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A B S T R A C T   

The etiology of myopia remains unclear. This study investigated whether retinal ganglion cells (RGCs) in the 
myopic retina encode visual information differently from the normal retina and to determine the role of Con
nexin (Cx) 36 in this process. Generalized linear models (GLMs), which can capture stimulus-dependent changes 
in real neurons with spike timing precision and reliability, were used to predict RGCs responses to focused and 
defocused images in the retinas of wild-type (normal) and Lens-Induced Myopia (LIM) mice. As the predominant 
subunit of gap junctions in the mouse retina and a plausible modulator in myopia development, Cx36 knockout 
(KO) mice were used as a control for an intact retinal circuit. The kinetics of excitatory postsynaptic currents 
(EPSCs) of a single αRGC could reflect projection of both focused and defocused images in the retinas of normal 
and LIM, but not in the Cx36 knockout mice. Poisson GLMs revealed that RGC encoding of visual stimuli in the 
LIM retina was similar to that of the normal retina. In the LIM retinas, the linear-Gaussian GLM model with offset 
was a better fit for predicting the spike count under a focused image than the defocused image. Akaike infor
mation criterion (AIC) indicated that nonparametric GLM (np-GLM) model predicted focused/defocused images 
better in both LIM and normal retinas. However, the spike counts in 33% of αRGCs in LIM retinas were better 
fitted by exponential GLM (exp-GLM) under defocus, compared to only 13% αRGCs in normal retinas. The 
differences in encoding performance between LIM and normal retinas indicated the possible amendment and 
plasticity of the retinal circuit in myopic retinas. The absence of a similar response between Cx36 KO mice and 
normal/LIM mice might suggest that Cx36, which is associated with myopia development, plays a role in 
encoding focused and defocused images.   

1. Introduction 

Myopia (near-sightedness), a significant public health problem, af
fects at least 80% of adults in Hong Kong and 28% of the global popu
lation (Baird et al., 2020; Foster and Jiang, 2014; Holden et al., 2016; 
Vitale et al., 2008). The latter percentage is estimated to increase to 50% 
by 2050 (Holden et al., 2016). Despite its prevalence, the specific entity 
(ies) responsible for normal refraction or myopia remains elusive. 

Emmetropia is a developmental process by which the eye’s optical 
power matches its axial length. The process is regulated by defocused 
images associated with eye growth and refraction (Smith and Hung, 
1999; Smith et al., 2013). In myopic eyes, an elongated axial length 

results in distant images focusing in front of the photoreceptors. These 
projected defocused images have different light intensities, projected 
areas and blurred edges compared to focused images (Pan, 2019), which 
are known to induce eye growth and contribute to myopia. The retina, 
which conveys visual information to the brain by retinal ganglion cells 
(RGCs), can sense the focus plane of an image and may play a role in 
myopia development (Schaeffel and Wildsoet, 2013). Understanding 
whether the myopic retina encodes visual information differently from 
the emmetropic retina could provide potential targets for myopia con
trol in the retina. 

RGCs can reliably and swiftly code visual information when the 
retinal circuit is intact (Gollisch, 2009). After receiving signals from 
multiple cell types, including bipolar and amacrine cells within the 
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mammalian retina (Masland, 2012), RGCs compute and extract features 
of visual information (Gollisch and Meister, 2010). The signaling cas
cades and the visual signaling delivered from the RGCs to the optic nerve 
in the myopic retina could be changed (Banerjee et al., 2020). Research 
had shown that a defocused image projected in front of the retina 
mimicking the myopic status could alter the firing patterns of RGCs 
(Banerjee et al., 2020; Pan, 2019). After the intervention, a modified 
retinal signalling cascade was observed in the LIM retina, ranging from 
hours to days (Wu et al., 2018). It remains unclear, however, whether 
the change of the firing patterns of RGCs in the myopic retina affected 
the coding of visual information, potentially causing the information to 
be represented differently than in a normal retina. If the coding of RGCs 
in the myopic retina is distinct from that in the normal retina, this would 
suggest that the circuitry of the myopic retina has undergone modifi
cations. To test the difference, a computational model will be applied. 

Computational models based on the current understanding of the 
intact retinal circuit can provide quantitative predictions of responses to 
a range of visual stimuli. The most common approach to describing 
spatio-temporal correlations and visual signalling in neuronal pop
ulations is the receptive field associated with white noise stimuli (Hubel 
and Wiesel, 1968; Pillow et al., 2008). However, this model may be 
inadequate for estimating neural spike responses (Troy and Lee, 1994). 
Generalized linear models (GLMs), which are comprised of a set of linear 
filters and point nonlinearity, are simple yet flexible models that can 
capture actual neuronal response properties. GLMs can be applied to fit 
and analyze spike trains from electrophysiological recordings with 
desirable statistical properties (Weber and Pillow, 2017). 

This study aimed to determine whether the biophysical activities of 
single RGC in both normal and LIM retinas differed in encoding focused/ 
defocused images by fitting with a GLM model. The predicted responses 
of RGCs from both WT and LIM retinas to focused and defocused images, 
which mimic the normal and myopic states, were compared and 
analyzed at the cellular level. Any discrepancies between the model 
prediction and the actual responses could indicate the entity(ies) 
responsible for normal refraction or myopia. 

Measuring focused/defocused images from RGC spike trains may 
require more computation than from the photoreceptor level, similar to 
the temporal encoding of sensory neurons in computing complex visual 
features and nonlinear circuit dynamics in the retina to contribute to 
computing motion trajectory (Gutig et al., 2013; Leonardo and Meister, 
2013). The encoding process may necessitate that the downstream vi
sual area first decodes the RGC signals using an internal retina model 
(Pillow et al., 2005, 2008). After reading the input image from the 
photoreceptor output, further computation could be necessary in the 

internal myopic retina. Alternatively, the RGCs may have already 
computed the focused image, which could explain why the RGC’s re
sponses appear so intricate, consisting of multiple bursts of action po
tentials (Crapper and Noell, 1963; Granit, 1946). If this were the case, 
the downstream circuits could calculate the focused image through a 
simple transformation of the RGC output largely independent of the 
internal dynamics of the retina. The brain could use either or both so
lutions. While much work has successfully characterized the sophisti
cated decoding approach to retinal signals (Botella-Soler et al., 2018), 
the calculations that refine the RGC output in the myopic retina have 
received less attention, particularly in terms of how images are pro
cessed by circuits in the myopic retina. If the retina was capable of 
performing computations that permit simple downstream processing, it 
would be interesting to identify what differences exist between the 
normal and myopic retina. 

The study focused on investigating the biophysiological properties of 
Alpha retinal ganglion cells (αRGCs), which play a crucial role in visual 
processing. This was evident from their large somas, broad dendritic 
fields, and mosaic-like spacing in the retina, despite functional differ
ences observed in each subtype.(Krieger et al., 2017; Peichl, 1991). 

Gap junctions are a key component of the intact retinal circuit, 
enabling signal averaging and synchronization in the retina. (Bloomfield 
and Volgyi, 2004). The predominant subunit of gap junctions in the 
proximal mouse retina is Connexin (Cx) 36, which is expressed by most 
RGC subtypes (Pan et al., 2010). Recent studies on myopia have 
demonstrated that single nucleotide polymorphisms (SNPs) in the GJD2 
gene, which encodes for the Cx36 protein, are highly expressed and 
considered plausible modulators in myopia development (Quint et al., 
2021; Verhoeven et al., 2013). Our previous research revealed increased 
phosphorylation of Cx36 of AII amacrine cells in the myopic retina 
(Banerjee et al., 2020). These findings suggest that Cx36 is somehow 
associated with refractive error and that a myopic retina with an altered 
or adapted signaling cascade could lead to modifications in the encoding 
of RGCs, resulting in an effective adjustment to the retinal circuitry. 
Cx36 knockout mice were used as a control to investigate the effects of 
its deficiency in the retinal circuit (Pan et al., 2010). 

Overall, the study highlighted the vital importance of a functioning 
neural circuit in the retina and suggested that the encoding of visual 
information in a myopic retina might differ from that of a normal retina. 

2. Methods 

2.1. Animal preparation 

All procedures involving mice in this study were approved by the 
Animal Subjects Ethics Sub-Committee of the Hong Kong Polytechnic 
University (Approval number: 20–21/128-SO-R-GRF). The study com
plied with the Guide for the Care and Use of Laboratory Animals pub
lished by the National Institutes of Health. 

Adult wild-type (WT) mice of either sex (postnatal day 16–56) 
C57BL/6J (RRID: IMSR_JAX:000664), weighing (15–20 grams), were 
used (n = 56). Kcng4-YFP (6–8 weeks, n = 11) mice (Duan et al., 2015) 
of either sex, weighing (15–25 grams), were used for ON and OFF αRGC 
labeling as previously described (Wang et al., 2020). Homozygous 
Cx36-knockout (KO) mice (RRID: MGI:3810172), first generated in the 
laboratory of David Paul, Harvard Medical School (Cambridge, MA), 
were a kind gift from Samuel M. Wu, Baylor College of Medicine (n = 6, 
aged 6–8 weeks, weight 15–25 grams). All animals were maintained in a 
12-h light/12-h dark cycle. The mice were deeply anesthetized with an 
intraperitoneal injection of ketamine and xylazine [80 mg/kg and 10 
mg/kg (body weight), respectively], and lidocaine hydrochloride (20 
mg/ml) was applied locally to the eyelids and surrounding tissues before 
enucleation. Retinas were collected around 10 a.m. for consistency. 

Abbreviations 

AIC Akaike information criterion 
AL Axial length 
Cx36 Connexin 36 
d Day 
D Diopter 
EPSCs Excitatory postsynaptic currents 
GLMs Generalized linear models 
KO Knock out 
LIM Lens-Induced myopia 
LNP linear-nonlinear-Poisson 
RGCs Retinal ganglion cells 
RE Refractive Error 
RPE Retinal pigment epithelium 
SD-OCT Spectral-domain–optical coherence tomography 
S.E.M. Standard error of the mean 
WT Wild-type  
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2.2. Lens-induced myopic (LIM) mouse model 

Myopia was induced using the previously described lens-induced 
method (LIM)(Jiang et al., 2018). In brief, custom-made − 30 diopter 
(D) lenses made of poly(methyl methacrylate) (PMMA) were fitted into 
spectacle frames (Fig. 1A). The left untreated eye was a control, while 
the right eye induced myopia. The spectacles were fitted onto mice at 
postnatal day 21, worn for five weeks, and removed twice weekly for 
cleaning. 

At the end of this period, refraction and axial length (AL) were 
measured for each eye on the same day. Retinas were then harvested for 
further processing and analysis. 

2.3. Refraction measurements in mouse model 

Refractive error (RE) was measured using an infrared photorefractor 
(Steinbeis Transfer Center, Stuttgart, Germany) (Schaeffel, 2008). To 
decrease movement and to obtain accurate RE measurements, mice were 
lightly anesthetized with an intraperitoneal injection of ketamine 
(Vedno, St. Joseph, MO, United States) and xylazine (Akorn, Decatur, IL, 
United States) [10 and 1 mg (kg body weight) − 1, respectively]. The eyes 
were instilled with tropicamide, phenylephrine hydrochloride solution 
(Mydrin-P ophthalmic solution; Santen Pharmaceutical Co., Ltd., Osaka, 
Japan) 10 min before the measurement to ensure mydriasis and cyclo
plegia. Twenty measurements were taken along the optical axis for each 
eye, and the averages were calculated (Fig. 1B). However, refraction 
measurements obtained by the infrared photorefractor showed consid
erable variation. To confirm the myopic status of the LIM, the axial 
length (AL) was measured using spectral-domain–optical coherence to
mography (SD-OCT, Bioptigen Spectral Domain Ophthalmic Imaging 
System, Envisu R4410 SD-OCT Leica Microsystems, Wetzlar, Germany) 
under light anesthesia. The anesthetized mouse was placed in a 

cylindrical holder attached to an X-Y-Z movable stage in front of the 
SD-OCT light source. Streak retinoscopy was also performed to confirm 
refractive error measurements. Any animal with >5D difference be
tween photorefractor and retinoscopy measures was excluded. 

Corneal curvature was measured using the infrared photorefractor to 
rule out corneal damage in the model (Schaeffel, 2008). 

2.4. Flattened retina preparation 

Anesthetized animals were euthanized by cervical dislocation 
immediately after enucleation. The eyes were removed from animals 
under dim red illumination. The retinas from the dorsal section of the 
mid-peripheral retina in the nasotemporal plane were used for patch- 
clamp recordings and attached to a modified translucent Millicell filter 
ring (Millipore, Bedford, MA). The flattened retinas were superfused 
with oxygenated mammalian Ringer’s solution (Bloomfield and Miller, 
1982). The bath solution was continuously bubbled with 95% O2–5% 
CO2, while being maintained at approximately 32 ◦C, as previously 
described (Pan et al., 2016; Volgyi et al., 2013). 

2.5. Patterned light stimulation 

A green organic light-emitting display (OLED) (OLEDXL, Olightek, 
Kunming, Yunnan, China; 800 × 600-pixel resolution, 85 Hz refresh 
rate) was controlled by an Intel Core Duo computer with a Windows 7 
operating system. Using a Nikon 40x water-immersion objective (CFI 
Apo 40XW NIR, NA = 0.8), the area of the retina that received light 
stimuli was 250 μm in diameter. Under the 40x objective, the 15 μm 
diameter pixels of the OLED presented 0.25 μm/pixel on the retina. 
Spatial frequency stimuli generated by PsychoPy (University of Nott
tingham, UK) were projected onto the photoreceptor layer. The back
ground light intensity was ~700 photoisomerizations per rod per second 
(Rh*/rod/s), and the highest stimulus was ~1.816 × 105 Rh*/rod/s. At 
this background illumination level, the rod pathway is saturated, leaving 
the cone pathway to mediate the light response (Borghuis et al., 2013). 
All images were produced by a 1-s stimulation followed by a 5-s interval. 
A focused/defocused 125 μm diameter of 0.0067 cycles/degree image 
was applied from Figs. 2, 4 and 5 and Supplementary Figs. 2 and 3. 

The details of the system used to generate defocused images have 
been previously published (Pan, 2019). The custom-made light-
projected system was made to project images onto the photoreceptor 
cells layer using a physical movable lens, rather than digital blurring. It 
has been calculated that an axial elongation of 5 μm would induce 1 
Diopter (D) refractive error in the mouse retina (Schaeffel, 2008). 
Therefore, 100 μm defocus would be expected to induce plus or minus 
20 diopters refractive error under microscopy, depending on the direc
tion of defocus. 

The nature scenes pictures (Fig. 7) are cited from Google and con
verted to grayscale using Adobe Photoshop 7 (Aadobe Inc, San Jose, CA, 
USA). These nature pictures were used to test the RGC responses to 
images containing various subjects, including landscapes, people, and 
animals. 

2.6. Electrophysiology 

Extracellular and whole-cell recordings were performed using an 
Axopatch 700B amplifier connected to a Digidata 1550B interface and 
pCLAMP 10 software (Molecular Devices, San Jose, CA). Cells were 
visualized with near-infrared light (>775 nm) at 40 × magnification 
with a Nuvicon tube camera (Dage-MTI, Michigan City, IN) and differ
ential interference optics on a fixed-stage microscope (Eclipse FN1; 
Nikon, Tokyo, Japan). The retinas were superfused at a rate of 1–1.5 ml 
min− 1 with Ringer’s solution containing: 120 mM NaCl, 2.5 mM KCl, 25 
mM NaHCO3, 0.8 mM Na2HPO4, 0.1 mM NaH2PO4, 1 mM MgCl2, 2 mM 
CaCl2, and 5 mM D-glucose. The bath solution was continuously bubbled 
with 95% O2–5% CO2 at 32 ◦C. Electrodes were pulled to 5− 7 MΩ 

Fig. 1. Lens-Induced Myopia (LIM) mouse and Optical Coherence Tomography 
(OCT) measurement. A: The image shows a LIM mouse wearing skull-mounted 
eyeglasses. B: Refraction measurements were taken of the LIM mouse eye while 
the mouse was under light anaesthesia to ensure stable results. Refraction errors 
were measured in awake mice. C: Photorefraction was used to measure mice’s 
refractive errors (RE). The red star shows a significant difference between the 
eyes of LIM mice and control (untreated) eyes. D: Optical Coherence Tomog
raphy (OCT) was used to measure the axial length of the mouse eye, from the 
corneal surface to the retinal pigment epithelium layer. (For interpretation of 
the references to color in this figure legend, the reader is referred to the Web 
version of this article.) 
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resistance, with internal solution consisting of 120 mM potassium glu
conate, 12 mM KCl, 1 mM MgCl2, 5 mM EGTA, 0.5 mM CaCl2, and 10 
mM HEPES (adjusted to pH 7.4 with KOH). This internal solution was 
used in experiments to avoid blockage of spiking. To improve the space 
clamp and to block spiking, the whole-cell excitatory postsynaptic po
tentials (EPSPs) were recorded with an internal solution containing ce
sium methanesulfonate instead of potassium gluconate. The chloride 
equilibrium potential (ECl) with these internal solutions was approxi
mately − 63 mV. 

Spike trains were recorded digitally at a sampling rate of 10 kHz 
using Axoscope software (Molecular Devices), and sorted using an Off
line Sorter (Plexon, Dallas, TX) and NeuroExplorer (Nex Technologies, 
Littleton, MA, USA) software. In the whole-cell recording, the kinetics of 
excitatory postsynaptic currents (EPSCs), including the area bounded by 
the trace and the baseline, time, and slope of Maximal rise (decay)(the 
slope from within the region bounded by the start of the search region 
and the peak) of EPSPs, were measured and compared. For comparison 
purposes, the spike frequencies were normalized. The recorded cells 
were dye-injected using pipette tips filled with 4% Neurobiotin (Vector 
Laboratories, Burlingame, CA, USA) and 0.5% Lucifer Yellow-CH (Mo
lecular Probes, Eugene, OR, USA), as previously described (Pan and 
Massey, 2007). 

2.7. Immunohistochemistry staining 

After recording, the retinal pieces attached with filter paper (RGCs 
up) were submersion-fixed in 2% N-(3-dimethylaminopropyl)-N′-ethyl
carbodiimide hydrochloride ("carbodiimide"; Sigma-Aldrich, Burling
ton, MA, USA) in 0.1 M phosphate buffer (PB) saline, pH 7.5, for 30 min 

at room temperature. Following fixation, the retinas were separated 
from the filter paper, extensively washed with 0.1 M PB (pH 7.4), and 
blocked with 3% donkey serum in 0.1 M PB with 0.5% Triton-X 100 and 
0.1% NaN3 overnight. The primary antibodies were then diluted in 0.1 
M PB with 0.5%Triton-X 100 and 0.1% NaN3, containing 1% donkey 
serum. The tissues were incubated with primary antibodies for 3–7 days 
at 4 ◦C and, after extensive washing, incubated with secondary anti
bodies overnight at 4 ◦C. The tissues were then washed with 0.1 M PB 
and mounted in Vectashield (Vector Laboratories) for observation. 

The ON and OFF αRGCs were confirmed by Neurobiotin injection, as 
previously reported (see Supplementary Fig. 1)(Wang et al., 2021). 
Before immunohistochemical staining, the retinal pieces were fixed in 
4% paraformaldehyde for at least 10 min. The retina tissues were then 
incubated with choline acetyltransferase (ChAT, goat anti-ChAT, 1:500; 
Millipore- Sigma, Billerica, MA, USA; Cat# AB144P, RRID: 
AB_2079751) antibody for 3–7 days at 4 ◦C, followed by incubation with 
the secondary antibodies overnight at 4 ◦C. After washing with 0.1 M 
phosphate-buffered saline (PBS), the tissues were mounted for obser
vation and image capture under a Zeiss LSM 800 with an Airyscan 
confocal microscope (ZEISS, Thornwood, NY) using a 43 × objective 
(NA 1.3). 

2.8. Data acquisition and analysis 

Statistical analyses were performed using Origin software (Origin
Lab, Northampton, MA). Statistically, significant differences (P < 0.05) 
were determined by the Student t-test. Unless otherwise indicated, the 
results are shown as mean values ± standard error of the mean (SEM). 

Fig. 2. Schematic of the responses of ON and OFF 
αRGCs to focused and defocused image stimuli. A 
focused 125 μm diameter of 0.0067 cycles/degree 
image was projected onto the outer segment of pho
toreceptors. The focused image is defined as 0 di
opters. Subsequently, defocused images under the 
microscope equal to ±10 and ± 20 diopters images 
were projected onto different retinal layers, according 
to the calculation that 5 μm of defocus could induce a 
refractive error of plus or minus 1 diopter (Schaeffel, 
2008). The light intensities ranged from 3.74 x104 

Rh*/rod/sec to 3.85 x104 Rh*/rod/sec. Whole-cell 
light responses of ON and OFF αRGCs were recor
ded and analyzed from LIM and normal (Wild-Type, 
WT) retinas.   

Fig. 3. Schematic of generalized linear encoding model (GLM). The upper figure shows a linear model. 
The lower figure shows a linear-nonlinear-Poisson (LNP) model. The model comprises a linear filter to describe how the neuron integrates the stimulus over time and 
space; a point nonlinearity to transform filter output into the neuron’s response range; and exponential-family noise to capture stochasticity in the responses. 
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2.9. Generalized linear model 

Generalized linear models (GLM) have previously been applied to 
spike representations in the visual system, known as the Linear- 
nonlinear-Poisson (LNP) model (Pillow et al., 2008; Truccolo et al., 
2005). Poisson generalized linear models (GLMs) are defined by a 
weight vector k that filters the stimulus, a set of linear filters, a nonlinear 
function, and noise from an exponential family distribution (Fig. 3), 
with statistical properties for fitting. Each cell’s input is described by a 
set of filters: a stimulus filter and a post-spike filter, which captures 

dependencies on spike-train history. The summed filter responses are 
exponentiated for each neuron to obtain an instantaneous spike rate. 
GLMs can capture stimulus-dependent changes in spikes with time 
precision and reliability that mimic those in real neurons (Weber and 
Pillow, 2017). 

In this study, ON or OFF αRGCs in the in vitro mouse retina were 
recorded while different powers of defocused/focused images were 
presented on the receptive field of the neuron. GLM models were then 
applied to predict the spike count, rate, spike times, and spike trains 
under focused and different power-defocused image projections. The 

Fig. 4. GLM models applied in ON and OFF αRGCs analyses in normal (WT) retinas. GLM models can be applied to predict the spike count (upper row) and rate 
(lower row) under focused and defocused image projections of different power. X axis: time in seconds; y axis: spike count in spike count prediction and spikes per bin 
in rate predications. 
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linear step of the cascade processes the stimulus with a linear k, whose 
output reflects the degree to which the stimulus s(t) matches k. The 
baseline offset (y-intercept) was set in linear regression. The nonlinear 
step acts on the output of the receptive field, ks(t), which is scaled by a 
nonlinear function that could include the effects of spike threshold and 
response saturation. The linear and the nonlinear filters fit the data to 
improve the firing rate prediction. This model consisted of a linear filter 
k, which describes how the neuron integrates the stimulus over time and 
space, followed by a point nonlinearity, which transforms the filter 

output into the neuron’s response range, and exponential-family noise 
that captures stochasticity in the response (El Hady, 2016; Paninski, 
2004). 

The Poisson GLM is given by  

λ = g(k⊤x), r|x~Poiss(Δλ),                                                                      

where k⊤x is the dot product between the filter k and the stimulus x, the 
nonlinearity g ensures the spike rate λ is nonnegative, and Δ is a time bin 
size. The model can be extended to incorporate linear dependencies on 

Fig. 5. GLM models applied in ON and OFF αRGCs analyses in LIM retinas. GLM models are applied to predict the spike count (upper row) and rate (lower row) 
under focus and defocused image projections of different power. X axis: time in seconds; y axis: spike count in spike count prediction and spikes per bin in rate 
predications. 
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spike-history and other covariates, including the responses from other 
neurons (Kelly et al., 2010; Pillow et al., 2008; Truccolo et al., 2005). 

“Linear-Gaussian” GLM: 

Y
⃒
⃒
⃒X, k

→
∼ N

(
X k→,σ2I

)

k̂ =
(
XT X

)− 1XT Y  

Poisson GLM: 

yt| x→t, k
→

∼ Poiss(Δ λt)k̂
L = YT log f

(
X k
→

− 1T f
(

X k
→))

Y is spike, x is stimulus, k
→

is linear filter, σ2 is variance, x→t is vector 
stimulus at time t; For the response at time t with the linear filter: yt =

k
→

⋅ x→ t + noise. 

Δ λt is Time bin size; f(xt k
→

) is the nonlinearity probability of spike at 
bin t. 

For all model fits and simulations, the bin time was set as 1 ms. Spike- 
history dependence was captured by a post-spike filter. The spike history 
filter was parameterized using raised cosine basis functions. To explore 
how the timescale of the spike history affected adaptation in the GLM, 
each model was fitted using only the first i cosine basis functions for each 
i = 0 to i = N. Thus, N + 1 nested model fits were obtained across a range 
of spike history lengths. When stated, the length of the spike history 
filter denotes the time of the peak of the ith basis function. The GLM 
model was implemented using code from Pillow lab (Pillow et al., 2008) 
and fitted in MATLAB (ver. R2021a). 

2.10. Evaluating model performance 

The pseudo-R2 measures the fraction of explainable log-likelihood 
captured by the GLM. GLM predictive performance was evaluated 
using the pseudo-R2 score (Cameron and Windmeijer, 1997). The 
pseudo-R2 score can be applied to Poisson process observations instead 
of trial-averaged firing rates as required by the standard R2 measure of 
explained variance (Benjamin et al., 2018). 

The Akaike information criterion (AIC) is a method for model com
parison that uses the maximum likelihood, penalized by the number of 
parameters. AIC is used to compare the fitness of an exponential 
nonlinearity GLM model (exp-GLM) and a nonparametric estimate of the 
nonlinearity GLM model (np-GLM). The np- GLM assumes a GLM with 
an exponential nonlinearity, but makes a "nonparametric" estimate of 
the nonlinearity. 

3. Results 

3.1. Lens-induced myopic (LIM) mouse models 

Retinoscopy results showed that after 35 days (d) of LIM 
commencing at day 21, the refractive errors of the treated eyes and 
untreated control eyes were − 3.7 ± 0.7 D and +7.4 ± 0.5 D (mean ±
SEM, P < 0.05, n = 8), respectively (Fig. 1C). 

AL measurements from the corneal surface to the retinal pigment 
epithelium (RPE) layer corroborated the underlying alterations in the 
refractive state of the mice’s eyes. The AL of the LIM eyes was 3.65 ±
0.12 (mean ± SEM) mm, in contrast to 3.36 ± 0.03 mm (p < 0.05, n = 8) 
(Fig. 1D) of the contra-lateral untreated eyes. The LIM eyes showed an 
average increase in AL of 0.29 ± 0.03 mm. 

3.2. The biophysical properties of RGCs in normal and myopic retinas 

As part of the initial experiments, the responses of ON and OFF 
αRGCs were tested in the retinas of normal and LIM mice under focused 
and defocused image stimuli. A focused 125 μm diameter with a spatial 
frequency of 0.0067 cycles/degree image, defined as 0 diopters, was 
projected onto the outer segment of the photoreceptors. Images defo
cused by ±10 and ± 20 diopters (D) to simulate myopic vision were then 
projected through the microscope onto the various layers of the retina. It 
is possible that the ON and OFF αRGCs tested may not be the cell types 
that detect the focused/defocused plane in the retina. Nevertheless, the 
defocused images projected onto these αRGCs would still alter the light 
intensities and image size, resulting in a blurred edge. The EPSCs of ON 
and OFF αRGCs were recorded as the first step (Fig. 2). The results of the 
normal and LIM mice, which served as models of an intact retinal circuit, 
were then compared with those of Cx36 KO mice, which served as 
models of a retinal circuit with deficits. 

Preliminary experiments were performed on the whole cell level to 
investigate whether the biophysical properties of ON and OFF αRGCs 
differed among normal, LIM, and Cx36 KO mice. Based on the calcula
tion, a 5 μm defocus should create a refractive error equal to plus or 
minus one diopter (Schaeffel, 2008). The light intensities varied from 
3.74 x104 Rh*/rod/sec to 3.85 x104 Rh*/rod/sec. Since certain ON and 
OFF αRGCs may exhibit varying responses to the focused/defocused 
images (Pan, 2019), the kinetics of light-evoked EPSCs of ON and OFF 
αRGCs in normal and LIM retinas were analyzed (Supplemental Fig. 2). 
To compare the biophysical properties of light-evoked EPSCs between 
normal and LIM retinas, nine aspects of the EPSCs’ properties were 
measured: area, time to maximum rise (decay), maximum rise (decay) 
slope, and 80%–20% rise (decay) time and slope. Each RGC was 

Fig. 6. Pseudo-R2 in linear-Gaussian-GLM model with offset to predict the spike count. A: In normal (WT) retina, 26.7% (4 out of 15) pseudo-R2 in linear-Gaussian- 
GLM model with offset predicts the spike count well under a focused image, compared to 13.3% (2 out of 15) under a +10 D defocused image; 6.6% (1 out of 15) 
under a +20 D defocused image; 26.7% (4 out of 15) under a − 10 D defocused image; 26.7% (4 out of 15) under a − 20 D defocused image. There was no significant 
difference between focused and defocused images. B: In LIM retinas, 60% (9 out of 15) pseudo-R2 in linear-Gaussian-GLM model with offset to predict the spike count 
under a focused image, compared to 26.7% (4 out of 15) under − 10 D defocused image; 13.3% (2 out of 15) under a − 20 D defocused image. C: Summary of 
normalized pseudo-R2 in normal and LIM retinas. Star indicated a significant difference (t-test, p < 0.05). X axis: Diopters; Y axis: Normalization of the pseudo-R2. 
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Fig. 7. GLM models predict natural scenes stimuli on ON RGC in normal retinas. The figures show GLM models applied to predict the spike count (upper row), rate 
(middle row), true spike times and spike trains (lower row) under different focused natural scene projections. The natural scenes are forest, sea, rabbit, face, and 
mouse from left to right. GLM models predict the spike count (upper row), rate (middle row), true spike times and spike trains (lower row) of the forest image well 
under focused, ±1 diopter, and ±2 diopters defocused projection. 
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recorded under focused, ±10 D and ±20 D defocused images to capture 
these general properties of EPSCs. Then, the maximal responses of these 
different aspects of EPSCs were normalized. These nine characteristics of 
EPSCs were selected due to their ability to show the physical charac
teristics of the cells, and it was anticipated that the reactions to focused 
and defocused stimuli would be distinct. According to our previous re
sults, the response to a focused image is hypothesized to be either 
maximal or minimal, as it may have a better signal-to-noise ratio than a 
defocused image (Pan, 2019). 

In both normal and LIM retinas, the ON/OFF αRGCs with either 
maximal or minimal responses in the nine biophysical measurements 
were counted under focused image stimulation. Out of these nine bio
physical properties, 89% of ON/OFF αRGCs in the normal retina, with 
the exception of the time of max decay slope for ON αRGCs and the max 
decay slope for OFF αRGCs, had either maximal or minimal responses. 
Six of the eight biophysical measurements in ON/OFF αRGCs in the 
normal retina showed a significant difference between focused and at 
least one of the defocused images (t-test, p < 0.05). In comparison, all 
nine biophysical measurements of the ON and OFF αRGCs in the LIM 
retina had either maximal or minimal responses for both focused and 
defocused images. Six of the nine measurements showed a significant 
difference between focused and other defocused images (t-test, p <
0.05). 

Among 12 ON/OFF αRGCs from normal retinas, two-thirds of mea
surements recorded maximal or minimal responses, respectively. Simi
larly, two-thirds of measurements were observed in 39 ON αRGCs, 
although the response was slightly lower (56%) in 57 OFF αRGCs of 
myopic (LIM) retinas. The kinetics of EPSCs revealed that a single RGC 
from either normal or LIM retinas could reflect different focus/defocus 
images projection. However, biophysical responses to focused and 
defocused images did not significantly differ between the LIM and the 
normal retinas. 

Most RGCs in the mouse retina require Cx36 for their functioning, so 
the absence of Cx36 would likely lead to the loss of heterozygous 
coupling between αRGCs and amacrine cells. This could significantly 
impact the functioning of the retinal circuitry (Farajian et al., 2011; Pan 
et al., 2010). Testing of the biophysical properties of whole-cell re
sponses in ON and OFF αRGCs of Cx36 KO mouse retinas revealed that 
only 22% (2 out of 9) of measurements in the ON αRGCs and 11% (1 out 
of 9) of measurements in the OFF αRGCs resulted in a maximal or 
minimal response (Supplemental Fig. 3). Further analysis of the ON/OFF 
αRGCs in Cx36 KO retinas revealed no difference in these nine bio
physical properties, indicating no difference in response to focused and 
defocused images. Comparatively, 16.7% of measurements in 10 ON 
αRGCs and 8.6% in 9 OFF αRGCs had either maximal or minimal re
sponses in Cx36 KO mice. This was a significant difference compared to 
the responses observed in normal and LIM retinas, and suggests that 
either the complete retinal circuit or amacrine cells coupled with RGCs 
may play a role in the αRGC response to focused and defocused images. 

Even though these nine features of EPSCs highlighted the distinction 
between Cx36 KO and normal retinas, it could be argued that the bio
physical properties chosen were random, and thus, further research is 
needed. 

3.3. Computation of the GLM model for encoding focused/defocused 
images to RGCs in normal and myopic retinas 

In the next step, Poisson GLMs (Fig. 3) were used for qualitative 
dynamical and quantitative statistical analysis of single-neuron response 
properties in LIM and normal retinas. The stimulus filter calculates the 
spatio-temporal integration of light in the outer retina and passive 
dendritic filtering; the post-spike filter mimics voltage-activated cur
rents following a spike, and the coupling filters represent synaptic or 
electrical interactions between cells. The exponential nonlinearity then 
implements a ’soft threshold’, converting membrane potential to 
instantaneous spike probability. These post-spike and coupling filters, 

which allow stochastic spiking in one cell to affect subsequent popula
tion activity, give rise to shared, non-Poisson variability in the model 
response. It is known that αRGCs include different subtypes, each with 
distinct physiological and morphological features. These subtypes also 
have different response dynamics, such as sustained or transient 
(Krieger et al., 2017). The GLM model was used to estimate the differ
ences in the encoding performance across αRGCs subtypes. The spike 
count of ON and OFF αRGCs in normal retinas (Fig. 4) was recorded and 
predicted using a linear-Gaussian GLM. The stimulus was normalized, 
and the training perfect of pseudo-R2 measures was used to evaluate and 
compare the performance of the linear-Gaussian GLM model with and 
without offset. The results showed that the spike counts were better 
fitted with the offset. Additionally, the use of an offset also improved the 
fit of the spike counts of αRGCs from LIM retinas with a 
linear-Gaussian-GLM model with offset (Fig. 5). The pseudo-R2 of 
linear-Gaussian-GLM model with offset was 0.1 in the focused image for 
normal cells, and ranged from 0.035 ± 0.02 (mean ± SEM) with defo
cused images (±10D and ±20D) in ON αRGCs, compared to 0 of pseu
do-R2 in a linear-Gaussian-GLM model without offset. The pseudo-R2 of 
the linear-Gaussian-GLM model with offset was 0.58 in the focused 
image, and ranged from 0.47 ± 0.06 with defocused images (±10D and 
±20D) in the OFF αRGCs, compared to 0 of pseudo-R2 in 
linear-Gaussian-GLM model without offset. 

For LIM retinas, the pseudo-R2 of linear-Gaussian-GLM model with 
offset was also 0.1 in the focused image, but ranged from 0.028 ± 0.08 
(mean ± SEM) with defocused images (±10D and ±20D) in the ON 
αRGCs, compared to 0 without offset. The pseudo-R2 of linear-Gaussian 
GLM model with offset was 0.05 in the focused image, and ranged from 
0.02 ± 0.01 with defocused images (±10D and ±20D) in the OFF 
αRGCs. The spike count of the ON and OFF αRGCs of both normal and 
LIM retinas was a better fit when using the linear-Gaussian-GLM model 
with an offset. Therefore, the linear-Gaussian-GLM model with an offset 
better fits the spike counts of ON and OFF αRGCs in both normal and LIM 
retinas. 

AIC comparison of fitting of the rate prediction with the exponential 
nonlinearity GLM model (exp-GLM) and nonparametric estimate of the 
nonlinearity GLM model (np-GLM), plotted by units of spikes/bin, 
indicated that np-GLM predicted spike rate was better for both focused 
and defocused images. As shown in Fig. 4, the AIC difference between 
exp-GLM and np-GLM is 201 (the ON αRGCs) and 1764 (the OFF αRGCs) 
for the focused image, demonstrating the superiority of the np-GLM 
fitting. Similarly, the np-GLM fitting was superior for defocused im
ages (±10D and ±20D) in both ON and OFF αRGCs. The rate prediction 
in 13 out of 15 (87%) ON and OFF αRGCs in normal retinas were better 
fitted with np-GLM, while only 2 out of 15 (13%) ON and OFF αRGCs in 
normal retinas had better fitted with exp-GLM under +20D defocused 
images (Supplemental Fig. 4). Compared to the focused image and other 
defocused images, +20D defocused image projected the blurriest images 
on the inner retina. This could explain why some subtype αRGCs might 
recruit different amacrine cells to encode the visual information, which 
could explain the difference in exp-GLM and np-GLM fitting in some 
RGCs. 

As with normal retinas, the rate prediction was better fitted with the 
nonlinearity GLM model (np-GLM) estimate, with AIC indicating that 
the np-GLM prediction rate was better in focused/defocused images in 
LIM retinas (Fig. 5). This was supported by the AIC difference between 
exp-GLM and np-GLM: 323 (for the ON αRGCs) and 426 (for the OFF 
αRGCs) under focused images. Two-thirds (10 out of 15, 66.7%) of ON 
and OFF αRGCs in LIM retinas showed a better fit with np-GLM, while 
the remaining five ON and OFF αRGCs had a better fit by exp-GLM 
(33.3%) under − 10D and − 20D defocused images separately (as 
shown in Supplemental Fig. 4). This indicated that αRGCs had different 
coding performances under defocused images in LIM retinas. 

In summary, the spike count of ON and OFF αRGCs in normal (WT) 
and LIM retinas was better fitted by the linear-Gaussian-GLM model 
with offset. The rate prediction of 87% in ON and OFF αRGCs in normal 
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retinas compared to 67% in LIM was a better fit with np-GLM. 
The raster plot displayed the spiking activity of αRGCs over time in 

response to the stimuli. As predicted by GLM, both ON and OFF αRGCs in 
normal retinas had raster plots of their spike trains under focused/ 
defocused images. Compared to the defocused images, especially those 
under ±20D, the spike trains under the focused image had a clear 
response (11 out of 15 ON and OFF αRGCs, 4 uncertain) in the raster plot 
(as shown in Supplemental Figs. 5A and B). The raster plot allows in
spection of the neural activity over time, which may indicate that αRGCs 
had different spiking activities under focused/defocused image stimuli 
in the normal retinas. 

Raster plots of spike train predicted by GLM showed that the focused 
image had a relatively clear response (8 out of 12 OFF αRGCs, 4 un
certain) compared to the ±20D image stimuli in the OFF αRGCs of LIM 
retinas (Supplemental Fig. 5D). Compared to the WT retina, ON αRGCs 
had a relatively clear response under focused images, but not under 
±20D defocused image in LIM retinas (8 out of 15 αRGCs, 7 uncertain, 
Supplemental Fig. 5C). This phenomenon may be explained by potential 
amendment and plasticity in the myopic retinal circuit, but further 
investigation is required. 

The following study investigated whether the pseudo-R2 in linear- 
Gaussian-GLM model with offset to predict the spike count could be 
used to compare the fitting of focused and defocused images. If so, the 
results showed that focused images could be better encoded in the retina 
than blurred (defocused) images. If not, the retina would faithfully 
encode the images projected on the retina. The pseudo-R2 of focused and 
defocused images (±10D and ±20D) were normalized by maximal 
number and then compared. In normal retina, 26.7% (4 out of 15) of the 
pseudo-R2 in linear-Gaussian-GLM model with offset predicted the spike 
count well under focused images, compared to 13.3% (2 out of 15) under 
+10D defocused image, 6.6% (1 out of 15) under +20D, 26.7% (4 out of 
15) under − 10 D, and 26.7% (4 out of 15) under − 20 D defocused im
ages (Fig. 6A showed the normalized pseudo-R2). There was no signifi
cant difference in the ability to predict the spike count in normal retinas 
between focused and defocused images. However, the linear-Gaussian 
GLM model with offset was more effective at predicting the spike 
count in LIM retinas, with 60% (9 of 15) accuracy for focused images 
and 26.7% (4 out of 15) and 13.3% (2 of 15) accuracy for − 10 D and 
− 20 D defocused image, respectively (Fig. 6B showed the normalized 
the pseudo-R2). These results suggest that focused images were better 
coded with the linear-Gaussian GLM model with offset in the LIM retina 
(Fig. 6C). This difference in the ability to predict the spike between the 
normal and LIM retinas likely reflected the amendment in visual pro
cessing or the plasticity in the retinal circuit of the LIM retinas. 

3.4. RGC responses to natural scene stimuli in the normal retina 

To evaluate the response of single RGC in normal retina to various 
natural scenes, including a forest, the sea, a rabbit, a face, and a mouse, 
which varied in shape, contrast, and brightness, the pseudo-R2 of the 
linear-Gaussian GLM model with offset was measured. To test whether 
single RGC coding can be accurately identified by a GLM model, only 
normal retinal cells were used for the experiment. 

When testing the spike count in natural scenes with a linear-Gaussian 
GLM model with an offset, the pseudo-R2 value varied between scenes, 
with 0.01 for the forest, 0.14 for the sea, 0.04 for the rabbit, 0.1 for the 
face, and 0.01 for the mouse. AIC results indicated that np-GLM was 
better than the exp-GLM at predicting the rate. As expected, the true 
spike times and spike trains were different when natural images were 
used. 

For example, the pseudo-R2 of the linear-Gaussian GLM model with 
an offset for predicting the spike count in the focused forest image was 
0.01. However, pseudo-R2 could not be calculated for ±1 D and ±2 D 
defocused images of the forest (Fig. 7). Only up to ±2 D defocused im
ages were used, as the images were similar if a more than ±3 D defo
cused image was generated. The np-GLM was better at predicting the 

rate for the focused forest image, but exp-GLM was better suited for 
predicting ±1 D and ±2 D defocused forest images. The raster plots of 
spike trains predicted by GLM also showed that the focused forest image 
had a distinct response. 

4. Discussion 

Despite the increasing prevalence of myopia worldwide, there are no 
effective methods to prevent or reverse its progression, largely due to the 
lack of a clear understanding of the underlying mechanism. A key 
question is whether the RGCs in the myopic retina process visual in
formation differently than those in the normal retina, which could help 
identify the entity(ies) responsible for myopia. To answer this question, 
the coding performance of RGCs predicted by the GLM model was 
compared between the retinas of LIM and normal (WT) mice. 

Knowledge of how RGCs encode the features of a particular visual 
stimulus can provide insight into how visual information is transmitted 
in the retina (Field and Chichilnisky, 2007; Gollisch and Meister, 2010). 
More than 40 RGC subtypes in the mouse retinas extract complex fea
tures of specific visual information and exhibit specific temporal 
response properties to image stimuli. These coding properties of RGC are 
known to be shaped by their circuits, particularly coupled amacrine cells 
(Kaplan and Shapley, 1986; Roska and Werblin, 2001). The mouse retina 
contains four distinct functional subtypes of αRGCs (ON-sustained, 
ON-transient, OFF-sustained, and OFF-transient) (Krieger et al., 2017). 
In the retina, the responses of ON and OFF αRGCs originate from stim
ulation of the outer retina, especially between photoreceptor-to-bipolar 
cell synapses (Masland, 2012). Unlike focused images, defocused images 
projected on the retina have a broader area with blurred edges and 
different light intensities, which could lead to different responses from 
αRGCs (Pan, 2019). Although αRGCs may not be the cells that sense the 
focused/defocused plane in the retina, the coding performance of ON 
and OFF αRGCs with transient and sustained subtypes was investigated 
between normal and myopic retinas in this study. 

Previous studies have analyzed the responses of αRGCs to focused 
and defocused images, as well as their firing patterns in larger neural 
populations (Banerjee et al., 2020). This study explored the impact of 
the myopic retina on the encoding of visual stimuli. A model-based 
methodology was used, with a GLM model (Paninski, 2004; Plesser 
and Gerstner, 2000; Truccolo et al., 2005) applied to describe the 
encoding of stimuli in the spike trains of αRGCs. Although this model is 
phenomenological, its components can be compared to biophysical 
mechanisms (Pillow et al., 2008). White noise applied in receptive field 
analysis is a common way to describe neural stimulus selectivity in a 
population of neurons; however, in this study, GLM was able to predict 
the difference in αRGCs encoding of focused and defocused images. The 
pseudo-R2 in linear-Gaussian-GLM model showed the difference in 
encoding between ON and OFF αRGCs. The variation in coupling pat
terns between ON and OFF αRGCs may cause the difference: ON αRGCs 
are coupled only with amacrine cells in the mouse retina, while OFF 
αRGCs are coupled with the same OFF αRGCs and amacrine cells (Pan 
et al., 2010; Volgyi et al., 2009). The difference in coupling patterns 
between ON and OFF αRGCs may affect the encoding performance. 

Neural computations in the retina require complex and intact circuits 
(Demb and Singer, 2015). There is concern about whether the GLM 
model can be applied to analyze different subtypes of αRGCs in the same 
way. However, based on a normal and intact circuit, the GLM model can 
be applied to predict the responses of subtypes of αRGCs to visual stimuli 
(Chichilnisky, 2001; Pillow et al., 2005; Shapley, 2009). If the myopic 
retina encodes visual information differently from the normal retina, 
then the predicted results from GLM model would reflect these differ
ences. The difference between normal and myopic retina was expected 
to be small. Recordings from populations of ON and OFF αRGCs with 
focused/defocused images were fitted to the GLM model. The model 
contained many parameters that specified the shapes of all filters, and 
they were fitted by maximizing the likelihood. The GLM models were 
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then used to predict the spike counts of natural scenes, as well as rate, 
true spike times, and spike trains. Natural scenes were found to induce 
different spike trains. The linear-Gaussian GLM model best predicted the 
spike counts with offset in both normal and LIM retinas. There was no 
difference in performance between focused and defocused images when 
using the pseudo-R2 in linear-Gaussian GLM model with offset to predict 
the spike count in the normal retinas. However, the pseudo-R2 in 
linear-Gaussian GLM model with offset was better for predicting the 
spike count under a focused image than the defocused image in LIM 
retinas. This difference may reflect the amendment in encoding focused 
and defocused images between normal and LIM retinas. Regarding the 
spike rate, AIC indicated that np-GLM predicted focused and defocused 
images better in both LIM and normal retinas. However, when a +20D 
defocused image with the blurriest edge was projected on the inner 
retina, the exp-GLM model fitted better in some subtype αRGCs in 
normal retinas. These αRGCs may recruit different subtypes or amounts 
of amacrine cells to encode the visual signalling. AIC cannot be used to 
compare the fitting quantitively. There was a difference in predicting the 
spike rate by np-GLM between LIM and normal retinas. Around 33% of 
αRGCs in LIM retinas were better fit by exp-GLM under − 10D and − 20D 
defocused images compared to only 13% of αRGCs in normal retinas. 
These results indicated the difference in the myopic retina’s encoding 
performance under defocused images. The defocused status of the LIM 
myopic retinas may induce plasticity of the retinal circuit to adapt to the 
myopic status. Studies of this group have previously demonstrated that 
in the form-deprived myopic mouse retina, phosphorylation of Cx36 
increased in myopic retinas, which may be an adaptation to code for 
defocused images (Banerjee et al., 2021; Banerjee et al., 2020). 

To understand how RGCs process visual information in normal and 
myopic retinas, artificial stimuli that can be precisely controlled and 
manipulated were applied. However, this approach has limitations in 
that it does not reflect the complexity and diversity of the natural visual 
environment. To address this limitation, we used natural scenes as 
stimuli to provide a more realistic way to study RGC responses in the 
retina. Natural scenes are complex, and they exhibit a wide range of 
spatial and temporal frequencies, contrast levels, and color variations 
(though color was not studied in this research). By using natural scenes, 
we were able to observe how RGCs respond to different features of the 
visual scene and to reveal the underlying mechanisms of visual pro
cessing in the retina. Single RGCs in the normal retina can accurately 
encode various natural scenes. In addition to natural scenes, we pro
jected both focused and blurred images (blurred but still in focus) onto 
the retina to study the response of RGCs. We found that the RGC re
sponses to natural scenes were similar to those observed with the use of 
artificial stimuli. 

From the perspective of the real response of αRGCs, more than two- 
thirds of their EPSCs biophysical properties in terms of area, time of 
maximal rise (decay) slope, maximal rise (decay) slope, 80%–20% rise 
(decay) time, and slope had either maximal or minimal responses to 
focused images in both normal and LIM retinas. The results indicated 
that normal and myopic retinas can faithfully encode focused and 
defocused images. Single RGC in both LIM and normal retinas have 
similar biophysical responses to focused and defocused images. 

Cx36 KO mice were used as a control to confirm the importance of 
intact retinal circuits in encoding focused and defocused images by 
αRGCs. In the Cx36 KO mice, the outer and inner retinas were affected, 
with loss of secondary and tertiary rod pathways in the outer retina and 
AC couplings with RGCs (Bloomfield and Volgyi, 2009). αRGCs lost their 
maximal or minimal responses to focused images in more than 78% of 
the biophysical properties compared to normal and LIM retinas. This 
may be due to the disappearance of most amacrine cells coupled to RGCs 
in Cx36 KO mice (Pan et al., 2010). Defocused images have blurred 
edges, different focused planes, and varied light intensities compared 
with focused images. Amacrine cells may provide feedback inhibition, 
surround inhibition, adaptation, signal averaging, and noise reduction 
(Olveczky et al., 2003) to the signaling from RGCs, suggesting that they 

may take part in encoding focused/defocused images. As a control, Cx36 
KO mice lose the filters in the outer and inner retina. Moreover, evidence 
from human studies suggests that GJD2, the gene encoding for the Cx36 
protein, which has a high degree of SNPs across the human population, 
appears to be important in myopia development. Cx36 is considered as a 
potential modulator of myopia development in both human and animal 
models (Quint et al., 2021; Verhoeven et al., 2013). Further studies are 
needed to create LIM Cx36 KO mice to ascertain if Cx36-involving neural 
circuits factor significantly in myopia development. For example, by 
comparing experiments in encoding performance using WT and LIM 
mice with Cx36 KO and LIM Cx36 KO mice, we might determine the 
hypothetical influence of Cx36-mediated electrical coupling on myopia 
development. 

It has been hypothesized that the myopic retina may adapt to defo
cused images, and that the retinal circuit could be altered if the defo
cused status were to remain. The changed entities in the retinal circuit 
could be used as a potential therapeutic approach for myopia control. 
However, once the retinal circuit had adapted to the long-term myopic 
retina, the cascade triggered by the myopic status may have already 
impacted the axial length. This may explain why myopia continues 
progressing even after the ametropia status has been corrected. 

5. Conclusion 

GLM model was used to determine the encoding of focused/defo
cused images by ON and OFF αRGCs in both myopic and normal retinas. 
The intact retinal circuit involving Cx36 was found to be critical in 
computing the difference in visual signaling between focused/defocused 
images. The different performances of GLM model with offset in LIM 
retinas suggested the possible amendment and plasticity of the retina 
circuit in myopic retinas. 

6. Limitations of the study 

Myopic marmoset or other monkey models may be more suitable 
than the myopic mouse model with a retinal macular or fovea-like 
structure. In this study, the LIM mouse model was observed and recor
ded only at one-time point, following three weeks of lens treatment in an 
8-week-old mouse. More research is necessary to study long-term LIM 
models, as adaptations in the retinal circuit may take time to manifest. 
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