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Purpose: Myopic marmosets are known to exhibit significant inner retinal thinning
compared to age-matched controls. The purpose of this studywas to assess inner retinal
activity inmarmosetswith lens-inducedmyopia compared to age-matchedcontrols and
evaluate its relationship with induced changes in refractive state and eye growth.

Methods:Cycloplegic refractive error (Rx), vitreous chamber depth (VCD), and photopic
full-field electroretinogram were measured in 14 marmosets treated binocularly with
negative contact lenses compared to9untreated controls at different stages throughout
the experimental period (from 74 to 369 days of age). The implicit times of the a-, b-, d-,
andphotopic negative response (PhNR)waves, aswell as the saturated amplitude (Vmax),
semi-saturation constant (K), and slope (n) estimated from intensity-response functions
fitted with Naka-Rushton equations were analyzed.

Results: Compared to controls, treated marmosets exhibited attenuated b-, d-, and
PhNRwaves Vmax amplitudes 7 to 14 days into treatment before compensatory changes
in refraction andeyegrowthoccurred. At later timepoints,when treatedmarmosets had
developed axialmyopia, the amplitudes and implicit times of the b-, d-, and PhNRwaves
were similar between groups. In controls, the PhNRwave saturated amplitude increased
as the b + d-wave Vmax increased. This trend was absent in treated marmosets.

Conclusions: Marmosets induced with negative defocus exhibit early alterations in
inner retinal saturated amplitudes compared to controls, prior to the development of
compensatory myopia. These early ERG changes are independent of refraction and eye
size andmay reflect early changes in bipolar, ganglion, amacrine, or glial cell physiology
prior to myopia development.

TranslationalRelevance:Theearly changes in retinal function identified in thenegative
lens-treatedmarmosets may serve as clinical biomarkers to help identify children at risk
of developing myopia.

Introduction

A disruption to the emmetropization process can
result in a mismatch between the optical power of
the eye and its axial length, leading to refractive error
development.1 Myopia is not only a refractive and
visual inconvenience, it significantly increases the risk
of visual impairment caused by myopic maculopathy,
cataracts, and glaucoma, among others.2

Evidence from experimental models of myopia
confirms that the regulation of eye growth is locally
controlled within the retina.3 Several retinal cells and
visual processing pathways appear involved in myopia

development.4–6 Alterations in the ON and OFF
pathway affect differently the normal ocular devel-
opment of mice,5,7 cats,8 and chicks.9 In humans, it
is hypothesized that ON and OFF asymmetries may
increase the risk of myopia development,10 which is
receiving considerable attention due to its involvement
with retinal dopamine, a neurotransmitter critical for
ocular development.11

Myopia development and progression can also
affect the structure of the eye. Non-human primates
induced with myopia exhibit a thinning of the ganglion
cell complex,12 retinal glial, and vasculature changes,13
and a differential activation of gene transcriptomes,14
all of which may affect retinal function. Results from
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studies assessing retinal function in myopes using
electroretinograms (ERGs) are mixed, but most point
to an attenuation of the a-wave (cone andOFF-bipolar
cells15) and b-wave amplitudes (ON- and OFF-cone
bipolar cells16,17) with no changes in their implicit
times.18,19 This finding is also supported by evidence
from genetic studies.20,21

The photopic negative response (PhNR) is the slow
negative wave that follows the b-wave and gener-
ates from the inner retina: ganglion cells and glial
cells in humans22 and non-human primates,23–25 and
amacrine cells in rodents.26 The PhNR has been
used to monitor diseases such as glaucoma,24,25 optic
atrophy,27 diabetic retinopathy,28 and central retinal
artery occlusion.29 However, no study to date has
described how myopia affects the PhNR. The present
study addresses this gap by investigating the effect
of myopia on inner retina neuronal and glial cell
activity. To provide a comprehensive picture of the
retinal processing changes occurring in myopic eyes,
and because ganglion cells receive input from bipolar
cells, we studied the PhNR, a-, b-, and d-waves
in juvenile and adolescent primate eyes (marmosets,
Callithrix jacchus) induced with myopia before and
after refractive and ocular growth changes are evident
compared to untreated animals that emmetropized
normally. Studying the activity of inner retinal cells
prior and during the development of myopia may lead
to the identification of early biomarkers of myopia
progression that could be used to guide early interven-
tions and help provide answers to clinically relevant
questions about the development of degenerative
myopia.

Methods

Experimental Protocol

Twenty-five juvenile marmosets were measured for
this study, 14 of which were treated binocularly with
single-vision negative soft contact lenses to induce
myopia from approximately 70 days of age for a
minimum of 12 weeks and a maximum of 44 weeks
(N = 14; 5 males [Ms] and 9 females [Fs]). Nine
marmosets were untreated controls (N = 9; 7 Ms and
2 Fs). Sample size calculations were obtained using
a power analysis (α-level = 0.05 and power = 80%)
with preliminary data obtained from our early proto-
col development phase. The myopia-inducing lens
rearing paradigm and outcome measurements used
in this study have been previously described.30,31 In
summary, marmosets were reared on a 9-hour light
(approximately 700 lux)/15-hour dark cycle at 22°C

with 60% relative humidity and free access to water and
food throughout the duration of the experiment. Soft
contact lenses (methafilcon A: 58% water content and
21 Dk/t; Capricornia Contact Lens, Pty Ltd., Queens-
land, Australia) were fitted 0.10 mm flatter than the
flattest k (measured with a custom-made infrared video
keratometer). No ocular surface complications were
observed in any marmoset in this study. Animal care,
methods, and treatment protocols were all approved by
the State University of New York College of Optome-
try Institutional Animal Care and Use Committee and
were in accordance with the ARVO Statement for the
Use of Animals in Ophthalmic and Vision Research.

Refraction and Ocular Biometry Measures

Data were collected from marmosets at differ-
ent stages throughout the experimental period (74
to 369 days old). On-axis cycloplegic refractive error
(Nidek ARK-900 autorefractor; Nidek, Gamagori,
Japan) and vitreous chamber depth (A-scan ultrasound
25MHz; Panametrics, NDT, Ltd., Waltham, MA,
USA)weremeasured aweek prior to each ERG record-
ing. For refractive error measurements, marmosets
were awake, whereas for vitreous chamber measure-
ments, marmosets were under anesthesia to control for
eye movements (alfaxalone, 15 mg/kg, IM).

Electroretinograms

ERGs were measured in treated and control
marmosets several times throughout the experimental
period (74 to 369 days old), as previously described.32
In preparation for the ERG recordings, marmosets
eyes were dilated with 1% cyclopentolate hydrochloride
(Alcon, Inc., FortWorth, TX, USA), given glycopyrro-
late (0.01 mg/kg, IM) and anesthetized using acepro-
mazine (2.5 mg/kg, IM) and ketamine (40 mg/kg,
IM). Gold wire electrodes were placed on the cornea
of both eyes hydrated with 0.5% carboxymethylcel-
lulose sodium (Allergan, Inc., Madison, NJ, USA)
5 minutes after topical application of 1% proparacaine
hydrochloride (Akorn, Inc., Lake Forest, IL, USA).
The reference eye was covered with a black light-proof
cloth. The ground probe was inserted subcutaneously
in the back of the neck. The marmoset was placed
over a temperature-regulated heating pad throughout
the recording session and vitals were monitored every
5 minutes.

Before the stimulus presentation, marmosets were
light adapted to the background light of the Espion
Ganzfeld ColorDome for 10 minutes. The cone
mediated ERGs were measured after a brief (200 ms)
presentation of white stimuli of increasing inten-
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Figure 1. Representative photopic ERG responses and Naka-Ruston fit for a-, b-, PhNR, and d-waves. (A) Example of light-adapted ERG
waveforms from a control marmoset (age= 77 days; Rx= 0.14 D; and VCD= 5.81mm) and age-matched treatedmarmoset (age= 75 days;
Rx= −0.61 D; and VCD= 5.81mm) to 200ms flashes of light of increasing intensities. Figure shows a-wave, b-wave, d-wave, and PhNRwave
amplitudemeasurements. Naka-Rushton fits to themeasured (B) a-wave, (C) b-wave, (D) PhNRwave, and (E) d-wave intensity-response data
with the estimated values of the saturated amplitude (Vmax), semi-saturation constant (K) and slope (n) for each treatment group.

sity (10 steps: 1.56-832 cd/m2) on a constant white
background (75 cd/m2). All responses were recorded
using the Espion electrodiagnostic system (Diagnosys
LLC, Lowell, MA, USA). Once ERG recordings were
completed, ophthalmic erythromycin ointment was
applied.

The a-wave amplitude was measured from the ERG
baseline to the negative a-wave trough. The b-wave
amplitude was measured from the a-wave trough (or
the ERG baseline if the a-wave is not present) to the
b-wave peak. The d-wave was measured from light
offset to the peak of the d-wave. The PhNR ampli-
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tude was defined as the amplitude of the trough of the
negative wave following the b-wave relative to baseline
of the ERG (Fig. 1A). Stimulus intensity-response
functions were plotted for the a-, b-, and d-waves,
and the PhNR waves. The implicit times for all these
stimulus parameters were also recorded. The intensity–
response data were fitted with a generalized Naka-
Rushton equation,33 where I is the stimulus inten-
sity, V the amplitude at intensity I, Vmax the saturated
amplitude, K the semi-saturation constant (stimulus
intensity at which half of the saturated amplitude is
reached), and n is the slope (Figs. 1B–E).

V (I ) = VmaxIn

In + Kn

Statistical Analyses

Data are expressed as mean ± standard devia-
tion (SD). Curve fitting and statistical analyses were
performed using SigmaPlot (version 10.0; Systat
Software, Inc., San Jose, CA, USA). The normality
of the dataset was assessed using the Kolmogorov–
Smirnov test. Regression analyses were used to study
the relationships between refractive error/vitreous
chamber depth and the ERG estimated variables.
To identify how treated marmosets differed from
controls, we calculated the degree of deviation from
age-expected normative (AEN) data fitted regression
lines for refractive error, vitreous chamber depth, a-,
b-, d-, and PhNR waves. P values < 0.05 was consid-
ered statistically significant.

Results

Effect of Negative Lens Treatment on
Refraction and Eye Size

Marmosets treated with negative defocus developed
axial myopia compared to untreated controls (refrac-
tion [Rx]: treated = −4.97 ± 4.89 diopters [D] and
control = −0.97 ± 0.93 D, P < 0.01; vitreous chamber
depth [VCD]: treated = 6.70 ± 0.60 mm and control
= 6.36 ± 0.32 mm, P < 0.05). The change in refrac-
tion and ocular biometry with time points along with
the baseline characteristics of the study marmosets are
summarized in Figure 2 and the Table, respectively.

Nine marmosets (5 treated and 4 controls) had
ERGs measured 7 to 14 days into treatment at similar
ages (treated = 77 ± 3.39 days and control = 80.25 ±
4.99 days, P = 0.28), when their refraction or eye size
did not yet differ (Rx: treated = −0.35 ± 1.07 D and
control = −0.01 ± 0.26 D, P = 0.56; and VCD: treated

= 5.84 ± 0.11 mm and control = 5.87 ± 0.09 mm,
P = 0.73). When marmosets had their ERGs recorded
after 4 weeks into treatment, they were more myopic
and had larger eyes than controls (Rx: treated = −6.51
± 4.69D and control= −1.24± 0.86D,P< 0.001; and
VCD: treated = 6.99 ± 0.37 mm and control = 6.50 ±
0.21 mm, P < 0.001). The greater the myopia devel-
oped, the longer the vitreous chamber depths (R2 =
0.64, P< 0.001), indicating marmosets developed axial
myopia.

Normative ERG Responses From Control
Marmosets

Irrespective of age, refractive error, and vitreous
chamber depth, the ERG waveforms of all control
marmosets had well defined a-waves, b-waves, PhNR
waves, and d-waves. There were considerable varia-
tions in the magnitude of parameters among untreated
marmosets of similar age, refractive error, and VCD.
As control marmosets emmetropized, there was a
trend toward decreased saturated amplitudes with
increasing age and normal eye growth in the PhNR,
a-, b-, and d-waves. However, only the PhNR Vmax
reached significance with increasing age (R2 = 0.29,
P < 0.05; Fig. 3A), emmetropization (R2 = 0.24,
P < 0.05; Fig. 3B) and normal eye growth (R2 = 0.42,
P < 0.01; Fig. 3C).

Treated Marmosets Show Deviations From
the Normative Control Dataset

There were no significant differences in PhNR Vmax
(treated = −117.28 ± 31.60 μV and control = −137.02
± 40.20 μV, P = 0.10), K (treated = 786.12 ± 259.21
cd/m2 and control = 839.74± 225.80 cd/m2, P = 0.50),
n (treated= 0.84± 0.13 and control= 0.80± 0.13,P=
0.28), or implicit times (treated = 97.91 ± 3.19 ms and
control = 97.51 ± 5.72 ms, P = 0.80) between treated
and control marmosets when all ERG responses were
averaged across time points.

However, the PhNR Vmax in treated marmosets
deviated significantly from the age-norm as they got
older (R2 = 0.58, P< 0.001; Fig. 4A) andmore myopic
(R2 = 0.25, P < 0.05; Fig. 4B).

There were no significant differences in the Naka-
Rushton fit parameters for the b-wave between treated
and control marmosets: Vmax (treated = 113.21 ±
63.85 μV and control= 115.09± 57.85 μV,P= 0.93), K
(treated = 977.97 ± 79.00 cd/m2 and control = 885.89
± 235.01 cd/m2, P = 0.11), and n (treated = 1.10 ±
0.27 and control = 1.20 ± 0.30, P = 0.29) at the time
of ERGmeasurements. The b-wave implicit times were
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Figure 2. Change in (A) refractive error and (B) vitreous chamber depth, normalized to baseline, as a function of treatment duration (weeks)
of negative soft contact lens treatment. Filled circles represent the mean for each group at timepoint during experimental period where
refractive state and ocular biometry were assessed: control (blue) and negative-lens treated (red) marmosets. Positive and negative values
on the ordinate represent hyperopic and myopic shift in refractive change relative to baseline, respectively. Time points of ERG recordings
are denoted as open circles above the graph (each color represents each treatment group: control [blue] and negative-lens treated [red]
marmosets). Error bars represent standard error.

Table. Marmoset Baseline Characteristics

Characteristics Treated Group Control Group P Value

N 14 9
Sex 5 Males, 9 Females 7 Males, 2 Females
Age (days) mean ± SD 206 ± 98.25 158.44 ± 64.36 0.09
Outcomemeasures at baseline, mean ± SD
Refractive error (D) −0.64 ± 0.76 −0.24 ± 1.33 0.67
Vitreous chamber depth (mm) 5.82 ± 0.10 5.85 ± 0.12 0.39

also similar between the two groups (treated = 32.86 ±
2.12 ms and control = 32.26 ± 2.18 ms, P = 0.40).
Treated marmosets showed a lower b-wave Vmax than
controls at baseline that increased with increasing age
(R2 = 0.54, P < 0.001; Fig. 4C). The b-wave Naka-
Rushton slope decreased significantly with increas-
ing degrees of deviations of myopia among treated
marmosets (R2 = 0.20, P < 0.05; Fig. 4D).

The Naka-Rushton fit parameters for the d-wave
as well as the implicit times at the time of ERG

measurements were similar between the two groups:
Vmax (treated = 97.61 ± 36.11 μV and control =
106.83 ± 47.63 μV, P = 0.50), K (treated = 679.46 ±
336.23 cd/m2 and control = 609.42 ± 351.59 cd/m2,
P = 0.53), n (treated = 0.91 ± 0.15 and control =
0.99 ± 0.22, P = 0.22), implicit times (treated = 229.50
± 1.19 ms and control = 229.43 ± 2.22 ms, P = 0.90).
In treatedmarmosets, theVmax deviations from the age-
expected normative data increased with increasing age
(R2 = 0.59, P < 0.001; Fig. 4E). Similar significant
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Figure 3. The inner retina saturated amplitude as a function of (A) age, (B) refractive error, and (C) vitreous chamber depth in control
untreatedmarmosets. Blue, black, and green symbols and lines represent data and linear regression fit for the saturated amplitudes of control
marmosets’ PhNR wave, b-wave, and d-wave, respectively.

associations were observed for the n (R2 = 0.20, P <

0.05; Fig. 4F) and K (R2 = 0.29, P < 0.01; Fig. 4G)
where they decreased and increased, respectively, with
age.

The a-wave Naka Rushton parameters and
implicit time were similar between treated and
control marmosets: Vmax (treated = 44.97 ±
14.60 μV and control = 58.42 ± 19.90 μV, P =
0.08), K (treated = 874.11 ± 233.61 cd/m2 and
control = 871.14 ± 234.36 cd/m2, P = 0.98), n
(treated = 0.79 ± 0.17 and control = 0.85 ±
0.12, P = 0.40), and implicit times (treated =
20.21 ± 2.12 ms and control = 18.82 ± 1.71 ms,
P = 0.08). In treated marmosets, a-wave Naka-
Rushton parameters deviations from age-expected
normative data were independent of age (R2 = 0.54, P
= 0.31), deviations of myopia (R2 = 0.04, P = 0.49),
and eye growth (R2 = 0.00, P = 0.82).

Treated and control marmosets with ERGs
measured 7 to 14 days into treatment showed that
treatment groups at this early time point differed signif-
icantly in PhNR Vmax (treated = 100.32 ± 18.86 μV
and control = 188.56 ± 37.58 μV, P < 0.01; Fig. 5A),
b-wave Vmax (treated = 88.49 ± 22.95 μV and control
= 153.82 ± 42.61 μV, P < 0.05; Fig. 5B), and d-wave
Vmax (treated = 84.33 ± 9.01 μV and control = 160.42
± 47.46 μV, P < 0.01; Fig. 5C). Treating marmosets
with negative soft contact lenses for 7 to 14 days did
not result in significant differences in the implicit
time of the b-wave (treated = 32.94 ± 2.66 ms and
control = 31.38 ± 2.06 ms, P = 0.37), PhNR wave
(treated = 98.86 ± 3.90 ms and control = 94.25 ±
7.76 ms, P = 0.28), or d-wave (treated = 229.45 ±
1.27 ms and control = 228.45 ± 2.67 ms, P = 0.48)
relative to controls. For the a-wave, the Naka-Rushton
parameters and implicit time at this early time point

(7–14 days into treatment) were not different between
the two groups: Vmax (treated = 39.10 ± 8.67 μV and
control = 57.22 ± 27.21 μV, P = 0.19), K (treated =
887.84 ± 250.80 cd/m2 and control = 768.06 ± 282.77
cd/m2, P = 0.50), n (treated = 0.89 ± 0.24 and control
= 0.84 ± 0.15, P = 0.70), and implicit times (treated =
21.49 ± 2.67 ms and control = 19.86 ± 2.21 ms, P =
0.32).

Relationship Among PhNRWave, b-Wave,
and d-Wave

In control animals, there was a significant associa-
tion among the PhNR wave, b-wave, and d-wave, such
that the PhNR wave Vmax increased as the b-wave +
d-wave Vmax also increased (R2 = 0.31, P< 0.05;
Fig. 6). This relationship was not present in marmosets
with induced myopia (R2 = 0.00, P = 1.00).

Discussion

This study provides normative ERG data from
juvenile to adolescence marmosets and reports the
existence of early reductions in the saturated ampli-
tudes of the b-, d-, and PhNR wave full-field
ERG responses in non-human primates with induced
myopia. These saturated amplitude reductions are
present before refractive and biometric changes are
evident, and disappear over time as treated marmosets
grow and develop myopia. The trends observed in
the Naka-Rushton parameters were, in most cases,
independent of refractive state and eye size in treated
marmosets. The ERG implicit times were similar
among marmosets, regardless of age and treatment
method.
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Figure 4. Relationship between marmoset characteristics (age and refractive error) and parameters of Naka-Rushton fits to intensity-
response data of PhNR wave, b-, and d-wave. PhNR saturated amplitude (Vmax) deviations from age-expected normative data (AEN) as a
function of (A) age and (B) refractive error (Rx) deviations from AEN. B-wave (C) saturated amplitude (Vmax) and (D) slope (n) deviations
from AEN as a function of refractive error (Rx) deviations from AEN data. D-wave (E) saturated amplitude (Vmax), (F) slope (n), and (G) semi-
saturation constant (K) deviations from AEN data as a function of age. Solid lines represent linear regression, whereas dotted lines represent
the upper and lower limit of 95% confidence band of the linear regression. Blue and red symbols/lines represent data/fits for control (n = 9)
and treated (n = 14) marmosets, respectively.

Marmosets exposed to negative defocus for 4 weeks
or longer compensated and developed axial myopia.
Under this optical condition, the eye grows longer in
synchrony with other ocular components and relies
on visual feedback to guide compensatory changes
in refraction and eye growth.34 When the imposed
defocus is removed, the eyes are myopic with an
elongated vitreous chamber. This process of lens-
induced myopia is present in marmosets,31 fish,35
birds,36 rodents,37,38 tree shrews,39 and other non-
human primates.40

The normative ERG dataset gathered from control
marmosets showed that the saturated amplitude

of the PhNR wave decrease with age as animals
emmetropized normally. This age-related PhNR wave
change in control marmosets may be attributed to
postnatal retinal changes in ganglion cells and retinal
glia during normal eye growth.41,42 For instance, physi-
ological changes known to occur, such as a decrease
in the ganglion cell dendritic arbor and synaptic
maturation,43,44 postnatal naturally occurring ganglion
cell apoptotic death,45–47 large-scale natural phago-
cytic astrocyte cell death mediated by microglia,48
and reduction in nerve fibers of the optic nerve in
mammals,49,50 may be present and account for the
age-related reduction in the PhNR wave amplitude of
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Figure 5. Box plots representing the summary of Vmax characteristics for the (A) PhNR wave, (B) b-wave, and (C) d-wave of a subset of
treated (red box, n= 5) and control (blue box, n= 4) marmosets measured 7 to 14 days into treatment. The dash line in the box represents the
mean for the respective group. Statistically significant difference between treatment groups is indicated by * P < 0.05 and ** P < 0.01.

Figure 6. PhNR saturated amplitude (Vmax) as a function of the sum
of b- and d-wave saturated amplitude. Solid lines represent linear
regression, whereas the dotted lines represent the upper and lower
limit of 95% confidence band of the linear regression. Blue and red
symbols/lines represent data/fits for control (n = 9) and treated (n =
14) marmosets, respectively.

untreated controls. The b- and d-waves exhibited a
similar reduction that, however, did not reach signif-
icance. These trends may be attributed to selective
programmed cell death and dynamic remodeling of
synapses, known to occur after birth in photorecep-
tors and bipolar cells.51,52 The absence of significance
is most likely due to the normal variability in the
responses, also described in children whose amplitudes
also decrease with age.53–57

In treated marmosets, the PhNR, b-, and d-waves
saturated amplitudes changed differently compared to
untreated controls. Treated marmosets showed signif-
icant deviations from the age-expected normative
data that increased with age. All waveform saturated
responses increased as animals grew older, which was
the opposite to what was seen in untreated marmosets.
In human myopic eyes, there is evidence of age-related
differences in the ERG response.53,58 As suggested by
Westbrook et al., changes in physical characteristics
of retinal cells may be taking place as eyes develop
myopia.59

In addition, we identified early reductions in the
saturated amplitudes of the PhNR, b-, and d-waves in
marmosets treated for only 7 to 14 days that disap-
peared over time. These early amplitude reductions
have been identified in chick eyes after 3 to 4 hours
of negative lens wear, and hypothesized to be due to
metabolic and phototransduction changes identified
using gene set enrichment analysis and occurring early
duringmyopia development.20 Supporting this hypoth-
esis, retinal transcriptomes of marmosets exposed to
negative defocus for 10 days versus 5 weeks have also
shown an activation or suppression of largely differ-
ent signaling pathways.14 The early reductions in b-
and d-waves saturated amplitudes may point to an
acute attenuation of the ON-OFF responses after 7
to 14 days of imposed defocus affecting the ON-OFF
retinal balance subsequently leading to the develop-
ment and progression of myopia. Further, the b-wave
saturated amplitude deviated significantly from the
age-expected normative dataset in treated marmosets
and increased as animals developed myopia. Because
the b-wave is a reflection of bipolar cell activity,16,60 this
deviation from the norm may further support an ON-
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OFF visual processing imbalance during myopia devel-
opment.5,7,9 These ON-OFF imbalances can occur
further downstream in the visual system and not neces-
sarily at the level of first and second order retinal
neurons. Although the b-wave findings in this study
are consistent with Chia et al.61 and Luu et al.,53
they also contradict studies reporting a reduced b-wave
amplitude with increasing degrees of myopia.55,62–64
These differences are most likely due to differences in
the age of subjects and ERG protocols used (dark
versus light). The unaffected semi-saturation constant
(K) of the b- and d-wave responses in treated and
control marmosets suggests that myopic eye growth
has a minimal effect on the sensitivity of photore-
ceptors and bipolar cells. This, however, requires
confirmation in future studies assessing the character-
istics of the b- and d-waves in relation to photore-
ceptor and bipolar cell morphology and physiology in
myopic eyes. The reduced b-wave slopes in negative-
lens treated marmosets that deviated from the trend
observed in untreated marmosets may suggest an
altered cone ON-bipolar cell function, such as reduced
luminance gain. The myopia-induced changes in the
inner nuclear layer and inner plexiform layer identified
in the treatedmarmosets may be the structural basis for
this finding.12

The deviations in PhNR wave saturated ampli-
tude from the normative dataset also increased as
marmosets developed greater degrees of myopia. A
significant correlation between the amplitude of the
inner retinal response (induced component of the
global-flash multifocal ERG) with increasing myopia,
as well as no differences in amplitudes and implicit
time between myopic and emmetropic humans have
been reported by Chen et al.65,66 This was attributed
to a reduction in the inhibitory contribution to
inner retina responses from reduced dopamine levels
in myopes, possibly from dopaminergic amacrine
cells.11,67 In contrast, there is also evidence of reduced
ganglion cell responses with increasing degrees of
myopia and increasing axial length.53,68–71 These
contrasting results assessed the central and paracen-
tral retina, whereas Chen et al.66 and our work
assessed responses from relatively larger retinal areas
using a global flash system. Because the retina can
respond to local defocus,72 it is likely that global retinal
responses dominated by the peripheral retina differ
from macular responses. In addition, the asymmet-
ric retinal growth experienced by myopic eyes may
explain the contrasting effects of myopia on retinal
responses.73,74

Under photopic conditions, the cone-driven a-wave
parameters and implicit time did not differ between
treated and control marmosets. Therefore, the differ-

ences in refractive error-driven post-photoreceptor
saturated responses between treated and control
marmosets appear localized to the inner retina, and
possibly reflective of the altered inner retinal thick-
ening and unaffected outer retinal thickness previ-
ously identified in myopic marmosets.12 Although
the a-wave amplitude can be similar between myopic
and emmetropic young adults,75 there is evidence
of anatomic changes to photoreceptors once the
myopic retina reaches a degenerative state or induces
photoreceptor structural changes resulting in reduced
a-wave amplitudes.55,62,63,76,77 The unaltered a-wave
implicit time indicates that the generation and speed
of photoreceptors signal transmission is unaffected
by physiological myopia development and progres-
sion.55,62,75,77

In control marmosets, the PhNR wave saturated
responses increased as the b + d-wave saturated
responses got larger. This trend was expected, because
the b- and d-waves originate from bipolar cells and
provide input to ganglion cells and feed the PhNR.
In treated marmosets, however, this association was
not present and the magnitude of the PhNR responses
remained unchanged regardless of increases in the
b- and d-waves. We have two hypotheses for the
absence of this relationship in myopic animals. First,
the ganglion cell complex in myopic eyes may be
experiencing changes that alter ganglion cell responses.
Our laboratory and others have described changes in
the vascular and glial elements that support ganglion
cells: reduced capillary density, increased string vessel
formation, reduced astrocyte density and increased
glial fibrillary acidic protein expression inmarmosets,13
microvasculature attenuation, and reduced retinal and
optic nerve head blood flow in humans.78–81 Alter-
natively, amacrine cells, known to modulate informa-
tion from bipolar to ganglion cells and contribute
to the PhNR,24 have been suggested to be involved
in myopia development and their activity might be
altered.82–85 A similar post-bipolar cell response atten-
uation has been suggested by Fujikado et al.6 in form-
deprived chick eyes and aligns with the hypotheses
by Chui et al.86 and Atchison et al.87 that suggested
ganglion cell dysfunction in myopic eyes due to myopic
growth and tissue stretch. Because the work presented
here is based on full field electrophysiology, we cannot
isolate the contribution of the peripheral retina to the
reduced waveform. However, studies using multifocal
electroretinography have described reduced ganglion
cell response amplitudes in the peripheral retina of
myopes.4,66 In addition, peripheral ganglion cells have
been reported to contribute more significantly to the
PhNR amplitude and aremore sensitive to defects than
ganglion cells in the central retina.88,89
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Numerous studies have described a strong associ-
ation between the ERG response and the degree
of myopia in adult, but this relationship appears
controversial in myopic children4,53,68–71,73 In this
study, we assessed the ERG responses in infant to
juvenile marmosets aged 2 to 12 months approxi-
mately comparable to human childhood and early
adolescence. We hypothesize that imposing negative
defocus on infant marmoset eyes may trigger
changes in visual perception and signal transmis-
sion that in turn result in ERG response reduc-
tions. These early adaptations may saturate over
time as eyes develop myopia and match age expected
control data, as suggested by retinal transcriptome
findings in marmosets describing a synaptic long-
term potentiation after long exposure to hyperopic
defocus.14 Alternatively, the ability to adapt to the
imposed defocus may be a compensatory mecha-
nism that is lost in older eyes, leading to a similar
response in treated and control eyes at the end of
treatment.

A major limitation of our study lies in our inabil-
ity to establish a cause-and-effect relationship between
exposure to negative lenses and the early reduction
in b-, d-, and PhNR waves. This, as well as the full-
field nature of the ERGs used, limits the discussion
of our findings from the perspective of localized struc-
tural changes duringmyopia development and progres-
sion. However, this study lays the ground work for
future longitudinal evaluations of the a-, b-, d-, PhNR
waves, and oscillatory potential waves using both full-
field and multifocal ERG measures, to study their
associationswith overall and localized retinal structural
changes during myopia development. If pre-myopic
children are confirmed to show an attenuation of the
b-, d-, and PhNR waves before refractive and ocular
biometric changes are evident, these ERG parame-
ters may become valuable early clinical markers to
help identify children at risk of developing myopia,
and facilitate access to early myopia control interven-
tions to delay the onset of associated ocular complica-
tions.

In summary, this study provides evidence of an
early reduction in the saturated amplitudes of the
b-, d-, and PhNR waves in negative-lens treated
marmosets compared to controls. In addition, the
relationship between ganglion cell activity and its
bipolar cell inputs observed in untreated eyes was
not present in myopic eyes. These electrophysiol-
ogy findings confirm the dynamic nature of the cell
function in myopia development and progression, and
suggest the existence of early visual processing and
cell physiology changes taking place in eyes with
myopia.
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