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Abstract

Purpose Marked attenuation of the single-flash
electroretinographic (ERG) b-wave in the presence
of a normal-amplitude or less-attenuated a-wave is
commonly referred to as the “negative ERG.” The
purpose of this study was to investigate whether the
disparate origins of the negative ERG in three murine
models can be discriminated using flickering stimuli.
Methods Three models were selected: (1) the Nyx"°°
mouse model of complete congenital stationary night
blindness, (2) the oxygen-induced retinopathy (OIR)
rat model of retinopathy of prematurity (ROP), and (3)
the RsI knockout (KO) mouse model of X-linked
juvenile retinoschisis. Directly after a dark-adapted,
single-flash ERG luminance series, a flicker ERG
frequency series (0.5-30 Hz) was performed at a fixed
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luminance of 0.5 log cd s/m?. This series includes
frequency ranges that are dominated by activity in
(A) the rod pathways (below 5 Hz), (B) the cone ON-
pathway (5-15 Hz), and (C) the cone OFF-pathway
(above 15 Hz).

Results  All three models produced markedly atten-
uated single-flash ERG b-waves. In the Nyx"® mouse,
which features postsynaptic deficits in the ON-path-
ways, the a-wave was normal and flicker responses
were attenuated in ranges A and B, but not C. The ROP
rat is characterized by inner-retinal ischemia which
putatively affects both ON- and OFF-bipolar cell
activity; flicker responses were reduced in all ranges
(A—C). Notably, the choroid supplies the photorecep-
tors and is thought to be relatively intact in OIR, an
idea supported by the nearly normal a-wave. Finally,
in the Rs/ KO mouse, which has documented abnor-
mality of the photoreceptor-bipolar synapse affecting
both ON- and OFF-pathways, the flicker responses
were attenuated in all ranges (A-C). The a-wave was
also attenuated, likely as a consequence to schisms in
the photoreceptor layer.

Conclusion Consideration of both single-flash and
flickering ERG responses can discriminate the func-
tional pathology of the negative ERG in these animal
models of human disease.

Keywords Negative electroretinogram - Flicker -
Murine model - Complete congenital stationary night
blindness (cCSNB) - Retinopathy of prematurity
(ROP) - X-linked juvenile retinoschisis (XLRS)
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Introduction

Retinal function can be assessed, noninvasively and
objectively, by full-field electroretinograms (ERGs)
recorded at the cornea. The single-flash ERG is
dominated by two major components: the initial,
negative-going a-wave and the subsequent, positive-
going b-wave. In normal rodent and primate eyes, the
b-wave is generally larger than the a-wave. In some
retinal disorders, the b-wave is smaller than the
a-wave; the waveform, designated a “negative
ERG,” is dominated by the negative-going a-wave
[1]. The presentation of a negative ERG implies
impairment of depolarizing (ON-) bipolar cell signal-
ing or reduction in synaptic transmission from
photoreceptors to ON-bipolar cells with a (relative)
preservation of rod photoreceptor signaling; it is
observed under particular conditions of the retina
such as inner-retinal ischemia and synaptic dysfunc-
tion between photoreceptors and bipolar cells [2]. For
a further differentiation, alternative retinal stimulation
protocols are necessary to determine which of these
conditions is present in the retina.

One such protocol is the light-adapted, long-flash
ERG [3], which permits independent assessment of the
cone OFF-pathway. While the long-flash ERG para-
digm is effective in primates, it is unfortunately
ineffective in mice and rats [4-7]. ERG flicker
frequency series at high, fixed luminance
(0.5 log cd s/m?) enables assessment of the major
photoreceptor to bipolar cell pathways, including the
cone OFF-pathway [8]. Therefore, such a protocol is
of putative value in determining the cause of the
negative ERG.

To determine the effectiveness of this flicker
approach, we studied three murine models of three
retinal disorders characterized by the negative ERG:
(1) the Nyx"°® mouse model of complete congenital
stationary night blindness (cCSNB), which is one of
the two subgroups of CSNB featuring postsynaptic,
ON-bipolar cell-specific deficits [9-11], (2) the oxy-
gen-induced retinopathy (OIR) rat model of retinopa-
thy of prematurity (ROP), which is defined by
abnormalities in the retinal vasculature [12-15], and
(3) the RsI knockout (KO) mouse model of X-linked
juvenile retinoschisis (XLRS), demonstrating a disor-
ganized retina throughout the retinal layers as well as
presynaptic abnormalities at the photoreceptor-bipolar
synapse [16-18]. We found that, by combining
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information in single-flash and flicker ERGs, these
disease conditions became readily discriminable.

Methods
Ethical approval

All animals were treated in accordance with the ARVO
statement for the Use of Animals in Ophthalmic and
Vision Research and the law of animal experimentation
issued by the German Government. All experimental
procedures were approved by the local government
authority (Regierungsprisidium Tiibingen).

Animals

Electroretinography was performed in five Nyx"® [9]
and three control C57BL/6J mice at the age of
6 weeks, in three Long-Evans pigmented ROP rats
[15] and four control littermates at the age of 3 weeks,
and in five Rs/ KO [16] and three control C57BL/6 J
mice at the age of 5 months. In ROP rats, OIR was
induced by placing newborn pups and dam in an
OxyCycler (Biospherix Ltd., Lacona, NY) and expos-
ing them to alternating 24-h periods of 50 and 10 %
oxygen starting on the day of birth and lasting for
2 weeks, when they were returned to room air (21 %
oxygen). ROP rats were generated in Boston Chil-
dren’s Hospital with the approval by the Animal Care
and Use Committee at Children’s Hospital Boston,
Boston, USA. Littermates were room-air-reared and
served as controls. The rats, along with their nursing
dam, were shipped overnight for study at the Institute
for Ophthalmic Research, Tiibingen, Germany.

Electroretinography

ERGs were recorded as previously described [19].
Briefly, animals were dark-adapted longer than 12 h
and anesthetized with subcutaneous injection of a
mixture of ketamine, xylazine, and physiological
saline. For mice, 66.7 mg/kg ketamine and 11.7 mg/
kg xylazine were used; for rats, 46.8 mg/kg ketamine
and 9.3 mg/kg xylazine were used. The pupils were
dilated with tropicamide eye drops (0.5 %; Mydri-
aticum Stulln, Pharma Stulln, Stulln, Germany).
Responses were recorded using custom-made gold
wire ring electrodes (@ of the wire: 0.25 mm)
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positioned on the surface of both corneae for binocular
ERG recordings. Stainless steel needle electrodes
were applied subcutaneously at the middle of the
forehead region and the back near the tail as a
reference and a ground electrode, respectively. The
ERG apparatus consisted of a xenon light source, a
Ganzfeld bowl, a signal amplification system (band-
pass 0.3-300 Hz), a PC-based control and recording
unit, and a monitor (Multiliner Vision; VIASYS
Healthcare GmbH, Hoechberg, Germany). Light cal-
ibrations were performed using an IL-1700 photome-
ter (International Light, Newburyport, MA, USA). All
preparations for ERG recording were done using a
portable dim red light source (light-emitting diode,
A > 600 nm).

Single-flash experiments

Single-flash ERGs were obtained under dark-adapted
conditions. Single, xenon stimuli, ranging in lumi-
nance from —4 to 1.5 log cd s/m?, were presented in
ten monotonically increasing steps. Ten responses
were averaged with interstimulus intervals of 5 s (for
—4 to —0.5 log cd s/m?) or 17 s (for 0~1.5 log cd s/
m?). At the maximal flash luminance of 1.5 log cd s/
m? where the initial negative-going a-wave is almost
saturated and least obscured by the subsequent posi-
tive-going b-wave, a-wave amplitude was measured
from the prestimulus baseline to the trough of the
a-wave.

Flicker experiments

Responses to trains of brief flashes of fixed luminance
(0.5 log cd s/mz) but varying frequency (0.5, 1, 2,3, 5,
7, 10, 12, 15, 18, 20, and 30 Hz) were obtained [8].
During this recording protocol, no background illu-
mination was used. Flicker responses were averaged
either 20 times (for 0.5-3 Hz) or 30 times (for 5 Hz
and above) over time, including the first response at
each stimulus frequency. All recording parameters
were preprogrammed: The inter-recording interval was
<5 s, and the whole series was performed within
4 min. Therefore, retinal adaptive state changes in a
reproducible way during the recording session. Flicker
response amplitude was measured from the trough to
the peak of each response. This series includes
frequency ranges that are dominated by activity in
(A) the rod pathways (below 5 Hz), (B) the cone ON-

pathway (between 5 and 15 Hz), and (C) the cone
OFF-pathway (above 15 Hz) which have been con-
firmed by assessing ERGs in pathway-specific knock-
out mouse lines [8]. It is noted that cone-driven signals
are isolated at 5 Hz and above although no adapting
background illumination is used in this flicker proto-
col. Due to the frequent, repetitive stimuli at the high
stimulus luminance of 0.5 log cd s/mz, the rod-driven
signals remain elevated; thus, no additional signals
cannot be generated by the rod pathways after each
flicker stimulation (our unpublished data, using a
modified flicker protocol with a defined onset).
Therefore, at 5 Hz and above, no flicker ERG is
generated in functionally rod-specific mice, whereas
flicker response amplitudes are comparable between
wild-type and functionally cone-specific mice [8].

Results

In each murine model, we first assessed dark-adapted,
single-flash ERG a- and b-waves for a functional
evaluation of outer- and inner-retinal layers, respec-
tively. As we have included “negative ERG” models
in this study, a marked attenuation of the single-flash
ERG b-wave was expected in each model. Subse-
quently, flicker ERGs in ranges A—C were evaluated
for an assessment of the major vertical photoreceptor—
bipolar cell pathways, which could compliment
information about layers in the single-flash ERG and
allow for a discrimination of an underlying functional
pathology.

b
Nyx"°® mouse

Nyx encodes nyctalopin, which is expressed in the
dendritic tips of ON-bipolar cells (both rod and ON-
cone) [20] and is indispensable for the proper expres-
sion of the effecter channels of the mGIuR®6 signaling
cascade in ON-bipolar cells [21]. The Nyx"*® mouse
model has a deletion in the Nyx gene [10], and due to
the deficits of the signaling cascade in the dendritic
tips of ON-bipolar cells, each single ON-bipolar cell is
not responsive to glutamate puffs [20]. In in vivo ERG,
it has been characterized by a lack of single-flash
b-wave [9], as the b-wave is generated mainly by ON-
bipolar cells [7]. First, we confirmed this phenotype in
the single-flash ERG that the b-wave was completely
missing (Fig. 1a). In contrast, the a-wave (at
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Fig. 1 ERGs in Nyx™" mice. a Representative dark-adapted Nyx"® and Ctl mice at 18, 20, and 30 Hz. e Enlargement of the
single-flash ERGs in Nyx“Ob (black) and control (Ctl, gray) mice. recording traces at 2, 10, and 20 Hz from (c). See “Methods” for
b Quantitative evaluation (box-and-whisker plot, indicating the details of the frequency ranges in (c, d, e). Flicker amplitudes at
5th, 25th, 50th, 75th, and 95th percentiles of the data) of dark- 0.5, 1, and 2 Hz were not determined in Nyx"Ob mice because
adapted single-flash a-wave amplitudes at 1.5 log cd s/m>. there was no clear positive-going response peak. In Nyx"°° mice,
¢ Flicker ERGs at 0.5 log cd s/m” recorded from the same the a-wave and the flicker responses in range C were comparable
mice as in (a). d Box-and-whisker plot of flicker response in size to those in control mice

amplitudes. Inset in (d): Details of the flicker amplitude data of
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1.5 log cd s/m?) was not attenuated in Nyx™® mice

(Fig. 1a, b), indicating normal functionality of rod
photoreceptor outer segments. Thus, the results
obtained herein (Fig. la, b) were entirely consistent
with such a postsynaptic abnormality [9, 20, 21].

In the flicker ERG, the responses in range A were
remarkably different in configuration between Nyx"°°
and control mice, i.e., no clear positive-going response
and no oscillations in Nyx™® mice (Fig. 1c). Due to
this response configuration, flicker amplitudes were
not determined at frequencies below 3 Hz, but it was
obvious that the Nyx"°" flicker responses were reduced
in range A (Fig. 1c, d). In range B, the difference in
flicker amplitude between Nyx"® and control mice
became smaller as the frequency approached 15 Hz
(Fig. lc, d). The flicker waveform in the Nyx"*® mouse
lacked prominent positive peak resulting in a “trape-
zoidal” shape that differed from the “triangular”
shape in the control mice (Fig. lc, e). In range C,
however, flicker ERG amplitudes in Nyx"*® mice were
indistinguishable from those in control mice, likely
due to a normally functioning cone OFF-pathway
(Fig. 1c—e). These results were in line with previous
studies from other laboratories in which flicker ERG
properties in Nyx"*® mice were analyzed in detail [6,
22]: In flicker ERG, amplitude and phase differences
are quite small at around 15-16 Hz and above between
control and Nyx"°" mice due to the predominant OFF-
cone bipolar cell contributions to high-frequency
flicker ERGs. Overall, the functional phenotype in
Nyx"® mice was comparable to that in mGIuR6
knockout mice [8], which also features a selective
postsynaptic ON-pathway dysfunction [23].

ROP rat

The OIR rat model of ROP is characterized by
abnormal retinal vasculature which presumably under-
supplies inner-retinal neurons including both ON- and
OFF-bipolar cells; the rod photoreceptors, however,
would be expected to be less impacted because their
oxygen supply derives from the choroid [24]. Corre-
spondingly, in the single-flash ERG, the b-wave was
strongly reduced (Fig. 2a). It is noted that the b-wave
was not completely abolished at low, scotopic lumi-
nance (see —3.0 and —2.0 log cd s/m* in Fig. 2a),
indicating that there were ON-bipolar cells which
could react to signals from photoreceptors. The
amplitude of the saturating a-wave (i.e., 1.5 log cd s/m*

in Fig. 2a) was similar between ROP and the control
rats (Fig. 2b). In previous studies, ROP rats (results
from larger samples, more commonly studied albinos
than the Long-Evans) have shown mild but statisti-
cally significant deficits in rod photoreceptor sensitiv-
ity [13, 25]. In the human ROP, mild but significant
deficits in rod photoreceptor sensitivity are present in
infancy and persist many years later [26], and b-wave
deficits are present in infancy but disappear later in
childhood and adolescence if the ROP had been mild
[14]; the 3-week-old OIR rats that we have studied
would model the younger end of the age range
included in the study of humans [14].

In the flicker ERG, responses were attenuated
across all ranges (A—C in Fig. 2c—e), in accordance
with ischemia of all inner-retinal cell types. Impor-
tantly, a clear difference was observed in range C
between ROP rats and Nyx"*® mice, demonstrating that
ischemic and postsynaptic disease conditions could be
discriminated qualitatively in range C of the flicker
ERG.

As an aside, while the ERG responses across
murine species are remarkably similar, especially with
respect to first (rod)- and second (bipolar)-order
neurons, we do recognize that the mouse and rat
ERGs have subtle difference [7].

Rs1 KO mouse

Retinoschisin plays an essential role in the mainte-
nance of the retinal structure [17], and Rs/ KO retina is
disorganized throughout, including the photoreceptor
and bipolar cell layers; there is a slow, but progressive,
photoreceptor degeneration [16, 27]. In single-flash
ERG, the amplitudes of both the a- and b-waves were
noticeably attenuated (Fig. 3a, b), but, importantly,
the b-wave was more attenuated than the a-wave,
resulting in a negative ERG at the highest flash
luminance examined (1.5 log cd s/m” in Fig. 3a; the

% attenuation of the b-wave in Rs/ KO mice was
63.8 %, whereas that of the a-wave was 55.2 %). This
single-flash ERG phenotype can be explained by
presynaptic abnormalities at the photoreceptor-bipolar
synapse [17, 18], leading to reduced transmission
between photoreceptors and bipolar cells. Addition-
ally, morphological alterations are distributed neither
evenly nor regularly but rather in a mottled pattern
[16]; therefore, the alterations do not always present in
the same “vertical” column. Consequently, the
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Fig. 2 ERGs in ROP rats. a Representative dark-adapted
single-flash ERGs in ROP (black) and control (Ctl, gray) rats.
b Quantitative evaluation (box-and-whisker plot, indicating the
5th, 25th, 50th, 75th, and 95th percentiles of the data) of dark-
adapted single-flash a-wave amplitudes at 1.5 log cd s/m?.
¢ Flicker ERGs at 0.5 log cd s/m? recorded from the same rats

fraction of functional photoreceptors may exceed that
of functional bipolar cells receiving photoreceptor
inputs. These reasons, which are not mutually
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exclusive, presumably explain why Rs/ KO mice
show stronger attenuation of the b-wave than the
a-wave.
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In the flicker ERG, responses in Rs/ KO mice were
strongly reduced at all stimulus frequencies examined
(Fig. 3c—e), consistent with the nonspecific irregular
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from the same mice as in (a). d Box-and-whisker plot of flicker
response amplitudes. e Enlargement of the recording traces at 2,
10, and 20 Hz from (c¢). See “Methods” for details of the
frequency ranges in (c, d, e). In Rs/ KO mice, the a-wave as well
as the flicker responses in all three frequency ranges were
attenuated

alterations in the Rs/ KO retina [16] affecting rod
bipolar cells and ON- and OFF-cone bipolar cells. In
this regard, the nonselective reduction in flicker ERGs
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Table 1 Summary of in vivo functional data

Negative ERG model Single-flash ERG Flicker ERG
a-wave” Range A Range B Range C
Nyx"*® mouse - ! ! -
ROP rat - l l l
Rs1 KO mouse l l l l

“«

2 At 1.5 log cd s/m> stimulus luminance

in Rs! KO mice was similar to ROP rats. However,
unlike in the ROP rats, the a-wave was reduced in Rs/
KO mice due to disruption of the photoreceptors
(Fig. 3a, b).

It is noted that there are some interspecies differ-
ences in disease pathology; the models are, as always,
imperfect. For example, the negative ERG phenotype
is common in both Rs/ KO mice and patients with
XLRS [16, 28], but there are some differences in
single-flash ERG a-wave and flicker ERGs: Whereas
both response components were remarkably reduced
in RsI KO mice (Fig. 3), in patients with XLRS, both
a-wave and fast flicker responses are well preserved in
many cases [28].

Discussion

In this study, three murine models of eye disease
(cCSNB, ROP, and XLRS), all featuring a negative
ERG waveform, were readily discriminated by the
results of ERG responses to single flash and to
flickering stimuli. The three models have distinct sites
of dysfunction and presented three distinct patterns in
ERG parameter changes (Table 1). Notably, the ERG
changes expected from the recognized pathology of
each disease model aligned nearly perfectly with the
observed results, inspiring confidence that this
approach has diagnostic utility.

Among the parameters analyzed in this study, the
a-wave at 1.5 log cd s/m? and the flicker responses in
range C (above 15 Hz) are together determinative for
discrimination of the models under study (Table 1).
Since the amplitude of the a-wave and the flicker
responses in range C can be quickly surveyed by the
ERG, this diagnostic strategy might form part of a
useful nosology in negative ERG cases of unknown
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—” No substantial reduction, “|” reduced, ERG electroretinogram, KO knockout, ROP retinopathy of prematurity

etiology at the beginning of a study, e.g., [29]. For
example, a negative ERG in the presence of a regular
a-wave and normal flicker ERGs in range C may lead
to presumption of a postsynaptic ON-pathway disor-
der. Or, a normal a-wave and attenuated b-wave in the
presence of attenuated flicker responses at all fre-
quencies might prompt an inspection of the retinal
vessels by angiography. In this way, further targeted
investigations may be smoothly and optimally planned
in the same animals to elucidate etiology, such as
in vivo morphological examinations, genetic analysis,
and ex vivo experiments on function and morphology.
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