the difference between
baseline and the minimum within 50 ms post stimulus onset,
and the b-wave was the difference between the a-wave
minimum and the b-wave maximum after digital removal of
OPs in the Fourier frequency domain from the leading
ascending limb with a square, 50- to 300-Hz band-pass filter.
Isolated OPs (i.e., filtered signals after inverse Fourier
transform back to the time domain) were measured as trough
to peak of wavelets OP2 to OP4, with OP3 being of the largest
amplitude. The peak and trough times of each of the
aforementioned components were also calculated from onset
of the stimulus. A 30- and 16-ms prestimulus epoch was
recorded for the STR and scotopic flash ERGs, respectively,
which allowed for offline baseline measurement.
(3) For sawtooth ERGs, baseline was defined as the average
of the first 5 ms of each response after the rapid luminance
change. The first troughs (i.e., N1 of the ON- and OFF-
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FIGURE 1. Comparison of the DMD mutation on the STR. (A) Average DMD (bold traces, n ¼ 8) and WT (thin traces, n ¼ 8) waveforms elicited by
red, dim threshold LED flashes (shown left of traces; see Table 1 for conversion to other units) under dark-adapted conditions. The nomenclature of
key components analyzed (pSTR, nSTR) that make up the STR, and zero reference (horizontal dotted) lines are provided. (B) Grouped parameter
amplitude (lV, left, mean 6 SD) and peak/trough time values (ms, right) of key components are given as a function of flash intensity (log scot cd.s/
m2) for WT (unfilled symbols) and DMD mice (filled symbols).

responses; NON and NOFF) were taken from baseline, with
subsequent component amplitudes (PON, LNON, POFF) calculated as ‘‘peak to peak’’ from the preceding peak trough. The
sawtooth waveforms were additionally low pass filtered at 40
Hz to remove mains noise before the extraction of parameters.
This is the first study, to our knowledge, to record sawtooth
flicker ERG in the mouse; thus the nomenclature defined for
the human response34 was adopted. A feature in the human
rapid-off sawtooth response that is not apparent in the mouse
sawtooth ERG, however, is the presence of an initial positivity
homologue to the d-wave.36 Possibly, the POFF is a homologue
of a late component because it has a similar peak/trough time
as the LNON (see Results). However, this component is a
positive deflection. Thus, mesopic measures of the inner
retinal integrity were possibly achieved in this study by
measuring the LNON and the POFF. All peak/trough times were
defined as the time between stimulus onset and the minimum/
maximum components.
(4) In the photopic short-flash ERG, only the b-wave was
considered, as both the photopic a-wave and the photopic
negative response (PhNR) were insignificant (<5 lV).37,38 As
with the scotopic ERG, there was also a 16-ms prestimulus
epoch for establishing baseline.
(5) Steady-state flicker ERGs underwent Fourier analysis to
isolate the first harmonic component and phase. Noise level
was defined as the mean amplitude at frequencies 6 1 Hz of
the stimulus frequency. This was subtracted from each raw
amplitude to provide the final noise-corrected values. The first
harmonic amplitudes and timing values were accepted for
analysis only if the SNR was larger than two. Although timing
values of such ‘‘close to zero’’ amplitudes are indeed noninformative, we acknowledge that discarding the very small
amplitudes themselves may introduce a bias toward large
amplitudes. This, however, was probably negligible as it
occurred for the same number of WT and DMD 3- and 4-Hz
datasets.
(6) In the photopic long-flash signal, a robust a-wave is
evident (in comparison to the short-flash signal in this study),
which allowed cone photoreceptor and OFF-bipolar cell
integrity to be assessed.39 Following this component is the
PON (probably homologue to the b-wave), which reflects the
ON-response. As in the measurements with the mesopic
sawtooth stimuli, we confirm previous observations that
stimulus offsets do not elicit a d-wave in the mouse.36 Instead,
the OFF-response was measured as the negative deflection
(called NOFF) approximately 150 ms after stimulus offset,
measured from the second baseline (after stimulus offset). The
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peak time of the a-wave and PON was measured from stimulus
onset, whereas NOFF was measured from the offset of the
stimulus.
Data representation graphics were generated with Sigmaplot (v12.3; Systat Software, Inc., Erkrath, Germany) and
Matlab.

Statistics
Comparisons of DMD and WT components were carried out in
Excel (Microsoft Office 2010) and Prism (Prism v5.00; GraphPad Software, Inc., San Diego, CA, USA). Since all experimental
data exhibited Gaussian distributions (Komogorov-Smirnov
normality test, P < 0.01, Prism), parametric statistics such as
Student’s t-test (2-tailed, unpaired) were employed to test the
significance of differences between single WT and DMD
parameters (i.e., photopic flash ERG and sawtooth flicker
ERG). Two-way repeated measures (RM)-ANOVA (ERG versus
strain and intensity) were adopted to evaluate datasets across a
series of flash strengths (for scotopic flash ERG and STR
measurements) or temporal frequencies (sinusoidal flicker
ERG). The a value was 0.05, except for multiple comparisons,
where it was adjusted to 0.01 to protect against Type I errors.
When ANOVA revealed a significant interaction between strain
and intensity or temporal frequency, Bonferroni post hoc tests
were used to evaluate amplitude and/or phase differences
among individual intensities or frequencies.
Additionally, response phases as a function of temporal
frequency were modeled with a linear regression (y ¼ y0þax),
as described by Kremers and Scholl.40 The parameter a, which
describes the slope (i.e., a measure of phase change with
frequency in 8/Hz), then allowed the phase relationships
between the two mouse strains to be compared with 1-way
ANOVA (Prism; i.e., set up with mean ¼ a, SEM ¼ SD of a, N ¼
dFþ1). This is equivalent to conducting an analysis of
covariance (ANCOVA) for comparing linear regressions.

RESULTS
Scotopic Threshold Responses
Figure 1A displays STR-like waveforms elicited with red flashes
dimmer than 4.10 log scot cd.s/m2 after averaging the
responses obtained from all animals. They were made up of a
pSTR followed by a slower nSTR for WT mice (Fig. 1A, thin
traces). Comparisons with STRs recorded from DMD mice (Fig.
1A, bold traces) indicate somewhat smaller and slower
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FIGURE 2. Comparison of scotopic and photopic flash ERG waveforms between DMD and WT mice. (A) Average DMD (bold traces, n ¼ 5–9) and
WT (thin traces, n ¼ 5–10) waveforms elicited by intermediate to moderately bright white scotopic (top) and a single photopic flash (bottom). Flash
intensities are shown to the left of traces, and nomenclature of key components analyzed (a-wave, b-wave, isolated scotopic OPs 2–4) is provided.
Representative OPs isolated from the top flash strength (0.3 log cd.s/m2) are shown to the right of the corresponding scotopic ERG. Zero references
(horizontal dotted) lines are provided for select responses to aid comparisons. (B) Grouped parameter amplitude (lV, left, mean 6 SD) and peak/
trough time values (ms, right) of key components are given as a function of flash strength (log phot cd.s/m2) for WT (unfilled symbols) and DMD
mice (filled symbols). Photopic b-wave (square symbols) amplitude and peak time plots are overlaid in the scotopic b-wave image (circular
symbols, offset right and left of 0.3 log cd.s/m2, respectively), and only OP3 is plotted as a representative of OP changes. See Figure 3D for photopic
a-wave comparisons. Note that parameters are shown only at relevant intensities, and those that are significantly different between WT and DMD
groups are marked with an asterisk.

waveforms. However, when their respective parameters (mean
6 SD; DMD, filled symbols versus WT, unfilled symbols) were
plotted as a function of stimulus intensity (Fig. 1B), parameter
differences between DMD and WT animals did not reach
significance (amplitude: approximately 32%, 2-way RMANOVA; P ¼ 0.84, peak/trough times: pSTR þ28 and nSTR
þ50 ms at 4.10 log scot cd.s/m2, both P ¼ 0.02).

Flash ERGs
Figure 2A shows averaged dark- (top) and light-adapted flash
ERG responses (bottom) from WT (thin traces) and DMD (bold
traces) mice. Responses from both groups grew with
increasing scotopic flash intensity. White light flashes of
3.70 log phot cd.s/m2 and brighter elicited conventional
rod-driven ERGs. The positive potential, known as the ONbipolar cell–mediated b-wave, dominated (with time to peak
decreasing from ~100 to 70 ms with increasing intensities)
until high-frequency OPs on its ascending limb (between 44
and 80 ms) and a preceding a-wave negativity intruded from
1.70 log phot cd.s/m2 (22–13 ms). The a-wave and OPs allow
the assessment of photoreceptoral and inner retinal feedback
functions, respectively.33,41 Under light-adapted conditions, a
photopic ERG mainly composed of a positive b-wave (at
approximately 40 ms) was elicited to a moderate 2 phot cd.s/
m2 flash.38,39,42 Other photopic components of the short-flash
ERG were not considered at this setting (see Methods).
Analysis of the photopic a-wave in this section was assessed
from the photopic long-flash ERG (Figs. 3C, 3D) rather than the
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short-flash response (Figs. 2A, 2B) because the brighter long
flash used (100 vs. 0.3 cd/m2 here) evoked a larger a-wave
component. This allowed the contributions from both cone
photoreceptors and OFF-bipolar cells to be examined.39
Inspection of DMD waveforms (bold traces) superimposed
on those of WT (thin traces) showed that the scotopic OPs,
scotopic b-wave, and, minimally, the photopic b-wave may
exhibit reduced amplitudes. Particularly in the scotopic signals,
larger a-wave components were revealed with the reduction of
the b-waves. The initial a-wave slopes appear, however,
unchanged, reflecting the likelihood of normal phototransduction. Timing alterations were also evident in DMD responses
elicited under scotopic conditions.
Figure 2B demonstrates the relationship between stimulus
intensity and WT (unfilled symbols) and DMD (filled symbols,
mean 6 SD) ERG amplitude (left) and timing (right). Parameter
comparisons revealed an appreciably larger and prolonged
scotopic a-wave in DMD mice (circular symbols in upper plots;
approximately þ37% and þ16 ms, both P < 0.01). The change
in both a-wave features was, however, significant only at 0.70
log phot cd.s/m2, and not to brighter or dimmer flashes. A
similarly supernormal and later a-wave was also noted in the
photopic (long-flash) ERG response (þ40% and þ9 ms; Figs. 3C,
3D); however, given its much smaller SNR, only the timing
change reached significance (photopic a-wave amplitude D: ttest P ¼ 0.09, and trough time D: P ¼ 0.03).
Significantly smaller and slower (to peak) scotopic b-waves
(up to 33% and þ25 ms relative to WT; middle left plot), OPs
(OP2: 27%, OP3: 41%, OP4: 39%, and OP3 by up to
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FIGURE 3. Comparison of ON- and OFF-mediated ERG components. (A) Mesopic ON-/OFF-components are elicited independently by periodic
sawtooth stimuli. Shown are 250-ms epochs of average DMD (bold, n ¼ 7) and WT mice (thin, n ¼ 10) traces to one period of stimulation. In
comparison, (C) photopic ON- and OFF-components were elicited consecutively to a bright (100 cd.s/m2), long (200-ms) flash (DMD, bold trace, n
¼ 9; WT, thin trace, n ¼ 6). Key nomenclature includes NON, PON , and LNON for mesopic ON; NOFF and POFF for mesopic OFF; and a-wave, PON, and
NOFF for photopic ON and OFF ERGs. Zero reference (horizontal dotted) lines are provided to aid comparisons. Average (6SD) amplitude (left) and
peak/trough time parameters (right) of mesopic and photopic ON/OFF ERGs from WT (unfilled symbols) and DMD mice (filled symbols) are
shown in (B, D), respectively. Components that are significantly different between WT and DMD groups are marked with an asterisk.

approximately þ13 ms; lower left plot only data for OP3 are
displayed), and the photopic b-wave (square symbols in the
middle left plot, approximately 28% and þ11 ms), on the
other hand, were confirmed across the full intensity range
measured in the DMD group (scotopic: 2-way RM-ANOVAs P <
0.01; photopic: P ‡ 0.02). Of note is that the peak/trough time
changes in both scotopic a- and b-waves generally decreased
with increasing flash intensity.

ON-OFF ERGs
In Figure 3A, the averaged ERGs to periodic sawtooth flicker
stimulation are shown, which evoked separate onset (ON-) and
offset (OFF-) responses. The mouse mesopic ON-response
presented here is similar to the human response.22,43 It is
composed of a very small first negative trough (NON), a positive
peak (PON ~69 ms post onset), and a late negativity (LNON
~187 ms). The mesopic OFF-response in comparison has an
initial slow negativity that reaches a maximum of approximately 85 ms after stimulus onset (NOFF). This is followed by a
peak (POFF) that is slower and later than the photopic (~182
ms). Moreover, mouse mesopic ON- and OFF-responses appear
to be mirror images of one another in terms of peak/trough
times (PON » NOFF and LNON » POFF). As mentioned above, the
mirror imaged components may have similar cellular origins.
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Some differences between WT (thin traces) and DMD
mesopic ON-/OFF-responses (bold traces) are evident. Group
data shown in Figure 3B indicate that both NON and PON
amplitudes (left) are similar in size in DMD and WT mice (P ¼
0.15 and 0.86, respectively), but reach their respective maxima
approximately 16 and 25 ms later in DMD mice (filled symbols;
both P < 0.01, Fig. 3B; right). In contrast, LNON of the mesopic
ERGs were similar in amplitude and time (P ¼ 0.97 and 0.13,
respectively). Likewise, differences between DMD and WT
mesopic NOFF and POFF responses did not reach significance
(amplitude: P ¼ 0.14 and 0.12, peak/trough time: P ¼ 0.09 and
0.18, respectively).
At photopic luminance levels, Figure 3C presents an a-wave
(discussed above in the Flash ERGs section), followed by an
ON- (PON) and subsequent OFF-components (NOFF) evoked
from a bright, long-duration flash. Here, ON-/OFF-responses
are not completely dissociated as for corresponding mesopic
signals (Fig. 3A), but are consecutively evoked components on
the one waveform. Furthermore, the flash time was long
enough to separate ON- and OFF-responses. Parameter
summaries (Fig. 3D) reveal that the photopic P ON is
significantly smaller (approximately 41%, P ¼ 0.04) and
slower (approximately þ14 ms, P ¼ 0.02) in DMD. In contrast,
relatively smaller differences in photopic NOFF between the
two groups did not reach significance (amplitude approximately 26%: P ¼ 0.21, trough time approximately 27 ms: P ¼
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FIGURE 4. Comparison of flicker ERGs. Average ERG (A) waveforms from DMD (bold traces, n ¼ 9) and WT mice (thin traces, n ¼ 10). Traces show
the first 500-ms sections of the 1-second flicker response. Temporal frequencies of the flicker stimuli used to elicit these signals (left side of traces)
were presented with mean luminance of 60 cd/m2 at 100% contrast. (B) Comparison of flicker ERG amplitude (top, lV) and phase (bottom,
degrees) parameters (mean 6 SD) is presented as a function of stimulus frequency. DMD, filled symbols; WT, unfilled symbols; significant
difference between WT and DMD, asterisk.

0.12). Taken together, the temporal course of both the mesopic
and photopic ON-response is slower in DMD mice, whereas its
amplitude is additionally reduced under the photopic condition. OFF-responses, on the other hand, remain largely
unchanged regardless of mean luminance.

Sinusoidal Flicker ERGs
When flicker stimuli were used to examine the integrity of
postreceptoral processing, DMD waveforms (Fig. 4A, bold
traces) showed similar trends as WT responses (thin traces) in
response to our repertoire of temporal frequencies (3–30 Hz,
bottom to top, indicated at left). At first glance, flicker
responses from DMD mice appear smaller in size than those
of WT, with no apparent shift in phase across the frequency
range. Smaller fundamental amplitudes of DMD signals (filled
symbols) in comparison to WT signals (unfilled symbols) were
confirmed (approximately 45%, 2-way RM-ANOVA P < 0.01)
in Figure 4B frequency–response profiles (top). In fact, post
hoc analysis revealed that responses to sinusoidal flickers of
lower temporal frequencies were particularly affected in DMD
mice (strain*frequency, P < 0.01 for 3, 6, and 8 Hz). Despite
this, phase behaviors of the two groups exhibited comparable
linear frequency–phase relationships (P ¼ 0.74, both r2 > 0.96)
except at 26 and 30 Hz (strain*frequency, P ¼ 0.01). Both
relationships had slopes of approximately 168/Hz corresponding to apparent latencies of approximately 44 ms (P ¼ 0.98).

DISCUSSION
We employed an extensive ERG repertoire to further the
functional evaluation of retinal health in the mdx3Cv mouse.
Currently, this genotype is still considered the most representative animal model of the retinal changes in DMD patients
with mutations downstream of exon 30.6 In addition to the
characteristic smaller and slower b-wave to a bright, white,
scotopic flash indicating rod ON-bipolar cell–related dysfunction, an ERG phenotype not pathognomonic for DMD,19,44 we
recognize that mechanisms associated with cone ON-bipolar
cell neurotransmission are also affected in the mdx3Cv mouse .
This sits well with the fact that both cone-dominant Dp427 and
rod-dominant Dp260 are affected in the mdx3Cv mice.4
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However, because the standard flash b-wave also contains
some contributions from the OFF-subnetwork, separate ONand OFF-only activity were additionally assessed. Here we
attempt to tie together the similarities and differences in ERG
features from the current DMD model and humans (summarized in Table 2). We would like to point out that the changes
reported below are due to the genetic differences between the
different mouse groups (i.e., are a part of the DMD disease), as
age-matched WT mice were used to control for any age-related
influences.

Rod-Mediated Function in mdx3Cv
As mentioned above, the scotopic short-flash ERG has been
recorded routinely to screen DMD patients15,20 and mice with
various deletions in the dystrophin gene.6,18,45 In the current
study, the expected reduction and delay of the rod-mediated
ON-bipolar cell b-wave in the mdx3Cv line were evident from
intermediate to bright flashes of 2.70 to 0.30 log phot cd.s/m2
(Fig. 2). It may be noted that our maximum scotopic b-wave
does not appear as ‘‘electronegative’’ as that reported in Pillers’
study6,17 (e.g., up to 33% vs. 59%), probably due to the
brighter flash used in their study (i.e., data presented for 0.8 vs.
0.3 log cd.s/m2 used here). However, the same qualitative
change is seen in the scotopic b-wave amplitude, and the peak
time was prolonged to the same degree (~25 ms).
Similarly, scotopic OPs were attenuated (approximately
41%) and delayed (þ13 ms) in the mdx3Cv group, as in
previous recordings from mice of this genotype. These changes
have also been consistently seen in DMD patients 16,46 (Table
2). The recent discovery of additional Dp427 mRNA closer to
the inner nuclear layer in mice (likely in OFF-bipolar and
amacrine cells4) may indicate its involvement in amacrine–
OFF-bipolar cell feedback interactions, touted to be the likely
generators of the OPs.47–50 Normal OPs in Dp71-null,10
mdx5Cv, and mdx mice (in which Dp427 is selectively knocked
out6), but not in strains additionally deficient for Dp260
(mdx2Cv – 4), suggest that both Dp427 and Dp260 are involved
in the generation of these oscillations (similar to the suggested
importance of both Dp260 and Dp71, rather than either one
alone, for a normal scotopic b-wave6,11).
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TABLE 2. Tabulated Overview of ERG Results From mdx3Cv Mice in the Current Study Compared to Published Results on DMD Patients
ERG

Retinal Component

STR

Inner retinal activity

Scotopic short flash

Rod-driven pathway

Photopic short flash

Cone-driven pathway

Mesopic sawtooth

Mixed rod/cone-driven
ON/OFF processing

Photopic sawtooth

Cone-driven ON/OFF
processing

Photopic long flash
Photopic sinusoidal
flicker

Cone-driven
postreceptoral
processing

mdx3Cv Mouse
Secondary effect on STR amplitude and
timing from upstream b-wave changes
Markedly smaller and slower b-wave
Markedly smaller and slower OPs
Supernormal and slower a-wave
Smaller b/a amplitude ratio
Smaller and slower b-wave (OPs not
analyzed)
Delayed NON and PON with normal
amplitudes
OFF-response within the norm
N/A

Smaller and slower ON-component
OFF-component within the norm
Smaller amplitudes to 6- to 8-Hz
flickers, with no phase change

DMD Patient
N/A
Electronegative and slower b-wave15,16,19,20,46
Markedly smaller and/or missing OPs15,16,20,46
Supernormal16,17,54 or unaffected a-wave46
Smaller b/a amplitude ratio16,17
Mildly smaller or nearly normal b-wave, with
missing OP25,16,19,20,46,61
Smaller positive peaks of ON- and OFF-response
amplitudes with no timing change22
Smaller positive peaks of ON-response
amplitude with no timing change22
OFF-response within the norm22
Smaller and slower ON-component
OFF-component within the norm19,20
Normal amplitudes to 30-Hz flicker, but a more
sawtooth-like profile15,20,46

N/A, not applicable.

As a result of the subnormal and slower appearance of the
scotopic b-wave–OP complex, the preceding rod a-wave
appeared supernormal and delayed. This feature has been
noted in both mdx3Cv mice and DMD patients alike6,16,18
(Table 2). As previously explained by Pillers et al.,6 it likely is a
secondary effect from lesser and delayed opposing b-wave
revealing the underlying ‘‘slow PIII,’’51–53 given identical awave slopes (hence, kinetics41). Not surprisingly, b/a amplitude ratios here were thus significantly smaller (1.3 vs. 2.5 in
WT; as seen in humans and mice17,54).
What to date has not been examined in the mdx3Cv strain is
the functional integrity of inner retinal neurons, in particular,
the retinal ganglion cells (RGCs). Based on previous observations in rat ffERGs55 a reduced input from upstream elements
(e.g., from photoreceptors or bipolar cells) should by default
result in at least the same proportion of reduced downstream
output (e.g., to bipolar or ganglion cells). As such, a secondary
effect of the DMD-induced b-wave reduction on the STR
response was anticipated. Indeed, STRs of mdx3Cv mice were
found to be reduced and delayed by a similar magnitude as the
scotopic b-wave (approximately 32%, þ28 ms). However,
these changes lacked significance (Fig. 1), possibly due to the
smaller SNR of the dim threshold response. Still, the nonsignificance of the STR changes also suggests that the
mislocalization (but normal membrane expression) of Kþ
channels in Müller cell endfeet as a result of altered Dp71
expression in mdx3Cv 7,11,56 may not have extinguished or
sufficiently impaired Müller cell control of retinal Kþ homeostasis.57 Otherwise, the STR would be halved, as seen in mice
lacking the principal inward rectifying Kir4.1 channels that
underlie Kþ buffering.58 Clinically normal pattern-reversal
visual evoked potentials (an indirect indicator of intact optic
nerve and RGC function59) in DMD patients46,60 are also
consistent with the notion that RGC activity is not directly
affected in the disease.

Cone-Mediated Function in mdx3Cv
Here, we report for the first time, a significant loss and
increased peak time of the cone-mediated b-wave in mdx3Cv
mice. In comparison to the above-mentioned rod changes, the
cone-mediated a-wave (in the long-flash ERG; Figs. 3C, 3D) also
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appeared supernormal, suggesting that the cone photoreceptors are also spared. The cone b-wave defect, however, was
somewhat milder than that of the rod b-wave (~5% less
reduced and 14 ms less delayed than rod-mediated b-waves).
That both rod and cone pathways are affected is not surprising,
since both Dp427 and Dp260 expression have been described
in mouse rod and cone photoreceptor terminals.4,9 Actually in
the mouse, a proportionally greater amount of Dp427 was
found in cone than in rod synapses. It is therefore interesting
that cone-mediated function was affected to a lesser extent
than rods. More studies would need to be conducted to
uncover the reason behind this bias. In DMD patients, a mild
reduction of the photopic b-wave has only sometimes been
noted5,16,20,46,61 (Table 2).
Our photopic sinusoidal flicker data also corroborate with a
postreceptoral defect in the cone pathway (Fig. 4). They also
provided novel evidence of a temporal frequency–specific
effect, since signals to 8 Hz-modulations were more affected
than those evoked by higher temporal frequencies. In
mammalian retinae, distinct transient and sustained postreceptoral mechanisms are present.62 Human ERGs to sinusoidal
stimuli have been found to reflect activity of the parvocellular
and magnocellular pathways63 (if not homologue, then at least
analogue to sustained and transient mechanisms in nonprimate
mammals64–66). Assuming that the mouse ERG to sinusoidal
modulation reflects similar mechanisms, the response decrease
at low temporal frequencies suggests a selective effect on the
sustained process. Future studies employing more advanced
flicker ERG paradigms (e.g., incorporating silent substitution
techniques) could be instrumental for uncovering any pathway-specific postreceptoral changes. In comparison to flashes,
sinusoidal modulation paradigms also provide ‘‘cleaner’’
results, since responses to different stimulus settings can be
assessed under identical adaptation conditions independent of
stimulus strength and temporal frequency. Furthermore, the
stimulus contains only one frequency component (versus
flashes, which contain higher harmonics). Unlike the situation
with flashed stimuli, the presence of higher harmonics in the
response can thus be definitely attributed to physiological
nonlinearities when sinusoidal stimuli are used.
With all this taken together, we show that dmd mutation in
mdx3Cv mice alters the responsiveness of second-order neurons
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in both rod and cone photoreceptor pathways, namely, of the
bipolar cells and modulatory amacrine cells. Any downstream
consequences on RGC output are likely an indirect effect of the
upstream change. Whether the Dp427-specific loss of cone
signals, as recently discovered in human patients,16 also exists
in DMD mouse models requires further exploration.
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better understanding the retinal anomalies associated with
DMD in humans. Moreover, the ERG continues to provide
novel information under both laboratory and clinical settings,
and thus warrants further exploration in DMD research. Not
only does it provide a noninvasive means to monitor DMD
disease severity, but it could ultimately be used to assess the
success of potential gene therapy treatments.

ON- Versus OFF-Pathway Function in mdx3Cv
Asymmetrical dysfunction of ERGs evoked by onset versus
offset sawtooth stimuli has been noted under mesopic and
photopic backgrounds in DMD patients (with gene alterations
downstream of exon 30).22 Specifically, the positive peaks of
the mesopic ON- and OFF-responses were equally reduced,
whereas photopic ON-responses were more diminished than
the photopic OFF19,20,22. In our mdx3Cv cohort, we also found
ON-responses to be more affected than OFF-responses in the
ERG. The difference here, however, was that an ON-pathway–
specific deficit was already manifest under mesopic (in
addition to photopic) conditions (Fig. 3; Table 2), and
responses mediated by OFF-mechanisms of both mesopic and
photopic systems were not affected. That the a-wave of the
photopic long-flash ERG was not smaller in these mice
provides further support for normal photoreceptor and OFFbipolar cell functioning.39 Furthermore, state of adaptation–
dependent deficits were seen. Specifically, mesopic ON ERGs
in mdx3Cv mice exhibited only a significant temporal change
(i.e., no amplitude difference), whereas photopic ON-responses were delayed in addition to being reduced. In comparison,
DMD patients in the previous studies showed amplitude but
not timing changes.
The differences in results between data from patients and
mdx3Cv mice may in part be due to species differences in how
dystrophin maintenance of cellular functions is affected in the
retina. This is not surprising since differences in the functional
readout of dystrophin deficiencies between DMD patients and
dystrophin-null mice (i.e., in mdx and mdx3Cv) have already
been noted for the signature muscle phenotype (reviewed in
Refs. 67, 68). Specifically, the mice display signs of only mild
muscle dystrophy and an unsubstantially shorter life span
despite showing the same dystrophin deficiencies in the
muscle surface membranes compared to human patients,
who display severe muscle dystrophy and substantial decrease
of life expectancy. A recent but yet to be proven idea is that the
upregulation of functional compensatory mechanisms in cells
coexpressing a dystrophin product with utrophin (i.e., a
potential dystrophin surrogate) may be better in mice than in
humans,68 complicating comparisons of their symptoms.
Alternatively or additionally, the aforementioned differences
in sawtooth ERG results could have also arisen if the cellular
contributors of human versus mouse sawtooth signals differed.
The exact origins of these have yet to be established.
Nevertheless, a proportionally greater photopic ON-pathway
dysfunction in DMD is still inferred in both model and humans.
The interpretation of ON dysfunction reported here is also
in line with in vitro data from Green and colleagues,18 which
highlighted an abnormal responsiveness of ON-bipolar cell
activity. The vulnerability of the OFF transmission in the
mdx3Cv retinae has yet to be examined in the same way.
In conclusion, electrophysiological manifestations of retinal
changes in the mdx3Cv mice have been further defined. Apart
from the major amplitude and timing changes to the scotopic
b-wave and OPs, we also report additional alterations in
mesopic and photopic ON-mechanisms, as well as other
postreceptoral changes that bear resemblance to newly
reported electrophysiological and psychophysical findings in
DMD patients with mutations at the 3 0 gene end.22 The mdx3Cv
genotype therefore continues to be a promising model for
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