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Glaucoma is a progressive neurodegenerative disease involving damage and eventu-
ally death of retinal ganglion cells (RGCs) that comprise the optic nerve. This review
summarizes current understanding of specific RGC type vulnerability in glaucoma and
how electroretinography (ERG) may provide an objective measure of these functional
perturbations. There is building evidence to suggest that ON RGCs, which respond to
light increments, may be more resilient to elevated intraocular pressure and glaucoma,
whereas OFF RGCs, which respond to light decrements, may be more susceptible. ERG
experiments in nonhuman primates and mice have also shown that the ON- and OFF-
pathways can be separated using a variety of techniques such as pattern ERG and the
photopic negative response. Another ERG paradigm of interest to separate the ON
and OFF responses is a flicker stimulus at varying temporal frequencies. Response to
lower temporal frequencies is associated with the ON-pathway, and ERG response to
higher frequencies is associated with the OFF-pathway. In mice, experimental glaucoma
models have shown greater decreases in ERG response at higher frequencies, suggest-
ing that the OFF-pathway is more susceptible. We also summarize current clinical ERG
protocols used for glaucoma and discuss innovations for developing new types of
stimuli that can further separate the ON- and OFF-pathways. Applying these novel
paradigms that distinguish ON- and OFF-pathways may ultimately improve glaucoma
diagnostics and monitoring of glaucoma progression.

Translational Relevance: Based on our current understanding of specific RGC type
vulnerability in glaucoma, we explore how ERG may provide an objective measure of
ON- versus OFF-pathway functional perturbations.

Before the development of RGC type-specific label-

Introduction

Glaucoma is a complex set of neurodegenera-
tive diseases that involves damage and subsequent
cell death of the retinal ganglion cells (RGCs) that
compose the optic nerve. Despite glaucoma being the
leading cause of irreversible blindness worldwide with
an estimated prevalence of 3.54% for the worldwide
population between 40 and 80 years of age, there
remain gaps in our understanding of its pathogene-
sis.!'? Glaucoma had been traditionally associated with
age-related stressors and elevated intraocular pressure
(IOP), with the latter being the only treatable risk
factor.> Consequently, the majority of research in
experimental animal-based models such as nonhuman
primates, felines, and rodents has focused on the effects
of elevated IOP on RGC health.

Copyright 2020 The Authors
tvst.arvojournals.org | ISSN: 2164-2591

ing techniques based on genetic cell targeting, studies
in monkey and feline models suggested that RGCs
with the largest somas and axons were most suscepti-
ble to injury.*> More recently, improved techniques to
identify specific cell types have permitted the discovery
of resilient and susceptible RGC types.>” Two main
functional groups of RGCs include the ON RGCs that
depolarize in response to light and the OFF RGCs that
hyperpolarize with light stimulus. These ganglion cells
are the final output neuron reflecting the visual signals
that segregate into parallel ON- and OFF-pathways.
Thus, further elucidating the difference between
these RGC types and ON- versus OFF-pathways
could provide a novel way to diagnose glaucoma in
patients.

There remains a gap, however, between labora-
tory discoveries and clinical applications. Although
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it is important to decipher the pathogenic mecha-
nisms underlying glaucoma, we ultimately want to
leverage this understanding to allow for earlier and
more accurate diagnosis of glaucoma and for improved
progression detection. After all, epidemiologic studies
performed in the United States, Australia, and Barba-
dos have all consistently shown that approximately 50%
of the people with glaucoma are unaware of their
condition,® ! suggesting that patients tend to show up
late under care because their visual system is able to
compensate for RGC loss. In fact, current visual field
testing is limited in its ability to detect these subtle
functional changes; previous studies estimated between
25% and 50% of RGCs are lost before statistical abnor-
malities appear in automated visual field testing.!>!?
Much work has been done to develop psychophysical
stimuli that have an improved ability to detect early
glaucoma and visual field progression,'*!> but current
tests of visual function lag behind structural measure-
ments.'® Electroretinography (ERG) can provide sensi-
tive and objective information, but it requires identify-
ing a differential functional change in populations of
RGC:s or in their upstream circuitry. As a result, this
review addresses the gap between laboratory research
on RGC susceptibility with current clinical paradigms
for ERG assessment of glaucoma, highlighting areas of
clinical translation using ERG paradigms that distin-
guish between ON- and OFF-pathways that could
lead to improvements in diagnosis and progression
detection.

Specific RGC Types Are More

Susceptible to Injury From Elevated
IOP

The initial studies addressing RGC susceptibil-
ity to IOP elevation damage relied on morphologic
differences such as soma size. Early studies with
experimental nonhuman primate models (Macaca
fascicularis and Macaca mulatta) have demonstrated
that the parasol cells of the magnocellular pathway
are more susceptible to cell death compared with the
smaller midget cells of the parvocellular pathway.*!”
Furthermore, in human psychophysical studies,
glaucoma subjects were inferred to have selective
loss of RGCs in the magnocellular pathway.'®!”
Additional experiments quantifying RGC type vulner-
ability supported that large RGCs and large axon
fibers were more vulnerable compared with other
RGC:s in an experimental laser-induced M fascicularis
glaucoma model.”’-?! A follow-up study using human
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pathologic specimens with moderate and severe
glaucoma similarly found larger optic nerve fibers
were more vulnerable.??

However, there was not a consensus within the
field regarding larger cell susceptibility. Morgan et
al.??* did not find that the parasol cells were specif-
ically targeted by elevated IOP, and instead, parasol
and midget cells were equally affected in an experi-
mental M fascicularis model. The authors concluded
that there was an overall loss in cell size during
the initial phases of glaucoma, which could suggest
that there is a generalized morphologic change affect-
ing a multitude of RGC types in glaucoma, rather
than specific RGC type susceptibility.”*-?* Addition-
ally, in human retinas, parasol cells were shown to have
similar decreases in arborization as midget cells in the
setting of glaucoma,? although the authors could not
conclude if parasol cells experienced earlier changes
than midget cells. Li et al.>® found in Sprague-Dawley
rats that melanopsin-expressing RGCs, which have
large somas and intrinsically respond to light, were not
susceptible to elevated IOP, even though there was a
significant loss of superior colliculus-projecting RGC:s.
Although, in an experimental cat model of chronic
glaucoma larger alpha RGCs were more susceptible
than smaller beta RGCs,>?’ the opposite was found
after axotomy or optic nerve transection.”®?’ These
findings demonstrate that specific RGC vulnerability
may be due to factors beyond just cell size and that
these susceptible cells may first undergo morphologic
changes.

The development of more specific immunohis-
tochemistry protocols, molecular markers, and
functional assessments have resulted in a deeper
understanding of RGC type-specific vulnerability."
For instance, patch clamp recordings in mice were
used to further divide alpha RGCs, which are rich in
neurofilament, into three main types: « ON-sustained
(¢ON-S), «OFF-sustained (¢OFF-S), and «OFF-
transient (¢OFF-T). These names are defined based
on their preferential tonic versus phasic response to the
onset or offset of a light step stimulus. The dendrites
of «ON-S, «OFF-T, and « OFF-S RGCs stratify into
distinct sublaminae in the inner plexiform layer, at
30%, 50%, and 70% inner plexiform layer depth from
the ganglion cell layer, respectively.*?-3!

When probing how different RGC types respond to
elevated 1OP, the literature has shown that « OFF-T
RGCs are a vulnerable cell type with increased rates
of cell death and decreased dendritic field area and
complexity.*?>37 The receptive field area was also shown
to be decreased,’”*® and the excitatory glutamater-
gic postsynaptic density was diminished both with
transient ocular hypertension as early as 7 days after
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Model of early degeneration of RGCs in glaucoma. (A) Normal retina with RGC somas in the ganglion cell layer (GCL) and bipolar

cell somas in the inner nuclear layer (INL). The RGCs and bipolar cells form synapses in the inner plexiform layer (IPL), where the OFF RGCs
stratify closer to the INL and the ON RGCs stratify near the GCL. The IPL can be further divided into zones where sustained RGCs stratify their
dendrites near the top and bottom quartiles and transient RGCs stratify their dendrites near the center of the IPL. (B) In early degeneration,
OFF RGCs exhibit a decrease in number of synapses, dendritic field area, and dendritic complexity. ON RGCs have been shown to be more
resilient. (C) With elevated IOP, RGCs first undergo synaptic pruning. Continual damage results in dendritic retraction. (D) Following elevated
IOP, the light responses of RGCs exhibit a reduction in sensitivity and magnitude.

elevated IOP and with sustained elevated IOP (Fig. 1
and Table).?>3* Other lines of evidence suggest that
not only are «OFF-T RGCs vulnerable, but also other
RGC types stratifying in the OFF sublamina such as
aOFF-S and M1 RGCs—which are functionally ON
RGC:s but their dendrites stratify in the OFF sublam-
ina.’>3* There was also greater loss of presynaptic
ribbon density in the OFF sublamina as well,*? suggest-
ing that the loss of excitatory synapses may precede
actual morphologic changes in the dendritic structure
of «RGCs. However, even though Berry et al.*® did
not isolate different types of « RGCs, this group found
the loss of synapses and dendritic shrinkage to occur
near simultaneously, illustrating that the exact order of
RGC degeneration is still not fully understood.
Although all ’RGCs experience excitatory synapse
reduction and OFF RGCs may be more vulnerable,
some RGCs stratifying dendrites in the ON sublam-
ina seem to be more resilient. In fact, «ON-S RGCs
had no significant decrease in dendritic complexity as
well as no change in receptive field size when these
alterations were already present in tOFF RGCs.??-33
Tran et al.*? used genetic data from single cell RNA
seq in the setting of optic nerve crush injury to
identify which RGCs were most resilient among all
RGC types. The authors found that «ON-S RGCs

were the most resilient cell type, and «OFF-S RGCs
were more resilient than «OFF-T RGCs.* This result
is consistent with the findings that sustained cells are
more resilient than transient cells, and the differential
susceptibility of «RGCs in order from most to least
vulnerable is «OFF-T, « OFF-S, and «ON-S RGCs.
A review from Wang et al.” provides a discussion
on cell autonomous and non-cell-autonomous mecha-
nisms to explain this difference in susceptibility, the
latter including mechanisms related to RGC interac-
tions with other neurons, glia, and vasculature that may
contribute to the observed ON RGC resiliency.

The finding of ON resiliency versus OFF suscepti-
bility in experimental glaucoma, however, is not found
consistently throughout the literature. Risner et al.*!
found in a mouse microbead occlusion experimen-
tal model that «ON RGCs were equally affected as
aOFF RGCs, where both had a decreased dendritic
area and dendritic complexity. ON and OFF RGCs
were additionally found to have similar decreases in
light responses,* and this decrease may be mediated
by the suppression of AIl amacrine cells.** Feng et
al.** lacked a large enough sample size to analyze the
OFF RGC:s, but still showed decreases in the dendritic
area of ON RGCs. Moreover, an experimental model
with milder IOP elevation of about 3 mm Hg for
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Example ERG responses for normal and glaucoma subjects. (A) The photopic ON-OFF uses a rod-saturating light background

with a long-duration stimulus. In experimental glaucoma models, there is evidence of decreased d- and i-wave amplitudes.®' (B) PERG uses a
checkerboard pattern that alternates, and glaucoma subjects have decreased P50 and N95 peaks.®®-7" (C) The PhNR also uses a rod-saturating
light background. Glaucoma subjects have been shown to have a decreased PhNR amplitude.”®72-7% (D, E) The sawtooth stimuli incorporate
a slow decrease or increase in light intensity followed by a rapid increase or decrease, respectively. In glaucoma subjects, the sawtooth rapid-
on exhibits an elevated late positive-ON (LP-ON) wave, and the sawtooth rapid-off has an elevated late positive-OFF (LP-OFF) and decreased

LN-OFF waves.”®

2 weeks found no change in the ON or OFF RGC
receptive field center size.** The single cell RNA seq
experiments by Tran et al.** suggest that there may
not be a clear delineation between susceptible versus
resilient RGC types based on ON versus OFF status
alone. One possible way to reconcile these discrep-
ancies in differential RGC susceptibility may require
taking into account that these occur after different
types and magnitudes of injury, such as varying degrees
and duration of IOP elevation or optic nerve injury,
differences in rodent strains, and analysis techniques as
highlighted in the Table. For instance, one group used
the same mouse line but found differences in RGC type
susceptibilities using different experimental models—
one model used a glutamate agonist injection and the
other used an optic nerve crush model.*>-*" Differ-
ences observed across models may reconcile within a
larger framework, for example, if there is only a short
temporal window to counteract the injuring stimulus
before reversible RGC damage triggers degeneration.
An additional limitation of examining IOP changes
as the main driver of injury is that these experiments
only measure snapshots of the IOP. Continuous 10P
monitoring may be an area of future study that could
be used to better understand changes in experimental
glaucoma models and to elucidate the integral role of
IOP in RGC type susceptibility.

Distinguishing the ON Versus OFF

Pathway With ERG in Animal Models
and Humans

ERG has provided evidence that the ON- and OFF-
pathways can be isolated using specific light stimula-
tion paradigms. For instance, the photopic ON-OFF
stimulus, which consists of a long-duration stimulus
lasting 150 to 200 ms, is now an extended protocol by
the International Society for Clinical Electrophysiology
and Vision.*® The long duration photopic ON-OFF
stimulus produces at light onset an a-wave followed by
a b-wave (Fig. 2A). The b-wave generated in ERG is
driven mainly by the ON-pathway, although the OFF
bipolar and horizontal cells may affect the shape and
amplitude.*®-4° At light offset, there are two additional
positive waveforms called the d- and i-waves that are
associated with the OFF-pathway response.*>->* Inter-
estingly, in a laser-induced experimental model of
glaucoma in M fascicularis, researchers found that,
when using a long flash stimulus, the experimental
glaucoma eyes had decreased a-wave, d-wave, and i-
wave amplitudes,®! illustrating how the OFF-pathway
may be more vulnerable as both the d- and i-wave
amplitudes were diminished.
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The multifocal ERG (mfERG) is an ERG modal-
ity that can assess multiple retinal locations simultane-
ously, and it may even have the potential to measure
local cone ON- and OFF-pathways.”> The mfERG
also generates a negative a-wave and positive b-wave
after light onset, and a d-wave after light offset. The
authors found that a subject with macular dystrophy
consistent with damage to the OFF bipolar cells had a
decreased d-wave response.’” This decrease was partic-
ularly noticeable in the central retina. This finding
was in contrast with a subject lacking an ON bipolar
response, who had a missing b-wave while the a-wave
and d-wave were enhanced.”> A review by Chan et al.>?
describes several studies that also discuss the origin of
the mfERG waveforms, but additional research with a
larger sample size is needed to identify the effectiveness
of mfERG at measuring the ON- and OFF-pathway
separately.

One testing modality with increasing interest for
glaucoma detection is pattern ERG (PERG). Transient
PERG uses a temporally modulated checkerboard
pattern in order to cancel out the cone photoreceptor
and cone bipolar cell responses to produce an RGC-
driven signal with a positive peak and negative peak
at 50 and 95 ms called the P50 and N95 peaks, respec-
tively (Fig. 2B).>* In experimental animal models, there
is evidence that the N95 peak is driven primarily, but
not exclusively, by the OFF-pathway, and the P50 peak
reflects the ON-pathway. In a mouse model with intrav-
itreal injections of cis-2,3-piperidinedicarboxylic acid
(PDA), which blocks OFF bipolar cells and third-order
neurons (ON and OFF amacrine and ganglion cells),
the N95 homologue, N2 peak, was decreased.”> In
contrast, the addition of 2-amino-4-phosphonobutyric
acid (APB) that blocks ON bipolar cells, eliminated
the P50 homologue, P1 peak, whereas the N2 peak
increased in amplitude.”® In a M mulatta model, the
addition of PDA eliminated the N95 peak, whereas the
P50 peak significantly increased.’® Even though PDA
does not exclusively block the OFF-pathway, the ON
bipolar cells dominate the post-PDA response, demon-
strating how the N95 peak has a greater OFF-pathway
contribution. However, the addition of APB resulted in
both the P50 and N95 amplitudes to decrease by half,
suggesting the N95 peak receives contributions from
both the ON- and OFF-pathways.>®

The photopic negative response (PhNR) is a type of
full-field ERG response driven by inner retinal neurons
that research teams have examined in experimental
glaucoma. PhNR is identified as the slow negative
component that follows a b-wave after a photopic flash
stimulus (Fig. 2C). In nonhuman primate experimen-
tal models, tetrodotoxin eliminated PhNR, suggesting
its origin is derived from the inner retina because
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tetrodotoxin blocks the spiking activity of inner retinal
neurons.’’->®® Furthermore, in laser-induced exper-
imental glaucoma with M mulatta, the PhNR was
greatly reduced.” Luo and Frishman’® also used a
long duration stimulus and showed that the addition
of PDA eliminated the PhNR after stimulus onset and
offset, whereas the addition of APB eliminated only
the onset PhNR. This finding demonstrates how a long
duration stimulus may also be used to measure the ON-
and OFF-pathways, where the onset PANR and offset
PhNR correspond with the ON- and OFF-pathways,
respectively.

There is also growing evidence that flicker stimuli
can be employed to separate the ON- and OFF-
pathways. In M mulatta, Kondo and Sieving® used
sinusoidal, square wave, and brief pulse flicker stimuli
to measure the ERG response to different stimula-
tion frequencies, generating frequency response curves.
They modulated the light stimulus frequency from 4 to
64 Hz. They also intravitreally injected APB, followed
by PDA. In control eyes before injection, they found
that the ERG fundamental frequency response curve
for the sine- and square-wave stimuli had a bimodal
shape with a local minimum around 10 Hz and two
maxima at around 4 and 48 Hz (Fig. 3A). When APB
was introduced, the ERG response between 6 and
32 Hz was larger than the control, suggesting that
the ON-pathway is responsible for the depression of
the ERG response in that range. After the injec-
tion of both APB and PDA, the ERG response
was depressed across all temporal frequencies except
around 10 Hz. However, the addition of either APB or
PDA minimally affected the brief pulse flicker response
amplitude, suggesting that the flicker stimulus elicits
ON and OFF events simultaneously unlike the sine or
square wave stimuli.®

The same group followed up on this experiment by
measuring human ERG responses with a sinusoidal
stimulus also ranging from 4 to 64 Hz, and they found
similar results (Fig. 3B).%! As in nonhuman primates,
the human ERG response followed a pattern with
a local minimum at 12 Hz, believed to occur when
the phase of the ON- and OFF-pathways cancel out,
leaving only the photoreceptor response.®” The authors
also measured the response in patients with complete-
type congenital stationary night blindness (CSNBI)
with mutations in the NYX gene, which is found on
chromosome X and encodes for the nyctalopin protein.
Patients with this mutation lack ON-pathway function.
Similar to the addition of APB in the primates,
CSNBI-NYX patients had an increased ERG response
at lower frequencies and lost the minimum inflection
point near 12 Hz, whereas at 32 Hz and higher frequen-
cies the ERG response was largely similar to controls.®!
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Figure 3. ERG response amplitude as a function of frequency of
the flickering light stimulus. Experiments in nonhuman primates
and humans have shown a different ERG response curve that is
bimodal. (A) Nonhuman primates have a minimum near 10 Hz and
a maximum near 48 Hz. The effect of intravitreal injection of APB
and APB+PDA are also shown.%° (B) Humans have a minimum near
12 Hz and a maximum near 32 Hz. CSNB1-NYX subjects have an
elevated ERG amplitude from 8 to 32 Hz.*' The specific boundaries
of the rod photoreceptors, ON-, and OFF-pathways have not been
formally identified, but the literature suggests that for both, the
OFF-pathway begins to dominate the ERG response near 30 Hz.
(C) For mice, the ERG response has been more clearly described.
The ERG response from 5 Hz and below is correlated mainly with
the rod and cone photoreceptors (green), between 5-15 Hz the
response is driven mainly by the ON-pathway (red), and from 18 Hz
and above the response is driven by the OFF-pathway (blue). The
mouse retina no longer responds to frequencies greater than 30
Hz.5° Pr, photoreceptors.

Mouse studies also provide evidence that the ON-
versus OFF-pathways could be preferentially stimu-
lated using different flicker frequencies at mesopic
intensities in full-field ERG recordings. Tanimoto et
al.?* used CNGA3~/~, Rho~/~, and mGluR6~" mice,
which are transgenic mice without functional cones,
rods, and ON-bipolar cells, respectively. By stimulat-
ing these mice with a wide range of flicker stimulus
frequencies, the authors divided the responses into
three different regions. From 0.5 to 5.0 Hz, the rod
and cone photoreceptors’ responses drive the ERG
response, whereas above this range the photoreceptor
response contribution becomes negligible compared
with the bipolar cell response. From 5 to 15 Hz, the
response from the ON-pathway is dominant, and
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from 18 Hz and above, the OFF-pathway is primarily
responsible for the ERG response.®> Although these
temporal frequency ranges may not directly overlap
with the human response ranges, it is consistent that
the ON-pathway predominates at lower frequencies
and the OFF-pathway at higher frequencies across
species (Fig. 3C).

In a follow-up study by the same group, three
additional experimental mouse models were tested at
the same three temporal frequency ranges previously
identified that correlate with the different pathways.®
The mouse models included a Nyx"°® mouse that has
deficits in the ON-pathway and is the same genetic
mutation identified in the CSNBI1 patients from the
Khan et al. study.®! In addition, the authors used an
oxygen-induced retinopathy mouse, which has deficits
in both ON- and OFF-bipolar cell activity and a Rsl/
knockout mouse that models juvenile retinoschisis and
also has deficits in both ON- and OFF-pathways. The
Nyx"°® mouse had an attenuated response in the rod
and ON-pathway range, but its response to tempo-
ral frequencies of greater than 15 Hz were similar to
control mice. Both the oxygen-induced retinopathy and
Rsl knockout mice, however, had attenuated responses
across all ranges.** These results further suggest that
in experimental mouse models, we may be able to
use flicker stimuli at varying temporal frequencies to
measure changes to the ON- and OFF-pathways.

Additional ERG studies have also shown evidence
of differences between the ON- and OFF-pathways.
Although Harazny et al.®> were not focused on distin-
guishing between ON- versus OFF-pathways in a
longitudinal experiment with the DBA/2J mouse, this
group showed that, at 2 to 3 months of age, these mice
had a decrease in the ERG response to flicker stimuli.
Interestingly, these mice had a diminished response
before an increase in IOP, which was found to be
elevated at about 6 months of age. Axonal death did
not present until about 10 months in age. In this
study, the mouse retinal response to flicker stimuli that
was modulated between 12 and 30 Hz was decreased,
and the authors noted that there was an even greater
decrease in the amplitude at the higher frequencies.®
This finding suggests that the OFF-pathway may be
more affected in experimental glaucoma and motivates
the desire to translate flicker stimuli to measure human
responses to detect glaucoma.

Clinical Use of ERG in Glaucoma

Currently, there has been an increasing emphasis on
using ERG to measure retinal cell health and to objec-
tively assess visual function. There is also a growing
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role for using ERG in glaucoma assessment, and for a
more in-depth discussion of the state of clinical uses of
ERGs in glaucoma, we recommend a recent review by
Wilsey and Fortune.>* However, there are still a variety
of barriers, such as the length of examination and
the lack of equipment, that prevent ERG from being
implemented across clinical practices.!* Here, we briefly
describe the evaluation of ON- and OFF-pathways
in glaucoma patients as an area of potential research
to refine ERG testing that may complement standard
automated perimetry.

PERG, which uses spatiotemporal modulation of
the light stimulus to isolate RGC responses, has been
shown to detect glaucoma 4 years before actual visual
changes occurred,’® and it may be a good predic-
tor of RNFL thinning in glaucoma suspects.®” In
human studies, the N95 peak also demonstrated a
greater reduction in human subjects using transient
PERG compared with the P50 peak with a diminished
N95/P50 ratio.®-® Although experimental nonhuman
primate glaucoma models suggested that the ON- and
OFF-pathways both contribute to the P50 and N95
peaks, elimination of the OFF-bipolar response with
the addition of PDA completely eliminated the N95
peak, whereas the P50 peak increased, suggesting that
the N95 waveform has a greater OFF-pathway contri-
bution.>® This decrease in the N95/P50 ratio, therefore,
lends further supports that in human glaucoma, there
may be more prominent OFF-pathway vulnerability,
and PERG may be one paradigm to assess the change
in humans. Furthermore, recent work demonstrated
that preperimetric and perimetric glaucoma subjects
had a decrease in the N95 peak amplitude, whereas only
perimetric glaucoma subjects had a decrease in the P50
peak amplitude.”’-”! This finding further supports early
OFF-pathway vulnerability in glaucoma.

There is also growing evidence that PhNR may
be used to detect early changes in preperimetric
glaucoma.”®7> 7 In several clinical trials, there was
also a significant decrement of the PhNR amplitude
in glaucomatous eyes, while a- and b-wave amplitudes
were unchanged.”>’® Horn et al.”® also used a long-
duration full-field photopic ERG on human subjects
and found that PhINR after both the onset and offset
of the light stimulus were decreased in glaucoma eyes.
Moreover, their results exhibited a greater change in the
offset PANR than the onset PhNR. Thus, this study
showed that both the ON- and OFF-pathways may
be implicated in human glaucoma, with greater OFF-
pathway vulnerability.

A clinical study involving a sawtooth flicker stimu-
lus also demonstrated OFF-pathway susceptibility
in glaucoma patients. The sawtooth stimulus was
modulated in two ways: one form was rapid-on as the
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light gradually decreased in intensity before an abrupt
increase in light intensity (Fig. 2D). The other version
was rapid-off, where the light gradually increased in
intensity before an abrupt decrease in light intensity
(Fig. 2E). These protocols were shown to correlate with
the ON- and OFF-pathways, respectively.”” After the
abrupt change in light intensity, the rapid-on stimu-
lus generates a waveform with an initial negative peak
followed by a large positive waveform. The rapid-off
stimulus generates only an initial positive response.
After the positive waveform from both stimuli, there
are the late positive and late negative (LN) peaks. These
authors suspected that the late positive waveform is
likely an i-wave homologue, and the LN waveform
is likely a PhNR homologue. The late positive and
LN peaks can further be described as ON or OFF to
define whether it came from the rapid-on or rapid-off
stimulus. The researchers found greater changes to the
rapid-off waveform versus the rapid-on waveform for
perimetric subjects compared with controls, specifically
the LN peak was significantly reduced with the rapid-
off stimulus.”® Gowrisankaran et al.”” similarly showed
that subjects with optic atrophy had a decreased LN
response with the rapid-off stimulus, but not with the
rapid-on stimulus. As a result, these studies suggest that
the OFF-pathway is indeed more susceptible, although
there may be changes to the ON-pathway in human
glaucoma as well. These studies also demonstrate the
usefulness of the sawtooth flicker stimulus as a method
to elicit differences in the ON- and OFF- pathways,
which could be leveraged for early glaucoma detec-
tion. Future studies could incorporate the rapid-on
and rapid-off sawtooth stimuli as a way to test for
early glaucoma. For instance, Norcia et al. used steady-
state visual evoked potentials and found that a decre-
ment sawtooth stimulus was better at distinguishing
visual responses in glaucoma subjects compared with
an increment sawtooth stimulus (Norcia AM et al.
IOVS 2019; 60:ARVO E-Abstract 2488). Integrating
a sawtooth stimulus in the diagnostic pipeline could
thereby provide a better paradigm to isolate the ON-
and OFF-pathways to perhaps identify early changes
in glaucoma.

Flicker stimuli are another ERG paradigm of
growing interest to separate the ON and OFF
responses. Modulating the flicker stimulus frequency
has been done for subjects with CSNB1 and XLRS,!-8
but there is still limited research with human glaucoma.
Nevertheless, the results from experimental animal
models have suggested that higher stimulus frequen-
cies are more associated with the OFF-pathway, which
may provide a novel way to detect glaucoma. In a
recent study using a sinusoidal stimulus ranging from
0.3 to 50.0 Hz with a handheld ERG device, we found
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that for stimulus frequencies between 15 and 50 Hz,
glaucoma eyes had significantly reduced ERG ampli-
tudes compared with control eyes (Kong A et al.
IOVS 2020; 61:ARVO E-Abstract 4043). Although a
large frequency range was shown to be decreased in
glaucoma subjects, this study showed that the higher
temporal frequencies were predominantly affected,
which is consistent with greater OFF-pathway vulner-
ability. Thus, further developing a modality to more
specifically isolate the ON- and OFF-pathways, such
as varying the temporal frequency of a flicker stimulus,
could be used to better characterize pathway vulnera-
bility in human glaucoma.

Future Research

Because there is growing evidence that OFF RGCs
are more susceptible in experimental mouse models,
future experiments should continue to explore the
mechanisms underlying type-specific RGC susceptibil-
ity, identifying both cell autonomous and non-cell-
autonomous mechanisms that may help to explain
disease pathogenesis in humans. Although the initi-
ating event in glaucomatous axonopathy is generally
IOP-induced strain on the optic nerve head, we hypoth-
esize that RGC type-specific susceptibility may be a
function of several different factors such as RGC activ-
ity level, direct sensitivity to pressure changes from
transient receptor potential channels, and interactions
with other cell types and structures, including neurons,
glia, and vasculature. Furthermore, one outstanding
question is whether the vulnerable RGC types found in
mouse have direct counterparts in human, which has
fewer RGC types.®! Consequently, large-scale surveys
of specific RGC type vulnerability versus resiliency in
human glaucoma are still needed.

The use of ERG has shown promising results as a
measure of visual function in glaucoma, and additional
studies with clinical ERG can be used to focus on
these ON- and OFF-pathway differences. Further
longitudinal studies using paradigms such as PERG,
PhNR, long-duration photopic ON-OFF stimulus,
and sawtooth stimulus could be used to follow the
progression of glaucoma and to determine the relation-
ship of ON- and OFF-pathway changes in humans.
One limitation of the findings in the Horn et al.’®
and Pangeni et al.’”® studies was that they did not find
significant differences between control subjects and
either ocular hypertensive subjects or preperimetric
subjects, respectively. Although these studies included
small sample sizes, the sensitivity for early glauco-
matous changes may be improved with the use of
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ERG paradigms that include a flicker stimulus such
as sine or square wave stimuli to measure the funda-
mental harmonic response. The ability for mfERG to
isolate specific parts of the retina is an additional
area of interest. For patients with only a hemifield
defect, nfERG may contribute interesting data on how
retinal pathways may be perturbed within an individual
subject. Importantly, by employing ERG to quantify
changes to the ON- and OFF-pathways, these studies
may be able to identify a more objective measure of
visual function in glaucoma.

Conclusion

The research based on rodent experimental
glaucoma models has shown that OFF RGCs may be
more susceptible to injury. Indeed, these RGCs showed
decreases in dendritic area, dendritic complexity, and
density of excitatory synapses. Although there are
still conflicting reports on whether RGC susceptibility
is driven by ON versus OFF identity, glaucomatous
experimental mouse models also exhibited a decrease
in ERG response to a flicker stimulus, in particular
at a higher frequency, which is more associated with
the OFF-pathway in both rodents and humans. There
has also been clinical evidence to support the notion
that the OFF-pathway may be more affected in human
glaucoma. The ERG is increasingly seen as a possible
tool to improve glaucoma diagnostics. Currently, there
are promising modalities such as PERG and PhNR
that may detect early glaucomatous changes, and these
studies do lend support that the OFF-pathway is more
vulnerable in humans. Moving forward, developing
a more specific measure of ON- and OFF-pathway
function, such as with a flicker frequency stimulus or
using a sawtooth stimulus, may ultimately provide an
objective test to measure the OFF-pathway and to
allow for earlier diagnosis of glaucoma even before
any visual field changes occur.

Acknowledgments

The authors thank Suling Wang for her help with
the graphics in Figure 1.

Supported by NEI ROIEY028148 (YO), BrightFo-
cus Foundation (YO), Glaucoma Research Foundation
(YO), That Man May See (LDS), UCSF Dean’s Office
Medical Student Research Program (AWK), NEI P30
EY002162 - Core Grant for Vision Research, and by an



translational vision science & technology

Glaucoma ERG

unrestricted grant from Research to Prevent Blindness,
New York, NY.

Disclosure: A.W. Kong, None; L. Della Santina,

None; Y. Ou, None

References

—_
S

. Mitchell

. Tham Y-C, Li X, Wong TY, Quigley HA, Aung

T, Cheng C-Y. Global prevalence of glaucoma
and projections of glaucoma burden through
2040: a systematic review and meta-analysis. Oph-
thalmology. 2014;121(11):2081-2090, doi:10.1016/
j.ophtha.2014.05.013.

. Flaxman SR, Bourne RRA, Resnikoff §,

Global causes of blindness and dis-
impairment 1990-2020: a sys-
tematic review and meta-analysis. Lancet
Glob Health. 2017;5(12):e1221-e1234,
doi:10.1016/S2214-109X30393-5.

et al
tance vision

. Calkins DJ. Critical pathogenic events underly-

ing progression of neurodegeneration in glaucoma.
Prog Retin Eye Res. 2012;31(6):702-719, doi:10.
1016/j.preteyeres.2012.07.001.

. Glovinsky Y, Quigley HA, Dunkelberger GR.

Retinal ganglion cell loss is size dependent in
experimental glaucoma. Invest Ophthalmol Vis Sci.
1991;32(3):484-491.

. Shou T, Liu J, Wang W, Zhou Y, Zhao K. Differ-

ential dendritic shrinkage of alpha and beta reti-
nal ganglion cells in cats with chronic glaucoma.
Invest Ophthalmol Vis Sci. 2003;44(7):3005-3010,
doi:10.1167/i0vs.02-0620.

. Della Santina L, Ou Y. Who’s lost first? Suscepti-

bility of retinal ganglion cell types in experimental
glaucoma. Exp Eye Res. 2017;158:43-50, doi:10.
1016/j.exer.2016.06.006.

. Wang AY, Lee PY, Bui BV, et al. Potential mecha-

nisms of retinal ganglion cell type-specific vulner-
ability in glaucoma. Clin Exp Optom. Published
online December 15, 2019, doi:10.1111/cx0.13031.

. Tielsch JM, Sommer A, Katz J, Royall RM,

Quigley HA, Javitt J. Racial variations in the preva-
lence of primary open-angle glaucoma. The Balti-
more Eye Survey. JAMA. 1991;266(3):369-374.

P, Smith W, Attebo K, Healey
PR. Prevalence of open-angle glaucoma in
Australia. The Blue Mountains Eye Study.
Ophthalmology. 1996;103(10):1661-1669,
doi:10.1016/s0161-6420(96)30449-1.

. Leske MC, Connell AM, Schachat AP, Hyman

L. The Barbados Eye Study. Prevalence of open

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

TVST | October 2020 | Vol.9 | No. 11 | Article 14 | 11

angle glaucoma. Arch Ophthalmol Chic Il 1960.
1994;112(6):821-829, doi:10.1001/archopht.1994.
01090180121046.

Wensor MD, McCarty CA, Stanislavsky YL,
Livingston PM, Taylor HR. The prevalence of
glaucoma in the Melbourne Visual Impairment
Project.  Ophthalmology. 1998;105(4):733-739,
doi:10.1016/S0161-6420(98)94031-3.

Harwerth RS, Carter-Dawson L, Shen F, Smith
EL, Crawford ML. Ganglion cell losses underlying
visual field defects from experimental glaucoma.
Invest Ophthalmol Vis Sci. 1999;40(10):2242-2250.
Kerrigan-Baumrind LA, Quigley HA, Pease ME,
Kerrigan DF, Mitchell RS. Number of gan-
glion cells in glaucoma eyes compared with
threshold visual field tests in the same per-
sons. Invest Ophthalmol Vis Sci. 2000;41(3):741—
748.

Jampel HD, Singh K, Lin SC, et al. Assessment of
visual function in glaucoma: a report by the Amer-
ican Academy of Ophthalmology. Ophthalmology.
2011;118(5):986-1002, doi:10.1016/j.ophtha.2011.
03.019.

Wu Z, Medeiros FA. Recent develop-
ments in visual field testing for glaucoma.
Curr  Opin  Ophthalmol.  2018;29(2):141-146,
doi:10.1097/1CU.0000000000000461.

Zhang X, Dastiridou A, Francis BA, et al. Com-
parison of glaucoma progression detection by opti-
cal coherence tomography and visual field. Am
J Ophthalmol. 2017;184:63-74, doi:10.1016/j.ajo.
2017.09.020.

Weber AJ, Kaufman PL, Hubbard WC. Mor-
phology of single ganglion cells in the glauco-
matous primate retina. Invest Ophthalmol Vis Sci.
1998;39(12):2304-2320.

Anderson RS, O’Brien C. Psychophysical evidence
for a selective loss of M ganglion cells in glau-
coma. Vision Res. 1997;37(8):1079-1083, doi:10.
1016/s0042-6989(96)00260-x.

Sun H, Swanson WH, Arvidson B, Dul
MW. Assessment of contrast gain signa-
ture in inferred magnocellular and parvo-
cellular pathways in patients with glau-
coma. Vision Res. 2008;48(26):2633-2641,
doi:10.1016/j.visres.2008.04.008.

Vickers JC, Schumer RA, Podos SM, Wang RF,
Riederer BM, Morrison JH. Differential vulner-
ability of neurochemically identified subpopula-
tions of retinal neurons in a monkey model of
glaucoma. Brain Res. 1995;680(1-2):23-35, doi:10.
1016/0006-8993(95)00211-8.

Quigley HA, Sanchez RM, Dunkelberger GR,
L’Hernault NL, Baginski TA. Chronic glaucoma


http://doi.org/10.1016/j.ophtha.2014.05.013
http://doi.org/10.1016/S2214-109X30393-5
http://doi.org/10.1016/j.preteyeres.2012.07.001
http://doi.org/10.1167/iovs.02-0620
http://doi.org/10.1016/j.exer.2016.06.006
http://doi.org/10.1111/cxo.13031
http://doi.org/10.1016/s0161-6420(96)30449-1
http://doi.org/10.1001/archopht.1994.01090180121046
http://doi.org/10.1016/S0161-6420(98)94031-3
http://doi.org/10.1016/j.ophtha.2011.03.019
http://doi.org/10.1097/ICU.0000000000000461
http://doi.org/10.1016/j.ajo.2017.09.020
http://doi.org/10.1016/s0042-6989(96)00260-x
http://doi.org/10.1016/j.visres.2008.04.008
http://doi.org/10.1016/0006-8993(95)00211-8

translational vision science & technology

Glaucoma ERG

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

selectively damages large optic nerve fibers. Invest
Ophthalmol Vis Sci. 1987;28(6):913-920.

Quigley HA, Dunkelberger GR, Green
WR. Chronic human glaucoma causing
selectively greater loss of large optic nerve
fibers. Ophthalmology. 1988;95(3):357-363,
doi:10.1016/s0161-6420(88)33176-3.

Morgan JE, Uchida H, Caprioli J. Retinal ganglion
cell death in experimental glaucoma. Br J Oph-
thalmol. 2000;84(3):303-310, doi:10.1136/bjo.84.3.
303.

Morgan JE. Retinal ganglion cell shrinkage in
glaucoma. J Glaucoma. 2002;11(4):365-370,
doi:10.1097/00061198-200208000-00015.

Pavlidis M, Stupp T, Naskar R, Cengiz C, Thanos
S. Retinal ganglion cells resistant to advanced
glaucoma: a postmortem study of human retinas
with the carbocyanine dye Dil. Invest Ophthalmol
Vis Sci. 2003;44(12):5196-5205, doi:10.1167/iovs.
03-0614.

Li RS, Chen B-Y, Tay DK, Chan HHL, Pu M-L,
So K-F. Melanopsin-expressing retinal ganglion
cells are more injury-resistant in a chronic ocu-
lar hypertension model. Invest Ophthalmol Vis
Sci. 2006;47(7):2951-2958, doi:10.1167/iovs.05-
1295.

Weber AJ, Harman CD. BDNF preserves the den-
dritic morphology of alpha and beta ganglion cells
in the cat retina after optic nerve injury. Invest
Ophthalmol Vis Sci. 2008;49(6):2456-2463, doi:10.
1167/i0vs.07-1325.

Silveira LC, Russelakis-Carneiro M, Perry VH.
The ganglion cell response to optic nerve injury
in the cat: differential responses revealed by neu-
rofibrillar staining. J Neurocytol. 1994;23(2):75-
86, doi:10.1007/BF01183863.

Watanabe M, Inukai N, Fukuda Y. Survival of
retinal ganglion cells after transection of the optic
nerve in adult cats: a quantitative study within two
weeks. Vis Neurosci. 2001;18(1):137-145, doi:10.
1017/s0952523801181137.

Sanes JR, Masland RH. The types of reti-
nal ganglion cells: current status and implica-
tions for neuronal classification. Annu Rev Neu-
rosci. 2015;38(1):221-246, doi:10.1146/annurev-
neuro-071714-034120.

van Wyk M, Wissle H, Taylor WR. Receptive field
properties of ON- and OFF-ganglion cells in the
mouse retina. Vis Neurosci. 2009;26(3):297-308,
doi:10.1017/S0952523809990137.

Ou Y, Jo RE, Ullian EM, Wong ROL,
Della Santina L. Selective  vulnerability
of specific retinal ganglion cell types and
synapses after transient ocular hyperten-

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

TVST | October 2020 | Vol.9 | No. 11 | Article 14 | 12

sion. J  Neurosci. 2016;36(35):9240-9252,
doi:10.1523/JNEUROSCI.0940-16.2016.

Della Santina L, Inman DM, Lupien CB, Horner
PJ, Wong ROL. Differential progression of struc-
tural and functional alterations in distinct retinal
ganglion cell types in a mouse model of glaucoma.
J Neurosci. 2013;33(44):17444-17457, doi:10.1523/
JNEUROSCI.5461-12.2013.

El-Danaf RN, Huberman AD. Characteristic
patterns of dendritic remodeling in early-stage
glaucoma: evidence from genetically identified
retinal ganglion cell types. J Neurosci. 2015;35(6):
2329-2343,  doi:10.1523/INEUROSCI.1419-14.
2015.

Puyang Z, Gong H-Q, He S-G, Troy JB, Liu
X, Liang P-J. Different functional susceptibilities
of mouse retinal ganglion cell subtypes to optic
nerve crush injury. Exp Eye Res. 2017;162:97-103,
doi:10.1016/j.exer.2017.06.014.

Daniel S, Clark A, McDowell C. Subtype-specific
response of retinal ganglion cells to optic nerve
crush. Cell Death Discov. 2018;4:7, doi:10.1038/
s41420-018-0069-y.

Daniel S, Meyer KJ, Clark AF, Anderson MG,
McDowell CM. Effect of ocular hypertension on
the pattern of retinal ganglion cell subtype loss
in a mouse model of early-onset glaucoma. Exp
Eye Res.2019;185:107703, doi:10.1016/j.exer.2019.
107703.

Sabharwal J, Seilheimer RL, Tao X, Cowan CS,
Frankfort BJ, Wu SM. Elevated IOP alters the
space-time profiles in the center and surround of
both ON and OFF RGCs in mouse. Proc Natl
Acad Sci USA. 2017;114(33):8859-8864, doi:10.
1073/pnas. 1706994114,

Berry RH, Qu J, John SWM, Howell GR,
Jakobs TC. Synapse loss and dendrite remod-
eling in a mouse model of glaucoma. PLOS
ONE. 2015;10(12):¢0144341, doi:10.1371/journal.
pone.0144341.

Tran NM, Shekhar K, Whitney IE, et al. Single-
Cell profiles of retinal ganglion cells differ-
ing in resilience to injury reveal neuroprotective
genes. Neuron. 2019;104:1039-1055, doi:10.1016/j.
neuron.2019.11.006.

Risner ML, Pasini S, Cooper ML, Lam-
bert WS, Calkins DJ. Axogenic mechanism
enhances retinal ganglion cell excitability dur-
ing early progression in glaucoma. Proc Natl
Acad Sci USA. 2018;115(10):E2393-E2402,
doi:10.1073/pnas.1714888115.

Chen H, Zhao Y, Liu M, et al. Progressive degen-
eration of retinal and superior collicular functions
in mice with sustained ocular hypertension. Invest


http://doi.org/10.1016/s0161-6420(88)33176-3
http://doi.org/10.1136/bjo.84.3.303
http://doi.org/10.1097/00061198-200208000-00015
http://doi.org/10.1167/iovs.03-0614
http://doi.org/10.1167/iovs.05-1295
http://doi.org/10.1167/iovs.07-1325
http://doi.org/10.1007/BF01183863
http://doi.org/10.1017/s0952523801181137
http://doi.org/10.1146/annurev-neuro-071714-034120
http://doi.org/10.1017/S0952523809990137
http://doi.org/10.1523/JNEUROSCI.0940-16.2016
http://doi.org/10.1523/JNEUROSCI.5461-12.2013
http://doi.org/10.1523/JNEUROSCI.1419-14.2015
http://doi.org/10.1016/j.exer.2017.06.014
http://doi.org/10.1038/s41420-018-0069-y
http://doi.org/10.1016/j.exer.2019.107703
http://doi.org/10.1073/pnas.1706994114
http://doi.org/10.1371/journal.pone.0144341
http://doi.org/10.1016/j.neuron.2019.11.006
http://doi.org/10.1073/pnas.1714888115

translational vision science & technology

Glaucoma ERG

43.

44.

45.

46.

47.

48.

49.

50.

51.

52.

53.

Ophthalmol Vis Sci. 2015;56(3):1971-1984, doi:10.
1167/i0vs.14-15691.

Pang J-J, Frankfort BJ, Gross RL, Wu SM.
Elevated intraocular pressure decreases response
sensitivity of inner retinal neurons in exper-
imental glaucoma mice. Proc Natl Acad Sci
USA. 2015;112(8):2593-2598, doi:10.1073/pnas.
1419921112.

Feng L, Zhao Y, Yoshida M, et al. Sustained ocu-
lar hypertension induces dendritic degeneration
of mouse retinal ganglion cells that depends on
cell type and location. Invest Ophthalmol Vis Sci.
2013;54(2):1106-1117, doi:10.1167/iovs.12-10791.
Tao X, Sabharwal J, Seilheimer RL, Wu SM,
Frankfort BJ. Mild intraocular pressure elevation
in mice reveals distinct retinal ganglion cell func-
tional thresholds and pressure-dependent prop-
erties. J Neurosci. 2019;39(10):1881-1891, doi:10.
1523/JNEUROSCI.2085-18.2019.

Christensen I, Lu B, Yang N, Huang K, Wang
P, Tian N. The susceptibility of retinal gan-
glion cells to glutamatergic excitotoxicity is type-
specific. Front Neurosci. 2019;13:219, doi:10.3389/
fnins.2019.00219.

Yang N, Young BK, Wang P, Tian N. The suscepti-
bility of retinal ganglion cells to optic nerve injury
is type specific. Cells. 2020;9(3):677, doi:10.3390/
cells9030677.

Sustar M, Holder GE, Kremers
ISCEV extended protocol for the pho-
topic  On-Off ERG. Doc  Ophthalmol
Adv Ophthalmol. 2018;136(3):199-206,
doi:10.1007/s10633-018-9645-y.

Sieving PA. Photopic ON- and OFF-pathway
abnormalities in retinal dystrophies. Trans Am
Ophthalmol Soc. 1993;91:701-773.

Ueno S, Kondo M, Ueno M, Miyata K, Terasaki
H, Miyake Y. Contribution of retinal neurons
to d-wave of primate photopic electroretino-
grams. Vision Res. 2006;46(5):658-664, doi:10.
1016/j.visres.2005.05.026.

Liu K-G, Peng X-Y, Zhang Z, Sun H,
Yang D-Y, Wang N-L. Reduction on OFF-
responses of Electroretinogram in monkeys
with long-term high intraocular pressure.
Chin Med J (Engl). 2017;130(22):2713-2719,
doi:10.4103/0366-6999.218021.

Kondo M, Miyake Y. Assessment of local cone on-
and off-pathway function using multifocal ERG
technique. Doc Ophthalmol. 2000;100(2):139-154,
doi:10.1023/A:1002779619050.

Chan HH-L, Ng Y, Chu PH. Applications of the
multifocal electroretinogram in the detection of

J, et al

54.

55.

56.

57.

38.

59.

60.

61.

62.

63.

64.

TVST | October 2020 | Vol.9 | No. 11 | Article 14 | 13

glaucoma. Clin Exp Optom. 2011;94(3):247-258,
doi:10.1111/5.1444-0938.2010.00571.x.

Wilsey LJ, Fortune B. Electroretinography
in glaucoma diagnosis. Curr Opin Ophthal-
mol.  2016;27(2):118-124,  doi:10.1097/ICU.
0000000000000241.

Miura G, Wang MH, Ivers KM, Frishman LIJ.
Retinal pathway origins of the pattern ERG of
the mouse. Exp Eye Res. 2009;89(1):49-62, doi:10.
1016/j.exer.2009.02.009.

Luo X, Frishman LJ. Retinal pathway origins of
the pattern electroretinogram (PERG). Invest Oph-
thalmol Vis Sci. 2011;52(12):8571-8584, doi:10.
1167/i0vs.11-8376.

Viswanathan S, Frishman LJ, Robson JG, Har-
werth RS, Smith EL. The photopic negative
response of the macaque electroretinogram: reduc-
tion by experimental glaucoma. Invest Ophthalmol
Vis Sci. 1999;40(6):1124-1136.

Rangaswamy NV, Frishman LJ, Dorotheo EU,
Schiffman JS, Bahrani HM, Tang RA. Pho-
topic ERGs in patients with optic neuropathies:
comparison with primate ERGs after pharmaco-
logic blockade of inner retina. Invest Ophthalmol
Vis Sci. 2004;45(10):3827-3837, doi:10.1167/iovs.
04-0458.

Viswanathan S, Frishman LJ, Robson JG. The uni-
form field and pattern ERG in Macaques with
experimental glaucoma: removal of spiking activ-
ity. Invest Ophthalmol Vis Sci. 2000;41(9):2797—
2810.

Kondo M, Sieving PA. Post-photoreceptoral activ-
ity dominates primate photopic 32-Hz ERG for
sine-, square-, and pulsed stimuli. Invest Ophthal-
mol Vis Sci. 2002;43(7):2500-2507.

Khan NW, Kondo M, Hiriyanna KT, Jamison
JA, Bush RA, Sieving PA. Primate retinal signal-
ing pathways: suppressing on-Pathway activity in
monkey with glutamate analogues mimics human
CSNBI-NYX genetic night blindness. J Neuro-
physiol. 2005;93(1):481-492, doi:10.1152/jn.00365.
2004.

Kondo M, Sieving PA. Primate photopic sine-wave
flicker ERG: vector modeling analysis of compo-
nent origins using glutamate analogs. Invest Oph-
thalmol Vis Sci. 2001;42(1):305-312.

Tanimoto N, Sothilingam V, Kondo M, Biel M,
Humphries P, Seeliger MW. Electroretinographic
assessment of rod- and cone-mediated bipolar cell
pathways using flicker stimuli in mice. Sci Rep.
2015;5:10731, doi:10.1038/srep10731.

Tanimoto N, Akula JD, Fulton AB, Weber
BHF, Seeliger MW. Differentiation  of


http://doi.org/10.1167/iovs.14-15691
http://doi.org/10.1073/pnas.1419921112
http://doi.org/10.1167/iovs.12-10791
http://doi.org/10.1523/JNEUROSCI.2085-18.2019
http://doi.org/10.3389/fnins.2019.00219
http://doi.org/10.3390/cells9030677
http://doi.org/10.1007/s10633-018-9645-y
http://doi.org/10.1016/j.visres.2005.05.026
http://doi.org/10.4103/0366-6999.218021
http://doi.org/10.1023/A:1002779619050
http://doi.org/10.1111/j.1444-0938.2010.00571.x
http://doi.org/10.1097/ICU.0000000000000241
http://doi.org/10.1016/j.exer.2009.02.009
http://doi.org/10.1167/iovs.11-8376
http://doi.org/10.1167/iovs.04-0458
http://doi.org/10.1152/jn.00365.2004
http://doi.org/10.1038/srep10731

translational vision science & technology

Glaucoma ERG

65.

66.

67.

68.

69.

70.

71.

72.

73.

murine models of “negative ERG” by single
and repetitive light stimuli. Doc Ophthal-
mol Adv  Ophthalmol. 2016;132(2):101-109,
doi:10.1007/s10633-016-9534-1.

Harazny J, Scholz M, Buder T, Lausen B,
Kremers J. Electrophysiological deficits in the
retina of the DBA/2] mouse. Doc Ophthal-
mol Adv Ophthalmol. 2009;119(3):181-197, doi:10.
1007/s10633-009-9194-5.

Bode SFN, Jehle T, Bach M. Pattern electroretino-
gram in glaucoma suspects: new findings from
a longitudinal study. Invest Ophthalmol Vis Sci.
2011;52(7):4300-4306, doi:10.1167/iovs.10-6381.
Banitt MR, Ventura LM, Feuer W1, et al. Progres-
sive loss of retinal ganglion cell function precedes
structural loss by several years in glaucoma sus-
pects. Invest Ophthalmol Vis Sci. 2013;54(3):2346—
2352, doi:10.1167/iovs.12-11026.

Graham SL, Drance SM, Chauhan BC, et al. Com-
parison of psychophysical and electrophysiological
testing in early glaucoma. Invest Ophthalmol Vis
Sci. 1996;37(13):2651-2662.

Hood DC, Xu L, Thienprasiddhi P, et al. The pat-
tern electroretinogram in glaucoma patients with
confirmed visual field deficits. Invest Ophthalmol
Vis Sci. 2005;46(7):2411-2418, doi:10.1167/iovs.
05-0238.

Cvenkel B, Sustar M, Perovsek D. Ganglion cell
loss in early glaucoma, as assessed by photopic
negative response, pattern electroretinogram, and
spectral-domain optical coherence tomography.
Doc Ophthalmol Adv Ophthalmol. 2017;135(1):17-
28, d0i:10.1007/s10633-017-9595-9.

Jung K1, Jeon S, Shin DY, Lee J, Park CK. Pat-
tern electroretinograms in preperimetric and peri-
metric glaucoma. Am J Ophthalmol. 2020;215:118—
126, doi:10.1016/j.aj0.2020.02.008.

Niyadurupola N, Luu CD, Nguyen DQ, et al.
Intraocular pressure lowering is associated with an
increase in the photopic negative response (PhNR)
amplitude in glaucoma and ocular hypertensive
eyes. Invest Ophthalmol Vis Sci. 2013;54(3):1913-
1919, doi:10.1167/i0vs.12-10869.

Hara Y, Machida S, Ebihara S, Ishizuka
M, Tada A, Nishimura T. Comparisons

74.

75.

76.

77.

78.

79.

80.

81.

TVST | October 2020 | Vol.9 | No. 11 | Article 14 | 14

of photopic negative responses elicited by
different  conditions  from  glaucomatous
eyes. Jpn J Ophthalmol. 2020;64(2):114-126,
doi:10.1007/s10384-019-00711-5.

Hui F, Tang J, Hadoux X, Coote M, Crowston JG.
Optimizing a portable ERG device for glaucoma
clinic: the effect of interstimulus frequency on the
photopic negative response. Trans! Vis Sci Technol.
2018;7(6):26-26, doi:10.1167/tvst.7.6.26.

Kim HD, Park JY, Ohn Y-H. Clinical applica-
tions of photopic negative response (PhNR) for
the treatment of glaucoma and diabetic retinopa-
thy. Korean J Ophthalmol KJO. 2010;24(2):89-95,
doi:10.3341/kjo.2010.24.2.89.

Horn FK, Gottschalk K, Mardin CY, Pangeni G,
Jinemann AG, Kremers J. On and off responses
of the photopic fullfield ERG in normal sub-
jects and glaucoma patients. Doc Ophthalmol
Adv Ophthalmol. 2011;122(1):53-62, doi:10.1007/
s10633-011-9258-1.

Pangeni G, Kremers J. Human photopic ON-
and OFF-ERG responses ¢licited by square wave
and sawtooth stimuli. Psychol Amp Neurosci.
2013;6(2):165-178, doi:10.3922/j.psns.2013.2.05.
Pangeni G, Lammer R, Tornow RP, Horn
FK, Kremers J. On- and off-response ERGs
elicited by sawtooth stimuli in normal sub-
jects and glaucoma patients. Doc Ophthal-
mol  Adv  Ophthalmol.  2012;124(3):237-248,
doi:10.1007/s10633-012-9323-4.

Gowrisankaran S, Genead MA, Anastasakis A,
Alexander KR. Characteristics of late nega-
tive ERG responses elicited by sawtooth flicker.
Doc Ophthalmol. 2013;126(1):9-19, doi:10.1007/
$10633-012-9352-z.

Alexander KR, Barnes CS, Fishman GA. High-
frequency attenuation of the cone ERG and ON-
response deficits in X-linked retinoschisis. Invest
Ophthalmol Vis Sci. 2001;42(9):2094-2101.

Peng Y-R, Shekhar K, Yan W, et al. Molec-
ular classification and comparative taxo-
nomics of foveal and peripheral cells in pri-
mate retina. Cell. 2019;176(5):1222-1237.e22,
doi:10.1016/j.cell.2019.01.004.


http://doi.org/10.1007/s10633-016-9534-1
http://doi.org/10.1007/s10633-009-9194-5
http://doi.org/10.1167/iovs.10-6381
http://doi.org/10.1167/iovs.12-11026
http://doi.org/10.1167/iovs.05-0238
http://doi.org/10.1007/s10633-017-9595-9
http://doi.org/10.1016/j.ajo.2020.02.008
http://doi.org/10.1167/iovs.12-10869
http://doi.org/10.1007/s10384-019-00711-5
http://doi.org/10.1167/tvst.7.6.26
http://doi.org/10.3341/kjo.2010.24.2.89
http://doi.org/10.1007/s10633-011-9258-1
http://doi.org/10.3922/j.psns.2013.2.05
http://doi.org/10.1007/s10633-012-9323-4
http://doi.org/10.1007/s10633-012-9352-z
http://doi.org/10.1016/j.cell.2019.01.004



