
 

 

 
Copyright Undertaking 

 

This thesis is protected by copyright, with all rights reserved.  

By reading and using the thesis, the reader understands and agrees to the following terms: 

1. The reader will abide by the rules and legal ordinances governing copyright regarding the 
use of the thesis. 

2. The reader will use the thesis for the purpose of research or private study only and not for 
distribution or further reproduction or any other purpose. 

3. The reader agrees to indemnify and hold the University harmless from and against any loss, 
damage, cost, liability or expenses arising from copyright infringement or unauthorized 
usage. 

 

 

IMPORTANT 

If you have reasons to believe that any materials in this thesis are deemed not suitable to be 
distributed in this form, or a copyright owner having difficulty with the material being included in 
our database, please contact lbsys@polyu.edu.hk providing details.  The Library will look into 
your claim and consider taking remedial action upon receipt of the written requests. 

 

 

 

 

 

Pao Yue-kong Library, The Hong Kong Polytechnic University, Hung Hom, Kowloon, Hong Kong 

http://www.lib.polyu.edu.hk 



1 

 

EXPLORING RETINAL NEURON RESPONSES TO 

DEFOCUSED IMAGES IN THE MOUSE RETINA 

 

SO CHUNG HIM 

PhD 

 

 

The Hong Kong Polytechnic University 

2024 

 

 

 



2 

 

The Hong Kong Polytechnic University 

School of Optometry 

 

Exploring Retinal Neuron Responses to Defocused 

Images in the Mouse Retina 

 

So Chung Him 

 

A thesis submitted in partial fulfilment of the requirements for 

the degree of Doctor of Philosophy 

July 2024 

 



3 

CERTIFICATE OF ORIGINALITY 

I hereby declare that this thesis is my own work and that, to the best of my knowledge 

and belief, it reproduces no material previously published or written, nor material 

that has been accepted for the award of any other degree or diploma, except where 

due acknowledgement has been made in the text. 

________________________ (Signed) 

________________________ (Name of student) 
So Chung Him 



4 

 

Abstract 

Purpose 

Although myopia, or nearsightedness, is a health problem worldwide, the mechanisms of its 

development remain unknown. It is hypothesized that refractive errors could result from the impact 

of defocused visual signals on various types of retinal neurons. This research study aimed to 

explore whether defocused images influence the signaling processes of individual types of retinal 

ganglion cells, specifically alpha retinal ganglion cells (αRGCs), as well as dopaminergic 

Amacrine Cells (Dopaminergic ACs), AII ACs, and Horizontal Cells (HCs). Additionally, the 

study examined the role of connexin 36 gap junctions (Cx36 GJs) in modulating these effects. 

Methods 

Several strains of mice, C57BL/6, KCNG-YFP, EGR-1, Fam81a, and Cx36-knockout, were used 

in this study. A custom-made device was used to project defocused images onto the retina under 

the microscope. Mightex 1000 generated light bars, annulus, and spots of varying sizes. 

Biophysical response of αRGCs, DACs, AII ACs, and HCs were recorded by patch clamp in flat-

mounted retinas. Intracellular dye injection and confocal microscopy were then applied to confirm 

and study the morphology of neurons in the mouse retinas. The Generalized linear model (GLM) 

was used to predict RGC responses in normal and lens-induced myopic mice in order to study the 

myopic retina. Additionally, stretched soma and retinas were investigated to simulate myopic 

conditions. Gap junction blocker-Meclofenamic acid (MFA, 100μM), was applied to the retinas to 

study the impact of uncoupling AII ACs. 
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Study 1. This study investigated whether the biophysical characteristics of alpha retinal ganglion 

cells (αRGCs) differ between normal Cx36 knockout mice and those with lens-induced myopia 

(LIM) retinas. The study applied a generalized linear model (GLM) to predict the coding efficiency 

between focused and defocused images of RGCs in these mice. 

Study 2. This study explored whether there are differences in the biophysical responses of alpha 

retinal ganglion cells (αRGCs) between focused and defocused image stimuli and to observe 

whether there is a difference in biophysical responses when the soma and retinas were stretched to 

mimic myopic conditions in both normal and Cx36 KO mice. 

Study 3 This study investigated whether dopaminergic ACs and AII ACs demonstrated differences 

in their responses to focused versus defocused images. To uncouple the coupling between AII 

ACs, gap junction blocker was applied. 

Study 4. The study investigated whether there are differences in the biophysical responses of 

horizontal cells (HCs) to focused and defocused images. 

Summary  

The neurons in the retina, such as αRGCs, HC, AII ACs, and dopaminergic ACs, can exhibit 

different responses to focused or defocused images. Gap junctions within retinal circuits might 

have a significant impact on the development of visually induced myopia. 
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Results 

Study 1. The study revealed that the intact retinal circuitry, especially connexin 36 (Cx36), is 

essential in encoding the difference in visual signaling between focused and defocused images. 

The varied outcomes of the generalized linear model (GLM) with an offset in lens-induced myopia 

(LIM) retinas indicated the possibility for correction and adaptability within the retinal circuitry 

of myopic eyes. 

Study 2. The biophysical response of a single RGC could accurately reflect the image projection 

of optical stimuli associated with myopic and astigmatic defocus. The process requires an intact 

retina circuit that includes Cx36. 

Study 3. Dopaminergic ACs responded with distinctively different biophysical properties to 

focused and defocused images, thereby potentially influencing dopamine release in the retina and 

contributing to the development of myopia. Uncoupled AII ACs exhibited the capacity to detect 

both focused and defocused images, whereas AII ACs with robust coupling possessed the 

capability to eliminate noise related to defocused images. 

Study 4. The biophysical properties of HCs allow these cells to reflect spot/annulus pattern 

stimuli and focused/defocused images. 
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Conclusions 

This thesis helps to understand the role of Dopaminergic ACs, AII ACs, HCs and Cx36 GJs in 

decoding and modulating the focused and defocused images, which could be reflected by a single 

αRGCs.  The research may elucidate the neurons in retinal circuit involved in refractive errors and 

provide potential targets for myopia control.  
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CHAPTER 1 Introduction 

1. Retina 

The retina, situated at the posterior segment of the eyeball, is a specialized layer important in the 

transformation of light signals into electrical signals. These signals are subsequently transmitted 

to the brain, facilitating the perception of visual images. This intricate process involves the 

orchestrated functionality of various cells, including photoreceptors, bipolar cells, and retinal 

ganglion cells. The retina also encompasses two lateral inhibitory pathways, comprising a singular 

type of horizontal cell as the primary inhibitory network and at least 60 subtypes of amacrine cells 

as the secondary inhibitory network[1]. 

 

1.1 Photoreceptors 

Photoreceptors, situated on the retina's outermost layer, are categorized into two main types in 

both human and mouse retinas: rod and cone photoreceptors. These cells  structurally consist of 

four main regions: cell body, synaptic terminal, the outer and inner segments. The key functional 

molecule, opsin, situated within the outer segment discs, plays a crucial role in process of 

phototransduction. This process involves the absorption of light by photoreceptors, initiating 

electrical responses that transform light information into a format interpretable by the inner 

retina[2]. In the darkness, photoreceptors undergo depolarization, increasing the release of 

glutamate due to enhanced sodium and calcium ion channel conductance. Conversely, exposure to 

light causes photoreceptors to hyperpolarize. 
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Rod photoreceptors are uniquely sensitive and capable of detecting a single photon under scotopic 

(low-light) conditions, thereby influencing the postsynaptic signaling of downstream cells. In 

comparison, cone photoreceptors require a significantly higher photon count to elicit a response. 

This sensitivity differential is crucial in low-light environments, where rods predominate to 

maximize photon capture. Rods constitute 95% of the photoreceptors in the human retina, with 

cones accounting for the remaining 5%. This ratio is similarly skewed in mice, with approximately 

97% rods and 3% cones[3]. To enhance light response acquisition in electrophysiological studies, 

mouse retinas are subjected to dark adaptation, optimizing rod cell sensitivity[4].  

The spatial arrangement of rod and cone photoreceptors within the retina is both intermingled and 

mosaic. The area of the receptive field is controlled by the retinal ganglion cells that span the 

photoreceptor area, except in the fovea region, where each cone is directly linked to a single bipolar 

cell and one retinal ganglion cell, facilitating a densely packed cone arrangement. This structural 

organization in the human fovea sets the resolution limit, determined by the minimal spacing 

between cones. Conversely, the mouse retina lacks a foveal structure, rendering its entire retinal 

composition akin to the peripheral retina observed in primates. 

 

1.2 Bipolar cells 

Within the inner nuclear layer (INL), bipolar cells (BCs) serve as critical interneurons and are 

differentiated into 15 distinct subtypes of cone bipolar cells (CBCs), alongside a singular type of 

rod bipolar cell (RBC) in murine retinas[5]. The dendritic processes of these cells form connections 

with photoreceptors at ribbon synapses, while their axonal terminations synapse in specific 

sublaminae, establishing synaptic contacts with the dendrites of specific retinal ganglion cell types. 



27 

 

This architecture enables the efficient relay of visual information from the photoreceptors to the 

terminal neurons. 

BCs play an essential role in the segregation of ON and OFF visual pathways, which is attributed 

to their divergent responses to the neurotransmitter glutamate. Upon illumination, photoreceptors 

reduce glutamate release, leading to depolarization of ON-bipolar cells and hyperpolarization of 

OFF-bipolar cells, attributed to the differential expression of ionotropic and metabotropic 

glutamate receptors, respectively [6]. 

In the retinal circuitry of mice, RBCs play a role in disseminating signals from rod photoreceptors 

to both ON and OFF cone bipolar cells via the primary rod pathway. Additionally, a supplementary 

circuit, known as the tertiary rod pathway, exists, providing a direct interface between rods and 

OFF cone bipolar cells, and bypassing the involvement of rod bipolar cells [7]. 

 

1.3 Horizontal cells 

Horizontal cells (HCs) are interneurons that contact photoreceptors and BCs via lateral inhibition. 

Their cell bodies are situated in the outermost inner nuclear layer (INL) of the retinas. In low-light 

conditions, photoreceptors release glutamate, which depolarizes HCs and stimulates the release of 

more glutamate. This, in turn, hyperpolarizes nearby photoreceptor cells, enhancing contrast 

perception. In contrast, bright light triggers less glutamate release from photoreceptors, causing 

HCs to hyperpolarize [8]. This feedback mechanism enables the retina to enhance contrast 

perception during visual processing. Horizontal cells have much larger receptive fields than cones 

and rods, allowing modulation and processing of visual information over a broad range of areas. 

These functions may contribute to the retina’s ability to adapt to different light intensity ranges[9]. 
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1.4 Amacrine cells 

Amacrine cells (ACs), which are the most diverse interneurons in the inner nuclear layer of mouse 

retinas, connect with BCs and retinal ganglion cells (RGCs) through inhibitory neurotransmitters 

Gamma-aminobutyric acid (GABA) and glycine. ACs contribute to the inhibitory postsynaptic 

signal of ganglion cells, termed feedforward inhibition. In addition, ACs provide feedback 

inhibition to bipolar cells. For example, the A17 amacrine cell releases GABA to its connecting 

rod bipolar cell (RBC), which affects RBC depolarization[10].  Both feedback and feedforward 

inhibition aid ACs to make an important contribution to the RGC receptive field. 

 

1.4.1 AII Amacrine cells 

Bistratified glycinergic neurons known as AII amacrine cells (AII ACs) are situated in the 

innermost stratum of the inner nuclear layer (INL) and exhibit a non-random mosaic distribution. 

They have a unique morphology, consisting of lobular appendages and arboreal dendrites in 

sublamina a and b of the inner plexiform layer (IPL), respectively. Prox1 immunostaining has 

revealed that AII ACs constitute approximately 10% of the amacrine cell population in the murine 

retina[11]. 

AII ACs play a fundamental role in the primary rod pathway by distributing rod signals to ON and 

OFF-ganglion cells via different pathways. They establish sign-converting chemical connections 

with OFF-cone bipolar cells via glycine. In contrast, AII ACs enable sign-conserving electrical 

connections with ON-cone bipolar cells through gap junctions. The process of depolarizing 

electrical stimulation from ON cone bipolar cells to AIIs triggers the release of inhibitory glycine 
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onto OFF cone bipolar cells, causing hyperpolarization, which is commonly referred to as 

crossover inhibition[12].  

AII ACs are vital in collecting scotopic signals from RBCs and transmitting these to ON and OFF 

pathways. In addition, All ACs in the mouse retina are interconnected through homologous 

connexin36 gap junctions (Cx36 GJs), which are the prominent subunit of gap junctions (GJs) in 

the area. These GJs help signal averaging and synchronization during visual processing[13]. 

Recent studies suggest that Cx36 may influence eye growth and the retinal circuitry, which is 

accountable for coding images that are either in focus or out of focus[14]. 

 

    1.4.1.1 Input of AII Amacrine Cells 

In the retina of rabbits, the On-center receptive fields of AII ACs receive glutamatergic inputs in 

sublamina b with rod bipolar cells. This input accounts for approximately 30% of the total input 

in mouse retinas. Conversely, the surrounding responses of AII ACs are inhibited by GABAergic, 

spiking amacrine cells[15]. Additionally, other amacrine cells, such as dopaminergic amacrine 

cells, also act as presynaptic to AII ACs, making up approximately 40% of the synaptic inputs[16]. 

AII ACs also make glycinergic connections with OFF-CBC that is situated at the lobular 

appendages in sublamina a of the inner plexiform layer.   

AII amacrine cells receive electrical signals through gap junctions. Specifically, AII ACs are 

connected to ON-cone BCs through either heterogeneous or homogenous gap junctions, whilst 

connecting to other AII ACs relies on homogenous Cx36 GJs. These GJs allow for direct electrical 

communication between retinal neurons. The signal propagation in gap junctions is two-way in 

photopic conditions, AII ACs receive signals from cone-cone to BCs-AII circuits through gap 
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junctions. However, under dim light conditions, AII ACs rely mainly on synapses from the primary 

rod pathway [17].  

 

1.4.2 Dopaminergic Amacrine Cells 

Dopaminergic amacrine cells (DACs) are positioned in the innermost of the inner nuclear layer 

(INL) and serve as the sole source of retinal dopamine. Although they make up less than 0.01% of 

all neurons, they play a vital role in modulating key visual processes in murine retinas, such as 

light adaptation and circadian rhythm. DACs have two to three primary dendrites and one to two 

thin axons extending from their somata, forming an irregular dendritic field[18]. They spread their 

dendrites and axons to the outermost stratum of the IPL and co-stratify with photosensitive RGCs. 

Additionally, the dendrites of DACs encircle the surface of AII amacrine cell bodies, creating ring-

like structures around the origin of its primary dendrite or cell body. 

 

    1.4.1.2 Input of Dopaminergic Amacrine Cells 

The DACs are a unique type of neuron that receive glycine and GABA as inhibitory inputs at light 

on and light off, respectively. The glycinergic input comes from the RBC-glycinergic AC circuits, 

whereas the GABAergic signal emanates from the OFF CBC-GABAergic AC circuits. The release 

of dopamine has been shown to be primarily linked to rod signals[19] [20], while DACs receive 

glutamatergic signals from intrinsically photosensitive ganglion cells (ipRGCs) in addition to from 

ON cone bipolar cells, both of which utilize ionotropic glutamatergic synapses. In summary, DACs 
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receive both excitatory and inhibitory signals through the ON pathway and inhibitory signals 

through the OFF pathway[21].  

 

1.5 Retinal ganglion cells 

Retinal ganglion cells (RGCs) are situated in ganglion cell layer (GCL) and represent the sole 

neurons in the retina that communicate with the brain. RGCs receive postsynaptic signals from 

Amacrine cells (ACs) and BCs and convey these signal via the optic nerve, lateral geniculate, and 

finally to the visual cortex.  

RGCs can be categorized into at least 40 subtypes according to their morphology, physiological 

function, gene expression, and molecular characterization. Although more than half of RGC types 

have been identified, the precise function of many RGCs in image formation is not fully 

understood[22]. 

 

1.5.1 Alpha (α) Retinal ganglion cells 

Alpha retinal ganglion cells (αRGCs) possess the largest somata (>15um) of RGCs, stout axons 

and mono-stratified dendritic fields in GCL, comprising approximately 5% of the total RGC 

population. In mouse retinas, αRGCs have high neurofilament (SMI-32) and osteopontin (Opn) 

protein levels. All αRGCs express voltage-gated K+ channel subfamily G member 4 (Kcng4). The 

retina of a KCNG4-cre; thy1-stop-YFP1 mouse stained with antibodies for GFP is shown to be 

primarily made up of αRGCs[23] [24]. 
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In the mammalian retina, the basic subtypes of αRGCs are classified as ON centre and OFF centre. 

Four alpha RGCs are defined by their light response: ON-sustained, ON-transient, OFF-sustained, 

and OFF-transient. Alpha RGCs display specialized physiological properties, including short 

response latency and rapid axonal conduction, allowing them to be the primary conduits for 

transmitting signals to the brain[25]. 

 

    1.5.1.1 Inputs of αRGCs 

Electrical synapses that allow direct electrical communication between neighboring neurons, are 

usually referred to as gap junction channels. Researchers have utilized neurobiotin to trace down 

the gap junction coupling pattern of αRGCs. OFF αRGC couples with amacrine cells and other 

αRGCs to form gap junctions, while the ON αRGC only connects to amacrine cells in the INL[26]. 

 

Postsynaptic currents (PSCs) also refer to chemical synapses, where the presynaptic neurons, such 

as BCs and ACs, release neurotransmitters and bind to receptors of postsynaptic neurons. This 

binding leads to the voltage change in the postsynaptic neuron membrane. The PSCs of αRGCs 

have been intensively studied and can be categorized into excitatory postsynaptic currents (EPSCs) 

and inhibitory postsynaptic currents (IPSCs) depending on the type of neurotransmitter binding. 

RGCss express GABAA, GABAB, and glycine receptors. Pharmacological experiments have 

revealed that the glycinergic and GABAergic ACs play a role in inhibitory input of αRGCs. 

Specifically, glycinergic ACs receive input from BC and then feed forward the inhibition to 

αRGCs. In contrast, wide-field GABAergic ACs receive input from their corresponding BCs and 

influence Glycinergic ACs. It is noteworthy that certain subtypes of ACs contain voltage-gated 
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sodium channels enabling them to generate action potentials, which propagate transient and 

sustained inhibition to αRGCs[27]. 

 

    1.5.1.2 Outputs of αRGCs 

αRGCs are the terminal neurons that summate and process ON and OFF visual information in the 

inner retina. They are highly enriched with voltage-gate ion channels,  enabling them to initiate 

action potential and convey these in the form of spikes or bursts of activity to brain nuclei. The 

frequency and timing of the spikes carry crucial information about the visual stimuli, such as visual 

contrast. αRGCs, which receive postsynaptic input from multiple neurons that are activated by 

light stimuli, integrate postsynaptic signals from these cells and produce their own spikes in 

advance of reaching the threshold. This process is referred to as the light-evoked response.  Four 

types of light-evoked responses of αRGCs have been described[23], including Off-

sustained/transient and On-sustained/transient.  
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2. Synapses  

Communication between neurons occurs at specialized junctions known as synapses, which can 

be categorized into two main types: chemical synapses and electrical synapses. Chemical synapses 

function through the release and reception of chemical neurotransmitters, which are used to 

transmit signals between neurons. In contrast, electrical synapses facilitate straightforward 

electrical communication between neurons, allowing for fast and synchronized signaling within 

neural networks. 

 

2.1 Chemical synapses  

Chemical synapses function through the release of chemical neurotransmitters to facilitate signal 

transmission between neurons. Neurotransmitters, including glutamate and dopamine, traverse the 

synaptic cleft and bind to particular receptors on the postsynaptic membrane of target cells, 

eliciting either excitatory or inhibitory impacts on the neurons or cells. These chemical synapses 

are pivotal in the transmission and processing of information in retinas, facilitating precise and 

adaptable communication between cells and supporting intricate visual computations. 

 

2.1.1 Dopamine 

Dopamine (DA) serves as the primary catecholamine in the retina and its release, which appears 

to follow a circadian rhythm, aids in transmitting signals throughout the retinal circuitry. 

Dopamine affects both postsynaptic and presynaptic receptors and diffuses to extrasynaptic 

receptors via a process called volume transmission[28]. Dopamine regulates voltage-gated ion 
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channels on target cells through five subtypes of G-protein coupled receptors, including D1-like 

(D1 and D5) and D2-like (D2, D3, and D4) receptors, present across the entire retina[29]. These 

receptors are presented in various types of retinal neurons:  D1-like receptors are primarily 

expressed by horizontal cells and some BCs, ACs, and RGCs, while D2-like receptors are found 

in dopaminergic ACs and photoreceptors[30]. 

The activation of dopamine receptors influences the activity and signaling of retinal neurons; for 

example, the existence of D1 and D4 dopamine receptors in photoreceptors and inner retinal 

neurons significantly contributes to the decreased sensitivity of ganglion cells. Dopamine also 

influences the gap junctions between Horizontal cells, AII amacrine cells, and RGCs.[31]. 

 

2.1.2 Glutamate 

Glutamate serves as the primary excitatory neurotransmitter in retinas, being released by 

photoreceptor cells (rods and cones) in response to light offset to initiate the processing of visual 

information. It activates receptors on bipolar cells, thereby enabling the transmission of visual 

information throughout the retinas. Glutamate receptors are categorized into ionotropic glutamate 

receptors (iGluRs) and metabotropic glutamate receptors (mGluRs). iGluRs act as ligand-gated 

ion channels that mediate excitatory neurotransmission, while mGluRs, a family of G-protein-

coupled receptors, can be further subdivided into NMDA (N-methyl-D-aspartate), AMPA (α-

amino-3-hydroxy-5-methyl-4-isoxazolepropionic acid), and kainate receptors[32, 33]. iGluRs 

response excitatorily to glutamate, causing neurons to hyperpolarize in response to light, and are 

located on OFF-BCs. Conversely, mGluR6 response inhibitorily to glutamate, resulting in neurons 

depolarizing in response to light, and are located on ON-BCs[34]. 
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2.1.3 Gamma-aminobutyric acid (GABA)  

GABA serves as the primary inhibitory neurotransmitter in retinas, being released by amacrine 

cells and horizontal cells to establish lateral connections. The signaling of GABA is pivotal in 

shaping center-surround receptive fields[35], direction selection, and the light sensitivity of 

RGC[7]. Its physiological effects are controlled by three subtypes of neuronal receptors: ionotropic 

GABAA and ionotropic GABAC receptors, which modulate chloride channels, and metabotropic 

GABAB receptors, which are G-protein coupled receptors[36]. GABA receptors are expressed on 

various retinal neurons, such as cones, HCs, BCs, ACs, and RGC[37, 38]. It facilitates lateral 

inhibition and regulates the dynamic range of retinal processing. 

 

2.1.4 Glycine 

Glycine, an inhibitory neurotransmitter, plays a role in inhibitory signaling in retinas. It is 

discharged by glycinergic ACs and influences receptors on BCs and RGCs, thus contributing to 

the regulation of excitatory-inhibitory balance. Glycine receptors act as ligand-gated chloride 

channels, which are present on all neurons that receive signals from these glycinergic (small-field) 

amacrine cells. As a result, receptors can be found on specific bipolar cell axons, as well as on the 

dendrites of many ACs and RGCs. The impact of glycinergic synapses on retinal signals involves 

the inhibition of inner retinal function while simultaneously exciting the outer retina. 

 

2.1.5 Acetylcholine 

Acetylcholine (Ach) is produced and discharged by starburst amacrine cells and influences visual 

processing by interacting with various cholinergic receptors found on various types of neurons, 
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including BCs, ACs, and RGCs[39]. ACh receptors consist of ionotropic nicotinic acetylcholine 

receptors (nAChRs) and metabotropic muscarinic acetylcholine receptors (mAChRs). The 

nAChRs function as ligand-gated ion channels. Within the retinas, ACh is pivotal in adjusting 

visual signaling, including aspects of brightness, contrast sensitivity, and motion detection[40, 41]. 

 

2.2 Electrical synapses  

Electrical synapses enable direct passage of ions and signaling molecules between neurons, 

forming a type of synaptic connection. Unlike chemical synapses, which depend on 

neurotransmitters for interneuronal communication, electrical synapses allow for rapid and 

bidirectional signaling via gap junctions. The key structural component of electrical synapses is 

the GJ, which is created by the alignment of two connexons (or hemichannels), each from one of 

the adjacent cells. These connexons, which are composed of six connexin proteins, form a channel 

that bridges the intercellular gap between the two neurons[42]. 

 

2.2.1 Gap junction  

Gap junctions, also known as intercellular channels, have a crucial role in transmitting electric 

signals between nearby cells. In the retinas of mice, these gap junctions are widespread and serve 

to average signals, reduce noise, and synchronize neurons[43]. A gap junction's structure 

comprises two connexons, with one located in each of the neighboring cells. Connexons are made 

up of connexin proteins and form hexameric protein complexes. Each connexon lines up with its 

counterpart in the neighboring cell, creating a narrow channel or pore between neurons. These gap 

junction channels permit the passage of ions, small molecules, and electrical signals, facilitating 

cell communication and coordination of their functions. 
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    2.2.1.1 Connexin36 gap junction  

The gene of gap junction protein delta 2 (GJD2), has exhibited a strong association with refractive 

error. GJD2 encodes Connecin36, a protein that forms GJs in retinas[44, 45]. Gap junctions are 

electrical synapses that allow direct communication with neighboring neurons. They consist of 

two hemichannels called connexons and connect with the cytoplasm of two neighboring cells via 

gap junction channels. These channels are found in five types of neurons in the retinas and assist 

in transmitting and processing visual signals.  

Gap junction channels can consist of two same homomeric hemichannels, such as Connexin36 

mediated GJs, which consist of specific connexin proteins that form intracellular pathways 

between two adjacent neurons. These GJs are highly expressed in mouse retinas, including 

connecting RGCs to ACs[46]. 

In the retina, Cx36 modifies signal-to-noise signals, averages noise, and synchronizes signals. The 

conductance of the Cx36 is regulated by neurotransmitters, including dopamine and nitric 

oxide[47]. This regulatory mechanism suggests that cell-to-cell communication through the Cx36 

may significantly contribute to myopia development. This is supported by studies that have shown 

that the Cx36 phosphorylation in the animal retinas is affected by myopia[48, 49].  To date, limited 

studies have demonstrated the impact of Cx36 gap junctions in myopia and their relationship 

remains elusive. 
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3. Myopia 

Myopia, characterized by abnormal axial length, results in the focal point of light stimuli falling 

in front of the retina. This condition causes distant objects to appear blurry while nearby objects 

remain clear. Recent studies have drawn attention to the significant increase in the prevalence of 

myopia, creating a global concern. In the late 1940s, studies estimated that the prevalence of 

myopia among East and Southeast Asian school children ranged from 20% to 40%. [50]. This 

percentage has now increased to 80%-90%[51]. Projections indicate that by 2050, approximately 

half of the world's population will be affected by myopia, with 9.8% suffering from high myopia. 

High myopia carries the potential risk of severe sight-threatening complications, such as retinal 

detachment, which can lead to blindness due to associated complications[52]. 

 

3.1 Myopia etiology 

Multiple factors, including genetics and environment, contribute to myopia progression. Visually 

guided emmetropisation is commonly used to interpret the development of myopia. This theory 

suggests that sharp images regulate the growth of the sclera. If the sharp image falls behind or in 

front of the retina, this will lead to the development of either myopia or hyperopia in an attempt to 

align the axial length to the refractive power of the lens and cornea. Animal studies conducted on 

chicks[53], mice[54], and guinea pigs[55], have provided promising evidence to support this 

theory.  

However, as vertebrate retinas are complicated and little is known how the communication 

between each class of neurons is processed. Studies in tree shrews and chicks, which have shown 

that their eyes can be induced into myopia even after the input from RGCs to optic nerve is 
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blocked[56, 57]. These findings suggest that retina-to-scleral communication could be a possible 

pathway in stimulating axial elongation. From light stimulations to RGCs and scleral, multiple cell 

types and neuronal pathways are believed to be involved, and the exact cells, neurons, and/or 

pathways are challenging to determine.  

 

3.2 AII amacrine cells in myopia 

The pathway from the retina to the sclera is believed to play a significant role in the development 

of myopia. This pathway involves visual signals being fed forward to RGCs, which generate spikes 

and feedback from other ACs. In photopic light conditions, AII ACs primarily receive excitatory 

signaling from CBCs[58]. As AII ACs are connected to most CBCs, with approximately half 

connected through Cx36 gap junctions, changes to the receptive field of AII ACs could impact the 

likelihood of RGCs firing. In myopic mouse retinas, there is increased phosphorylation of Cx36 

and coupling, indicating that defocused vision could alter the RF of AII ACs and RGC firing[14].   

AII ACs appear to have strong coupling between each other with homologous Cx36 gap junctions. 

Cx36 gap junction channels connect the AII AC and CBC network, and their conductivity is greatly 

influenced by dopamine and adenosine. Dopamine is known to inhibit myopia development, with 

D1 receptors playing a crucial role in this process[59]. The strength of coupling between AII ACs 

is modulated by the presence of D1 receptors in Cx36 GJs[60]. In light conditions, dopamine 

decreases the coupling between AII ACs, potentially striking a balance between receptive field 

moderation and signal-to-noise ratio to the next-order neurons[29]. 
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3.3 Dopaminergic amacrine cells in myopia 

Various molecules have been reported to the axial length of the eyeball. Of these, dopamine has 

been suggested as the link between DACs and myopia and is also proposed as the stop signal that 

regulates axial growth. Both animal and human research have shown that the amount of time spent 

in sunlight is directly correlated to a decrease in myopia development. This is because bright light 

tends to stimulate the release of dopamine in the retinas, which then slows or stops axial growth 

in school-aged children. Dopamine also contributes to modulating the phosphorylation or 

dephosphorylation of GJs. This modulation could lead to a change in signal-to-noise ratio or 

enhance sharp vision detection. However, the exact mechanism by which dopamine regulates axial 

growth remains unclear.  

Dopamine is primarily created and released by dopaminergic ACs within retinas, which bind to 

two kinds of receptors, namely D1-like and D2-like G-protein-coupled receptors. Dopamine 

production increases when the retina is exposed to light. When D1-like receptors are activated, 

they decrease the conductance of GJs between HC to HC, AII to AII, AC to AC, and between AC-

GC. In contrast, D2-like receptor activation results in increased gap junction conductance between 

rod and cone (R-C), between RGCs (GC-GC), and between ganglion cells and amacrine cell (GC-

AC)[47]. In the retinas of both mice and chickens with myopia induction, it has been observed that 

there are functional increments present in the gap junctions between AII and AII, which is due to 

a decrease in D1-like receptor activation. These findings highlight the vital role played by the 

pathway between dopamine and gap junctions in regulating the development of myopia. 
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3.4 Alpha RGCs in Myopia 

Alpha retinal ganglion cells (αRGCs) serve a fundamental role as their ON and OFF visual 

functions are correlated with contrast sensitivity perception. Mice without ON alpha RGCs exhibit 

behavior deficits in contrast sensitivity[61]. Many studies have suggested that contrast sensitivity 

is closely associated with myopia[62, 63]. In addition, previous studies have suggested that 

defocused images, which differ from focused images in shape and contrast, alter the signaling of 

some alpha RGCs[49, 64]. 

Retinal ganglion cells (RGCs) play a role in the development of myopia by synthesizing visual 

information into electrical signals and transmitting these to the visual cortex and/or modulating 

scleral development through a feedback loop[65]. This visually-guided theory and the retina-to-

scleral pathway provide a possible explanation for the mechanism of myopia. However, before 

defining this pathway, it is essential to ascertain whether the retina is capable of detecting defocus 

and defocus-induced changes. Among the various types of RGCs, the alpha RGCs have 

demonstrated sensitivity to contrast, suggesting that they may serve as primary actors in 

modulating myopia development. 

 

3.5 Dopaminergic AC, AII AC and RGC in Myopia 

Animal model studies have indicated that blur signals trigger a signaling pathway from 

photoreceptors, leading to cellular and biochemical changes in retinas that result an increase in 

axial length. The rod pathway plays an essential role in regulating retinal dopamine levels and the 

myopia development [66-68]. In the photoreceptor layer, up to 97% of photoreceptors are rods, 

with gap junction coupling between rods and cones responsible for almost all electrical 
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connections[69]. Researchers have demonstrated that rod-dominant peripheral vision contributes 

to emmtropization[70]. Within rod pathway, AII ACs, key interneurons in primary rod pathways 

(the most sensitive for scotopic vision), separating rod signals to ON and OFF-CBCs, also 

contribute to cone-mediated (photopic) vision by enabling ON signals to cross-inhibit OFF 

ganglion cells. In addition, connexin36, a homologous gap junction present between AII-AII, has 

been found to increase phosphorylation in the myopic retina[14, 71]. 

Light is believed to impact AII-AII gap junction coupling by regulating the release of dopamine 

from DACs. DACs establish synapses on AII ACs, linking them tightly to rod pathway that carries 

scotopic light signals to RGCs. The scotopic signal between rod and cone photoreceptor inputs to 

the RGCs is controlled by AII AC, and this process is also regulated by DACs[72]. Studies have 

suggested that DACs interact with rods, cone photoreceptors, and ipRGCs. However, only rods 

are directly linked to the release of dopamine at high light intensities, possibly through connexin-

36-dependent rod pathways[20]. 

Dopamine can alter the conductance of gap junctions, as detailed in the previous section. AII ACs 

play an essential role in establishing connections between the neurons of the rod and cone 

pathways, forming links with both similar and dissimilar Cx36-containing gap junctions. The 

interaction between AII amacrine cells and dopaminergic ACs is strong, where dopamine affects 

the coupling of gap junctions by enhancing their phosphorylation. Another possible pathway that 

influences dopamine release is the rod/cone-driven ipRCG-DACs route, which is also associated 

with refractive development[73].  

However, the exact dopamine downstream mechanism remains uncertain. In mammalian retinas, 

all the retinal neurons express dopamine receptors, with the dopamine D2 receptors(D2Rs) being 

the compound most studied in the modulation of myopia development. Pharmacological and 
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genetic research has demonstrated that dopamine receptors can inhibit form-deprivation myopia 

(FDM). Although reports suggesting the presence of D2Rs in the sclera are controversial, they 

have been found in many terminal sites, such as corneal endothelial, epithelial, and retinal ganglion 

cells. This receptor distribution indicates dopamine may have various downstream effects on 

myopia[74]. Dopamine D1 receptors (D1Rs) are widely distributed in bipolar, amacrine, and 

ganglion cells, indicating dopamine can change the signaling of RGCs in myopic retinas, such as 

via AII-RGC coupling and its upstream pathway[75].  

Dopamine act on the receptors in particular visual pathways, leading to changes in the visual signal 

or altering of DA concentration may affect visual pathway activity. Both of these possible 

underlying mechanisms indicate that RGCs are able to reflect the alteration: Activation of D2 

receptors can increase RGC excitability, potentially affecting visual information processing in 

retinas, while the D1-type seems to have the opposite effect[76]. 

In brief, the Dopaminergic ACs, AII AC and RGCs could be the determining neuron for 

transferring myopic signals and regulating axial length growth. 
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4. Light stimuli 

Mightex (Toronto, Ontario, Canada) designs a range of spots and annuli with varying diameters to 

examine the receptive field characteristics of amacrine cells. Typically, these receptive fields 

exhibit a center-surround arrangement, whereby the center can be activated by light (on-center), 

while the surrounding area is inhibited (off-surround), or vice versa. Based on this premise, in this 

study, spots of different sizes were presented to activate the center region and annuli around the 

spot to activate the surrounding region. Both the spots and annuli were positioned at the midpoint 

of the identified receptive field[77]. 

The responses to spot and annulus stimuli offer insights into how neurons process contrast and 

edges, which are essential for visual perception. Spots can be applied to investigate the center 

receptive field with the strongest light response[78], while the surrounding can adjust sensitivity 

to the fine spatial structure by influencing how the center integrates visual signals across space[79]. 

This method can yield information about the polarity, size, and kinetic of neurons, but it is based 

on the assumption of circular symmetry. 
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5. Research questions 

5.1 Do the biophysical properties of αRGC response differ for 

focused/defocused images? 

Based on the theory of visually-guided ocular growth, the retina plays a pivotal role in regulating 

axial elongation by processing optical stimuli. A previous research conducted by this group 

revealed that a population of RGCs exhibited distinct firing patterns when presented with focused 

and defocused images, indicating the presence of a specific RGC pathway that can recognize these 

signals. To determine whether the individual visual pathways that originate from the retina can 

react to focus and defocus, a single αRGC biophysical response that integrates all visual 

information within its receptive field was employed.  

 

5.2 Does the myopic retina encode visual information differently from 

the normal retina? 

The biophysical response of αRGCs serves as a valuable tool for assessing the condition of retinal 

circuitry. However, it is important to recognize that defocus adaptation could potentially impact 

the synaptic connections between neurons within a myopic retina. It is crucial to determine whether 

RGCs in myopic retinas can accurately convey these signals, as this would aid in unraveling the 

underlying mechanisms of myopia development. Additionally, determining whether RGCs in 

myopic retinas encode visual information differently from those in normal retinas could offer 

insights into the potential for retinal plasticity and amendment of myopic retinas. 
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5.3 Do defocused images have an effect on the signaling of 

dopaminergic ACs and AII ACs in the mouse retina? 

The secondary lateral inhibitory networks consist of over 60 distinct types of amacrine cells, which 

are responsible for complex visual functions, including directional-selective, motion, and light 

adaption. Although challenging, it is essential to identify the specific types of neurons involved in 

regulating focus/defocus in order to fully comprehend the cellular pathway of myopia 

development. In particular, Dopaminergic ACs, as the sole source of dopamine release, and AII 

ACs, as key interneurons in scotopic vision, were investigated in the current study.  

 

5.4 Do horizontal cells contribute to modulating focused/defocused 

signals? 

The RGC signal, integrated from the glutamatergic pathway, may be shaped by lateral inhibitory 

networks. The first inhibitory networks are comprised of horizontal cells that generate center-

surround receptive fields and contrast enhancement effects in bipolar cells and RGCs. The current 

study aimed to determine whether horizontal cells have a role in regulating focus and defocus in 

the retinas, which is crucial to comprehending the cellular pathway of myopia development. 

 

5.5 Does the absence of Cx36 GJs play a role in encoding 

focused/defocused images? 

Cx36 GJs are primarily present in mouse retinas, particularly connecting between cone/cone 

AII/AII ACs, AII ACs/CBC, and RGCs/ACs in the inner and outer retina. Previous studies of this 
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group have shown that their phosphorylation level increased in myopic mice and chick retinas. 

The current study aimed to investigate how these gap junctions affect the focused/defocused image 

coding of RGCs.  
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6. Objectives and hypothesis 

 

 

Figure 1 Study on retinal neurons 

The focus of studies 1 and 2 are the retinal ganglion cells (RGCs), specifically αRGCs, which are 

indicative of the vertical signal flow, whilst study 3 is centered on amacrine cells, encompassing 

Dopaminergic ACs and AII ACs, Study 4 involves the horizontal cells. As such, studies 3 and 4 

represent the secondary and first inhibitory networks, respectively. 
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Aim 1: To investigate the biophysical responses of αRGCs in decoding 

focused/defocused images.  

Hypothesis: Given the distinctive firing patterns of a population of RGCs and the spike responses of 

individual RGCs to projected focused and defocused images, it may be postulated that the biophysical 

response of a single αRGCs can reflect focused and defocused images. 

 

Aim 2. To investigate whether the myopic retina computes visual information 

differently from the normal retina via GLM prediction. 

Hypothesis: It is possible for the retinal structure to undergo changes during the development of 

myopia. The distinct performances of GLM model application on αRGCs suggest possible amendment 

and plasticity of the retinal circuit in myopic retinas.  

 

Aim 3. To determine the specific types of amacrine cells involved in regulating 

focused/defocused signals.  

Hypothesis: As dopamine release is solely mediated by dopaminergic amacrine cells, it is suggested 

that the biophysical response of DACs reflects the focused/defocused signals. Furthermore, it is also 

postulated that AII amacrine cells, which are closely associated with Cx36 gap junctions and 

dopaminergic amacrine cells, may also reflect these signals when uncoupled. 
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Aim 4. To determine the role of horizontal cells in regulating focused/defocused 

signals.  

Hypothesis: Horizontal cells receive direct inputs from rods and cones, which  are able to regulate 

signals to bipolar cells, which ultimately affect RGCs. It is proposed that horizontal cells may have the 

ability to reflect the projection of focused and defocused images. 

 

Aim 5. To investigate the role of Cx36 GJs in decoding focused/defocused 

signals.  

Hypothesis: The phosphorylation of Cx36 GJs is suggested to be linked to the development of myopia.  

The absence of Cx36 GJs in mouse retinas could potentially impact the decoding of myopic defocus 

and astigmatic blur signals for RGCs and ACs. 
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CHAPTER 2 Retinal ganglion cells encode differently 

in the myopic mouse retina 

(Note: This chapter is published in “experimental eye research Sep 2023; doi: 

doi.org/10.1016/j.exer.2024.109834”. Permission to include the published material has been 

granted by the corresponding author, who is also the supervisor of the candidature.)  

 

1. Introduction 

Refractive errors are vision problems that arise when the eye cannot focus light properly onto the 

retina, leading to blurred or distorted vision. The primary types are myopia, hyperopia, and 

astigmatism[80]. It has been estimated that by 2050, approximately half of the world’s population 

will be affected by myopia, with 9.8% experiencing high myopia and a potential risk of severe 

sight-threatening issues, such as retinal detachment. These complications can ultimately lead to 

blindness[81, 82]. However, the underlying cellular mechanisms responsible for the development 

of these conditions are not fully understood. This study aimed to investigate the cellular-level 

aspects of myopia. 

 The process that aligns vision and axial length, known as emmetropisation, is regulated by 

defocus. In a myopic eye, the eyeball grows excessively, causing distant objects to project in front 

of the photoreceptors. This defocus adaptation may affect synaptic connections between neurons 

within the myopic retina. Previous research has indicated that visual signaling from RGCs to the 

optic nerve can be altered in the myopic retina[49]. In addition, defocused images differ in varying 

light intensity and blurry edges from focused images can modify the firing patterns of RGCs, as 
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they are projected in front of the retina[64]. Retinal ganglion cells (RGCs) process all visual 

information from the inner retina, including signals from bipolar and amacrine cells. Consequently, 

they can be used to analyze the status of retinal circuitry, including disrupted gap junctions and 

altered signaling cascades. Thus, the coding of RGCs could be used to test the circuitry of the 

myopic retina with a computational model and compare this to that in the normal retina.  

Generalized linear models (GLMs) can establish a linear connection between the response of 

retinal ganglion cells and stimuli by applying a series of linear filters and point nonlinearity. This 

model can be used to fit and examine spike trains from electrophysiological recordings of 

RGCs[83]. Compared to photoreceptors, focused/defocused image decoding from RGCs may 

require more computational effort. This is because the encoding process in the retina may require 

the downstream visual area to first decode the RGC signals using an internal retinal model[84, 85]. 

Alternatively, it is possible that RGCs themselves are capable of computing the focused image 

without heavy reliance on the internal dynamics of the retina [86, 87]. Despite extensive research 

in this area, the mechanism by which images are processed by RGCs in myopic retinas is not yet 

fully understood. To simulate and compare normal and myopic conditions, the expected response 

of RGCs in both normal and myopic retinas when encoding focused and defocused images were 

integrated into a GLM model for analysis. 

This study focused on alpha retinal ganglion cells (αRGCs), which serve fundamental ON and 

OFF visual functions, playing an important role in contrast perception. They are easily identified 

by their largest soma, stout axon, and mono-stratification of their dendritic fields[23]. 

The GJD2 gene plays an important role in myopia development. It is believed that variations in 

the GJD2 gene may result in alterations in the expression of Connexin (Cx)36 gap junction. This 

gap junction is found in large numbers in the inner plexiform layer and may act as a key component 
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in the intact retinal circuits. Cx36 gap junctions are potential modulators of myopia development 

with their function of noise reduction, signal averaging, and synchronization in the retina[13]. 

Additionally, previous research by this team suggested there was increased phosphorylation of 

Cx36 of AII amacrine cells in the myopic retina[14]. Therefore, Cx36 knockout mice were used 

to investigate the importance of intact retinal circuits.  

The study emphasized the crucial significance of a fully operational neural circuit within the 

retina and proposed that the processing of visual information in a myopic retina may deviate 

from that of a normal retina. 
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2. Methods 

2.1 Animals 

Mice as models for myopia research have several advantages. 1. The contrast sensitivity of mice 

is similar to human peripheral vision. 2. The mouse genome shares 85% similarity to the human 

genome and can be readily manipulated. 3 Myopia in mice is correlated with elongation vitreous 

chamber of the eye, similar to that in humans[88]. Thus, mice were used in this study.  

Adult wild-type (WT) mice of both genders C57BL/6J (RRID: IMSR_JAX:000664), weighing 

between 15 to 20 grams, postnatal age 16-56 days (n = 56) were used in the study. Additionally, 

Kcng4-YFP (n = 11) mice[89] of both genders, weighing between 15 to 25 grams and aged 

between 6 to 8 weeks were used to label ON and OFF alpha RGCs (αRGCs). These mice were 

cross-bred from Ai32 mice (B6;129S-Gt(ROSA)26Sortm32(CAG-COP4*H134R/EYFP) Hze/J, 

RRID: IMSR_JAX: 012569) and KCNG4cre mice (B6.129(SJL) KCNG4tm1.1(cre)Jrs/J, 

RRID:IMSR_JAX:029414). The KCNG4cre mice have Cre recombinase inserted into the locus 

encoding potassium channel modulator, and Ai32 mice express a channelrhodopsin-2/EYFP 

fusion protein following exposure to Cre recombinase. The cross-bred mice from KCNG4cre and 

Ai32 mice have YFP labeled αRGCs[89], including ON and OFF αRGCs[23]. 

Homozygous Cx36-knockout(KO) mice (RRID: MGI:3810172) were also used in the study, which 

were bred in the laboratory of David Paul, Harvard Medical School (Cambridge, MA), and kindly 

provided by Samuel M. Wu, Baylor College of Medicine (n = 6, aged 6–8 weeks, weight between 

15–25 grams). The Cx36-knockout mice were checked by genotyping to select homozygous 

genetic knockout mice. 
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The mice were raised in a 12-hour light/dark cycle and treated humanely throughout the study. 

Prior to enucleation, the mice were anesthetized with an intraperitoneal injection of ketamine and 

xylazine (Alfassan International, Woerden, Zuid-Holland, The Netherlands) [100 mg/kg and 20 

mg/kg, respectively], and lidocaine hydrochloride (20mg/ml) was dripped onto eyelids. The 

anesthetized animals were killed by cervical dislocation immediately after enucleation. All animal 

procedures were conducted in accordance with the Animal Subjects Ethics Sub-Committee of the 

Hong Kong Polytechnic University. 

 

2.2 Animal Preparation 

Following administration of anesthesthesia, the eyes of mice were enucleated under red dim light 

conditions. The dorsal section of the midperipheral retina in the nasotemporal plane was then used 

for patch-clamp recordings, before being flattened and attached to a modified translucent Millicell 

filter ring (Millipore, Bedford, MA, USA). The retinas were then bathed in oxygenated Ringer's 

solution[90] and continuously bubbled with 95% O2–5% CO2 mixture while being maintained at 

a temperature of around 32 °C[7, 91]. 

 

2.3 Patterned light stimulation 

A green OLED display produced by Yunnan OLiGHTEK Opto-Electronic Technology Co, 

Yunnan, China, was used for retinal stimulation, with a resolution of 800 × 600 pixels and a refresh 

rate of 85Hz. The OLED display was controlled by an Intel (Santa Clara, CA, USA) Core Duo 

computer running Windows 7 system. A Nikon (Tokyo, Japan) 40x water-immersion objective 
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(CFI Apo 40XW NIR, NA = 0.8) was employed allowing 250 μm in diameter of the retina to 

receive light stimuli. Under the 40x objective, each pixel presented as 0.25um on the retina, with 

a diameter of 15um. Spatial frequency stimuli were generated by PsychoPy from the University of 

Nottingham and were projected onto the outer segment of photoreceptors. The background light 

intensity was ∼700 isomerizations Rh*/rod/s while the highest stimulus was ∼1.816 × 105 

Rh*/rod/s. The rod pathway is saturated at this background illumination level, only the cone 

pathways can mediate the light response[92]. All images were produced by a 1-second stimulation 

followed by a 5-second interval. Focused/defocused 125 μm diameter images with 0.0067 

cycles/degree were applied as shown in Figs 2.1, 2.5, 2.6, 2.7 and 2.8. The system used to generate 

defocused images was custom-made, using a physical movable lens for image projection on the 

photoreceptor outer segment, rather than digital blurring.  According to the Schaeffel, 2008 

calculation, an axial elongation of 5um would induce 1 Diopter (D) refractive error in the mouse 

retina. Thus, 100 μm away from the photoreceptor's outer segment can induced either plus or minus 

20 diopters refractive error under microscopy, depending on the direction of lens defocus (Fig 2.1).  
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Figure 2. 1 Schematic representation of the responses of ON and OFF αRGCs to focused 

and defocused image stimuli. 

An image with a focused 125 μm diameter and 0.0067 cycles/degree was projected onto the outer 

segment of the photoreceptors. This focused image is considered to be at 0 diopters. Afterward, 

defocused images at ±10 and ±20 diopters were projected onto different retinal layers using a 

microscope. This was determined based on the calculation that a 5 μm defocus could cause a 

refractive error of plus or minus 1 diopter [93]. The light intensities varied between 3.74 x 10^4 

Rh*/rod/sec and 3.85 x 10^4 Rh*/rod/sec. Whole-cell light responses of ON and OFF αRGCs were 

recorded and examined from LIM and normal (Wild-Type, WT) retinas. 

The grayscale nature scene images (Fig 2.11) sourced from Google were transformed using Adobe 

Photoshop 7 (Adobe Inc, San Jose, CA, USA) and subsequently used to examine the responses of 

retinal ganglion cells (RGC) to images containing diverse subjects, including landscapes, people, 

and animals. 
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2.4 Electrophysiology 

Recording of extracellular and whole-cell RGCs was e conducted using an Axopatch 700B 

amplifier (Axon Enterprises, Scottsdale, AZ, USA) connected to a Digidata 1550B interface (Axon 

Enterprises) and pCLAMP 10 software from Molecular Devices (San Jose, CA., USA).  

Visualization of cells was achieved using near-infrared light at 40 × magnification with a Nuvicon 

tube camera (Dage-MTI, Michigan City, IN) and differential interference optics on a fixed-stage 

microscope (Eclipse FN1; Nikon, Tokyo, Japan). The retinas were bathed with Ringer's solution 

(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) at a speed of 1-1.5 ml per minute. The bath solution 

was continuously bubbled with 95% O2–5% CO2 at approximately 32 °C. Electrodes pulled to 

5−7 MΩ resistance were used with an internal solution (120 mM potassium gluconate, 12 mM 

KCl, 1 mM MgCl2, 5 mM EGTA, 0.5 mM CaCl2, and 10 mM HEPES) (adjusted to pH 7.4 with 

KOH) was used in experiments to avoid lockage of spiking. The whole-cell excitatory postsynaptic 

potentials (EPSPs) were recorded with an internal solution containing cesium to improve the space 

clamp and block spiking. The chloride equilibrium potential (ECl) with these internal solutions 

was approximately −63 mV. 

The recordings were digitally sampled at a speed of 10 kHz using Axoscope Molecular Devices 

software and sorted using an Offline Sorter (Plexon, Dallas, TX) and NeuroExplorer (Nex 

Technologies, Littleton, MA, USA) software. For the whole-cell recording, the kinetics of 

excitatory postsynaptic currents (EPSCs) were measured and compared, with focus on 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. For comparison 
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purposes, the spike frequencies were normalized. Cells were dye-injected with Neurobiotin and 

Lucifer Yellow-CH using pipette tips[94]. 

 

2.5 Immunohistochemistry staining 

The ON and OFF αRGCs were confirmed by Neurobiotin injection after RGCs recording (Fig 

2.2). The attached retinas were removed from the filter paper and immersed in a solution of 2% 

N-(3-dimethylaminopropyl)-N′-ethylcarbodiimide hydrochloride ("carbodiimide"; Sigma-

Aldrich, Burlington, MA, USA) in 0.1 M PBS at pH 7.5 for fixation. After 30 min at room 

temperature, the retinas were washed with 0.1 M PBS at pH 7.4, and then blocked with a solution 

of 3% donkey serum in 0.1 M PBS containing 0.5% Triton-X 100 and 0.1% NaN3 overnight. The 

retinal tissues were incubated with diluted primary antibodies (in a solution of 0.1 M PB with 0.5% 

Triton-X 100 and 0.1% NaN3, mixed with 1% donkey serum) for 3-5 days at 4 °C. Finally, the 

retinal tissues were mounted in Vectashield (Vector Laboratories, Newark, CA, USA) for confocal 

scanning. 

To verify ON and OFF αRGCs, the retina tissues were fixed in a 4% paraformaldehyde solution 

for 15 min. Subsequently, the tissues were incubated with choline acetyltransferase antibody 

(ChAT, goat anti-ChAT, Millipore- Sigma, Billerica, MA, USA; Cat# AB144P, RRID: 

AB_2079751) at a concentration of 1:500 for 7 days at 4 °C. Following incubation, the tissues 

were washed with 0.1 M phosphate-buffered saline (PBS) and then mounted for image capture in 

a Zeiss LSM 800 with an Airyscan confocal microscope (ZEISS, Thornwood, NY, USA) using a 

43 × objective (NA 1.3). 
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Figure 2. 2 ON and OFF αRGCs in the retinas of Wild-Type mice. 

Representative images depicting ON (A) and OFF (B) αRGCs in the mouse retina were identified 

following patch recording procedures. The top and right side images illustrate the stratification of 

double-labeled ON and OFF αRGCs with anti-ChAT antibodies (in blue) in the WT mouse retina. 

Scale bar: 20µm. Peristimulus time histograms (PSTHs) displaying light-evoked responses of ON 

αRGCs (C) and OFF αRGCs (D) were generated. The presentation involved a 525-nm full-field 

light stimulation with an intensity of 131 Rh* per rod s−1, indicated by the yellow bar. The dotted 

line represents the 99% confidence limits, above which correlations exceed chance levels. 

 

 



62 

 

2.6 Data acquisition and analysis 

Origin software (Origin-Lab, Northampton, MA, USA) was used to perform the statistical 

analyses. The significance = (p<0.05) was determined by the Student t-test, used to compare each 

specific defocus and focus. Unless indicated otherwise, the data is presented in terms of mean 

values ± standard error of the mean (SEM). 

 

2.7 Generalized linear model 

Generalized linear models (GLMs) are a type of mathematical model that has been frequently used 

to study how neurons in the visual system process visual information. A specific GLM used to 

study spike representation is the Linear-Nonlinear-Poisson (LNP) model (Fig 2.3)[85, 95]. This 

model comprises linear filters, a nonlinear function, noise from an exponential family distribution, 

and statistical properties for fitting the model to data. The weight vector k is essential to GLM 

filtering the stimulus. It helps determine how strongly different visual features influence the 

neurons’ spiking activity.  The input of each neuron is described by a set of filters, including a 

stimulus filter and a post-spike filter that capture dependencies on the neurons’ spike history.  The 

responses from these filters are summed and then exponentiated to obtain the neuron’s 

instantaneous spike rate.  
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Figure 2. 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. 

This study focused on the activity of the ON / OFF αRGCs in mouse retinas and how they 

responded to different powers of defocused and focused images. GLM models were able to predict 

various aspects of neuron activity, including spike count, spike rate, spike time, and spike trains, 

when projecting focused /defocused images to the neuron receptive field. The GLM models 

included two main components: a linear filter k and a nonlinear function. The linear filter k 

determines how well the stimulus s(t) matched the filter. The baseline offset (y-intercept) was set 

in linear regression, which accounts for any constant bias in the cell’s response, such as 

spontaneous firing. The nonlinear step was based on the output of the receptive field ks(t) of the 

linear filter, accounting for spike threshold and response saturation. To improve the accuracy of 

the model predictions, the model incorporated the exponential-family noise to capture stochasticity 

in the neuron responses[96, 97]. 

 

2.8 Evaluating model performance 

Pseudo- R2 scores were applied to evaluate the GLM predictive performance Pseudo- R2 also can 

be applied to capture the explained variability in various types of regression models, for example 

the Poisson function, instead of trial-averaged firing rates as required by the standard R2 measure 

of explained variance[98]. 
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In contrast, the Akaike information criterion (AIC), is a method for model comparison by 

comparing the fitness or goodness-of-fit of different models. In this study, the AIC was used to 

compare the performance of two GLM models: 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.  

 

2.9 Lens-induced myopic (LIM) mouse models 

The myopic mouse model was induced by wearing head-mounted eyeglasses[99]. The right eyes 

of mice were implemented with customized minus 30 diopter lenses (poly methyl methacrylate, 

(PMMA), while the left eye served as a control (Fig 2.4). The spectacles lens was fitted when mice 

reached postnatal day 21. Refractive error and axial length were measured after five weeks of wear.  

 

2.10 Refraction measurements in mouse model 

Refractive error (RE) was measured by an infrared photorefractor (Steinbeis Transfer Center, 

Stuttgart, Germany). To ensure mydriasis and cycloplegia, the mouse eyes were treated with 

tropicamide, phenylephrine hydrochloride solution (Mydrin-P ophthalmic solution; Santen 

Pharmaceutical Co., Ltd., Osaka, Japan) 10 min prior to measurement. Mice were then 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] 

before obtaining RE measurements.  Averages of twenty measurements were taken for each eye. 

The axial length (AL) of LIM models was also measured using spectral-domain–optical coherence 
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tomography (SD-OCT, Bioptigen Spectral Domain Ophthalmic Imaging System, Envisu R4410 

SD-OCT Leica Microsystems, Wetzlar, Germany). The mice were positioned in a cylindrical 

holder attached to an X-Y-Z movable stage in front of the SD-OCT light source, and streak 

retinoscopy was then used to confirm refractive error measurements. RE with >5D variance 

between these two methods was excluded. Finally, to ensure the normality of the corneal condition, 

corneal curvature was measured by an infrared photorefractor to avoid  corneal damage of models.  
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3. Results 

3.1 Lens-induced myopic (LIM) mouse models 

Based on retinoscopy measurements, the myopia-induced eyes demonstrated refractive errors of 

−3.7 ± 0.7 D, while the contralateral eyes were +7.4 ± 0.5 D (mean ± SEM, P < 0.05, n = 8)(Figure 

C). The axial length was defined as the length from the corneal surface to the retinal pigment 

epithelium (RPE). The axial length in LIM eyes was 3.65 ± 0.12 (mean ± SEM) mm, which was 

significantly greater than the contralateral control eyes, 3.36 ± 0.03 mm (p < 0.05, n = 8) (Figure 

D). An average increment of 0.29 ± 0.03 mm in AL was observed in LIM eyes.  

 

Figure 2. 4 Lens-Induced Myopia (LIM) mouse and Optical Coherence Tomography (OCT) 

measurement.  
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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 anesthesia to ensure stable 

results. Refraction errors were determined while mice were awake. C: Photorefraction was used to 

measure refractive errors (RE) of the mice. The red star indicates a significant difference between 

the eyes of LIM mice and control (untreated) eyes. D: Optical Coherence Tomography (OCT) was 

used to measure the axial length of the mouse eye, from the corneal surface to the retinal pigment 

epithelium layer. 

 

3.2 The biophysical properties of RGCs in normal and myopic retinas 

The first experiment involved the examination of the whole-cell response of ON and OFF alpha 

RGCs recorded in the retinas of normal and LIM mice receiving a projection of focused and 

defocused image stimuli. A clear image with a spatial frequency of 0.0067 cycles/degree was 

projected at 0 diopter (focused image) on the outer segment of the photoreceptors. Based on 

Schaeffel's calculation, roughly every 5μm away from the outer segment of the photoreceptors 

creates a refractive error equal to either plus or minus 1 diopter. Defocused images of ±10 and ±20 

diopters, with the light intensities varying from 3.74 x104 Rh*/rod/sec to 3.85 x104 Rh*/rod/sec, 

were projected onto the various layers of the retinas via the microscope. The defocused images 

altered the light intensities and image size of the receptive field of RGCs compared to the focused 

image. Thus, the EPSC of ON and OFF αRGCs were recorded in the retinas of normal and LIM 

mice and compared with those of Cx36 KO mice retinas, representing intact and deficit retinal 

circuits, respectively.  

To compare the biophysical properties of light-evoked EPSCs in normal and LIM retinas, several 

murine parameters were measured from the responses of ON and OFF αRGCs: area, time to 
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maximum rise (decay), maximum rise (decay) slope, and 80%–20% rise (decay) time and slope. 

The murine response properties were chosen for their ability to reflect the physical characteristics 

of the neurons and their processing distinction of focused/defocused images. The kinetics of the 

response properties of RGCs were analyzed in normal and LIM retinas under the focused image, 

±10 D and ±20 D defocused images (Fig 2.5). It is hypothesized that the response to a focused 

image will be either maximal or minimal in contrast to defocus, due to their superior signal-to-

noise ratio in intact retinas[64]. 
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Figure 2. 5 Biophysical properties of whole-cell response in ON and OFF αRGCs in normal 

(WT) and LIM retinas.  

Whole-cell recordings were taken from ON and OFF αRGCs in normal (WT) and LIM retinas and 

then normalized. The area, time of maximal rise(decay) slope, maximal rise(decay) slope. From 

80% to 20% rise(decay), time and slope were compared in normal and LIM retinas after 

normalization. Under the focused image, the ON and OFF αRGCs in both normal and LIM retinas 

had maximal or minimal responses in these biophysical measurements. A star indicates a 

significant difference (t-test, p<0.05). The numbers demonstrate that the focused image (0D) 

significantly differed from the defocused images. Eight of the nine (89%) measurements in the ON 

and OFF αRGCs resulted in a maximal or minimal response in the normal retina. All measurements 

yielded maximal or minimal responses in both ON αRGCs and OFF αRGCs in the LIM retina. 

In both the normal and LIM retinas, the EPSC of ON/OFF αRGCs with either maximal or minimal 

amplitude in the murine response parameter measurement was obtained under focused image 

stimulation. Among these response properties, 89% of ON/OFF αRGCs in normal retinas had 

either maximal or minimal response. However, a similar finding was not observed in the response 

parameters of the time of max decay slope for ON αRGCs and the max decay slope for OFF 

αRGCs. Six of the eight response property 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). Compared with LIM retinas, all nine response properties of the NO/OFF αRGCs showed 

either maximal or minimal response for both focused and defocused images. Six of the nine 

measurements had a significant difference between focused and other defocused images (t-test, p 

< 0.05). 
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From the analysis of 12 ON and OFF αRGCs in the normal retinas, two-thirds of measurements 

showed either maximal or minimal responses, respectively. A similar response pattern was 

observed in 39 ON αRGCs in the LIM retinas, although a slightly lower (56%) response rate was 

found in 57 OFF αRGCs. The analysis of EPSC kinetics revealed that a single RGC could reflect 

the focused/defocused images both in the normal and myopic (LIM) retinas. It is noteworthy that 

these response parameters to focused/defocused images were not significantly different between 

the two types of retinas.  

Cx36 gap junctions connect αRGCs and amacrine cells. In Cx36 KO mice retinas, the lack of Cx36 

could result in problems in the functioning of the retinal circuitry and may affect their ability to 

focus/defocus[100]. The analysis of the response amplitude of EPSCs in αRGCs of Cx36 KO 

mouse retinas revealed that two of nine (22%) of ON αRGCs and one t of nine (11%) of the OFF 

αRGCs recorded maximal or minimal response (Fig 2.6). Further analysis of the nine response 

properties suggests that there were no differences between focused and defocused image 

projection. In addition, 16.7% of 10 ON αRGCs and 8.6% of 9 OFF αRGCs showed a maximal or 

minimal response in Cx36 KO mice retinas, which was significantly different from the results of 

normal and LIM retinas.  
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Figure 2. 6 Biophysical properties of whole-cell response in ON and OFF αRGCs in Cx36 

KO retinas. 

Whole-cell recording of ON and OFF αRGCs in Cx36 KO retinas showed that most maximal or 

minimal responses disappeared in the area, time of maximal rise(decay) slope, maximal 

rise(decay) slope, and from 80% to 20% of rise (decay) time and slope measurements. Only two 

of nine (22%) measurements in the ON αRGCs had a maximal or minimal response, compared to 

one of nine (11%) OFF αRGCs. 

Together, the differences between Cx36 KO retinas, LIM, and normal retinas indicate that intact 

retinal circuits and amacrine cells coupled with RGCs may play an important role in processing 

focused and defocused images. 
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3.3 Computation of the GLM model for encoding focus/defocused images to 

RGCs in normal and myopic retinas 

In subsequent experiments, Poisson GLMs were used to analyze the response of single neurons in 

both normal and LIM retinas. To improve the accuracy of the model’s prediction, various filters 

were applied, including the stimulus filter, which analyzed the spatial-temporal integration of light; 

the post-spike filter, which mimics voltage-activated currents; the coupling filter, which represents 

synaptic interaction; and exponential nonlinearity, which implements a threshold for generating 

spikes. These filters and nonlinearity functions allow one neuron’s activity to influence the activity 

of other neurons in the population. This leads to shared variability in the model’s response. αRGCs 

have different subtypes, each with distinct physiological and morphological features. These 

subtypes also exhibit different response dynamics, such as sustained and transient responses.  

To access how well the GLM models decode differences across αRGCs, the spike count of each 

ON and OFF αRGC in normal retinas was recorded and predicted using a linear Gaussian GLM 

(Fig 2.7). The stimulus was normalized and the model’s performance compared with and without 

offset by using pseudo-R2.  
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Figure 2. 7 GLM models applied in ON and OFF αRGCs analyses in normal (WT) retinas.  

GLM models were applied to predict the spike count (upper row) and rate (lower row) under 

focused and defocused image projections of different powers. X axis: time in seconds; y axis: spike 

count in spike count prediction and spikes per bin in rate predications. 
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The results showed that the spike counts were better fitted when an offset was included in the 

model, with pseudo-R2 being 0.1 for the focused image and ranging from 0.035 to 0.02 for 

defocused images (±10D and ±20D) projection in ON αRGCs. In contrast, the pseudo-R2 was 0 

without offset, and this was the case for both normal and LIM retinas (Fig 2.8). For OFF αRGCs, 

the pseudo-R2 was 0.58 with offset in the focused image and ranged from 0.47 to 0.06 for 

defocused images, while the pseudo-R2 was 0 for the model without offset.  For LIM retinas, the 

pseudo-R2 with offset was 0.1 in the focused image but ranged from 0.028 ± 0.08 (mean ± SEM) 

with defocused images in ON αRGCs, while compared to 0 without offset., while the OFF pseudo-

R2 was 0.05, and ranged from 0.02 ± 0.01, respectively. As a result, the linear Gaussian GLM 

models with offset were a better fit for the spike count prediction of ON and OFF αRGCs in normal 

and LIM retinas.  
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Figure 2. 8 GLM models applied in ON and OFF αRGCs analyses in LIM retinas.  

GLM models were applied to predict the spike count (upper row) and rate (lower row) under focus 

and defocused image projections at different powers. X axis: time in seconds; y axis: spike count 

in spike count prediction and spikes per bin in rate predications. 

To compare the spike rate prediction of the exponential nonlinearity GLM model (exp-GLM) and 

the nonparametric estimate of the nonlinearity GLM model (np-GLM), AIC (Akaike Information 

Criterion) was applied. The results showed that the np-GLM model better predicted the spike rate 
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for focused and defocused image projection. For the focused image, the AIC difference between 

exp-GLM and np-GLM was 201 (ON-αRGCs) and 1764 (OFF-αRGCs), indicating better fitting 

with np-GLM. Similarly, for defocused images (±10D and ±20D), the np-GLM fitting was superior 

in both ON and OFF αRGCs. In normal retinas, of the 15 ON and OFF αRGCs, the rate prediction 

was better fitted with np-GLM in 13 (87%), with only 2 (13%) showing a better fit with exp-GLM 

under +20D defocused images. Among the focused (0D) and defocused images (±10D and ±20D), 

+20D defocus projected the blurriest image on the retina. The assumption is that different subtypes 

of αRGCs recruit different amacrine cells to decode visual information, resulting in inconsistent 

fitting results of both models. 

In LIM retinas, the np-GLM model provided a better fit for the rate prediction in focused/defocused 

images compared to the exp-GLM model, with a lower AIC value supporting the former. The AIC 

difference between the exp-GLM and np-GLM was 323 for the ON αRGCs and 426 for the OFF 

αRGCs under focused image projection.  Further analysis revealed that 10/15 (66.7%) ON and 

OFF αRGCs in LIM retinas had a better fit with the np-GLM model, while the remaining five 

(33.3%) had a better fit with the exp-GLM model under defocused images (±10D and ±20D).  The 

results indicated that αRGCs showed different performances with such focus/defocus projection 

in LIM retinas.  

overall, the Linear-Gaussian-GLM model with offset was a better fit for the spike count of ON and 

OFF αRGCs by in both normal and LIM retinas. In terms of spike rate prediction, 87% of αRGCs 

had a better fit with np-GLM in normal retinas, but only e 67% in LIM retinas.  

Using the GLM model, the raster plot was predicted to visualize the spiking activity of αRGCs 

over time in response to stimulus.  In normal retinas, both ON and OFF αRGCs displayed clearer 

responses (11/15 ON and OFF αRGCs, with 4 uncertain cases) of spike trains under the focused 
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image projection. This response was compared to defocused images, especially ±20D. The raster 

plot (Fig 2.9) revealed that αRGCs may exhibit different spiking activities under 

focused/defocused images in normal retinas. In LIM retinas, the raster plot predicted by GLM 

showed that the OFF αRGCs response was relatively clear (8/12 OFF αRGCs, with 4 uncertain 

cases) under focused image projection, compared to OFF αRGCs under ±20D stimulus. In contrast, 

ON αRGCs responses were relatively clear under focus in normal retinas but not when under ±20D 

defocus in LIM retinas (8/15 15 αRGCs, with 7 uncertain).  This suggested that the myopic retinal 

circuit may need to adapt to function similarly to normal retinas.  Further investigation is needed 

to confirm these findings.  

 

 

Figure 2. 9 Spike train prediction with the GLM model. 

The raster plot of the spike train of ON and OFF αRGCs of normal and LIM retinas is shown.  

Focus(0D) and ±20D defocused images were compared. The raster plot showed that the spike 

trains were clearer under focused images than under ±20D defocused images (A, B and D). 

However, this was not the case under +20D stimulus in αRGC in the LIM retina (C).   
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The normalized pseudo-R2 in the Linear Gaussian-GLM model with offset was used to compare 

how well the focused and defocused images could be predicted by retinas. In normal retinas, for 

only 4/15 (26.7%) pseudo-R2 predicted the spike count well under focused image projection, while 

2/15 (13.3%) under +10D, 1/15 (6.6%) under +20D, 4/15 (26.7%) under -10D and 4/15 (26.7%) 

under -20D defocused images (Fig 2.10A shows the normalized pseudo-R2). The results showed 

there is no significant difference in the ability to predict the spike count between focused and 

defocused images in normal retinas. However, in the LIM retinas with possible amendment retinal 

circuits, the linear-Gasussian GLM model with offset was better at predicting the spike count, with 

9/15 (60%) under the focused image, while 4/15 (26.7%) under -10D, 2/15 (13.3%) under -20D 

(Fig 2.10B shows the normalized results with pseudo-R2). These results suggest that focused 

images were better encoded using the Linear-Gaussian-GLM model in LIM retinas. The 

differences in prediction accuracy between normal and LIM retinas indicate the changes in visual 

processing or retinal circuit plasticity in LIM retinas.  

 

 

Figure 2. 10 Pseudo-R2 in linear-Gaussian-GLM model with offset to predict the spike count. 

A: In normal (WT) retina, 26.7% (4 /5) pseudo-R2 the linear-Gaussian-GLM model with offset 

predicted the spike count well under a focused image, compared to 13.3% (2/15) under a +10 D 
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defocused image; 6.6% (1/15) under a +20 D defocused image; 26.7% (4 /15) under a −10 D 

defocused image; 26.7% (4/15) under a −20 D defocused image. There was no significant 

difference between focused and defocused images. B: In LIM retinas, 60% (9/15) pseudo-R2 in 

linear-Gaussian-GLM model with offset predicted the spike count under a focused image, 

compared to 26.7% (4/15) under −10 D defocused image; 13.3% (2/15) under a −20 D defocused 

image. C: Summary of normalized pseudo-R2 in normal and LIM retinas. Star indicates a 

significant difference (t-test, p < 0.05). X axis: Diopters; Y axis: Normalization of the pseudo-R2. 

 

3.4 RGC responses to natural scene stimuli in the normal retina 

To understand how a single retinal ganglion cell in normal retinas responds to different natural 

scenes like a forest, the sea, a rabbit, a human face, and a mouse, which could be distinguished by 

their differences in shape, contrast, and brightness. To test whether this model could accurately 

identify the coding of single RGCs, the pseudo-R2 of the Linear-Gaussian GLM model with offset 

in normal retinas was measured. 

The pseudo-R2 of a Linear-Gaussian GLM model with an offset, which was used to predict spike 

count, varied for different scenes, with 0.01 for the forest, 0.14 for the sea, 0.04 for the rabbit, 0.1 

for the human face, and 0.01 for the mouse. When predicting spike rate, AIC was compared and 

indicated that np-GLM was better than exp-GLM. Additionally, the true spike time and spike trains 

differed when natural images were projected.  

Taking the forest image (Fig 2.11) as an example, the pseudo-R2 value was 0.01 of this model with 

offset. However, the pseudo-R2 value could not be calculated for defocused forest images, which 

were induced to ±1 D and ±2 D from focus. The images were too similar when the defocused 
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natural scenes were more than ±3 D. The np-GLM model performed better at predicting spike rates 

for the focused forest image, while the exp-GLM model was more suitable for predicting the 

defocused forest images. The raster plots of the predicted spike trains by the GLM models also 

indicated a distinct response for the focused forest image. 
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Figure 2. 11 GLM models predict natural scene stimulus 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 diopter defocused projection. 
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4. Discussion 

Myopia prevalence is continuing to increase worldwide. However, there are no effective methods 

to prevent or reverse myopia progression, partly due to a lack of understanding of how it develops. 

One major question is whether retinal circuits in myopic eyes process visual information 

differently in myopic than in normal eyes. To answer this question, the coding performance of 

RGCs in LIM and normal retinas was predicted and compared using the GLM model.   

Understanding how RGCs encode the features of visual stimuli can provide insight into how 

retinas transmit visual information[101, 102]. More than 40 RGC subtypes exist in the mouse 

retina, each extracting specific features and exhibiting unique temporal response properties to the 

stimulus. The output of RGCs is determined by their retinal circuits, particularly between 

photoreceptor-to-bipolar cell synapses and coupled amacrine cells[103]. When retinas are exposed 

to defocused images with blurry edges and different contrast compared to focused images, the 

output to RGCs may be different[64]. Although RGCs may not directly sense the focused or 

defocused plane in the retina, the coding performance of αRGCs was investigated between normal 

and myopic retinas in this study.  

Previous studies have shown that the αRGCs response varies between focused and defocused 

image projection, as well as their firing patterns[49]. This study used a model-based approach to 

explore further how myopic retinas affect the encoding of visual stimuli. The GLM model was 

employed to describe how stimuli are encoded in the spike trains of αRGCs, whose components 

can be compared to biophysical mechanisms[85]. The pseudo-R2 values assessed by GLM were 

able to predict the difference in encoding performance between the ON and OFF subtypes of 

RGCs.  The variation in coupling patterns between ON and OFF RGCs may explain this difference: 
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ON RGCs are only coupled with amacrine cells, while OFF RGCs are coupled with other OFF 

RGCs and amacrine cells[104]. These different coupling patterns may impact the encoding 

performance of RGCs.  

Neural computation in the retinas is essential for visual processing and requires complex 

interconnections between cells. This study also raised a concern about whether the GLM model 

can be applied to analyze different subtypes of αRGCs similarly. However, according to former 

studies, the GLM model can effectively predict the responses of different subtypes of αRGCs under 

normal and intact circuit retinas[84, 105, 106]. If the retina is affected by myopia, there may be 

differences in how visual information is encoded by RGCs. Therefore, the predictions by the GLM 

model were applied to compare the differences between normal and myopic retinas. The difference 

was expected to be small.  ON and OFF αRGCs were first recorded under focused and defocused 

image projection to test the differences. This recording was then fitted to the GLM model. The 

GLM model contains several filters adjusted to maximize the model’s likelihood. The GLM model 

was then used to predict the spike counts, rate, true spike time, and spike trains of αRGCs in 

response to natural scenes. It was found that natural scenes induced different patterns of spike 

trains in the αRGCs. When predicting spike counts, the Linear-Gaussian GLM model was the best 

fit for predicting in both the normal and myopic retinas. There was no significant difference 

between focused and defocused image projection in predicting spike counts when comparing 

pseudo-R2 values, the pseudo-R2 was better at predicting spike counts for focused images than 

defocused image projection in myopic retinas. This variation indicates the circuit amendment exit 

in LIM retinas compared to normal retinas.  With respect to spike rate prediction, AIC indicated 

that the np-GLM correctly predicted focused and defocused images in normal and LIM retinas. 

However, when a particularly blurry defocused image, +20D, was projected on the retinas, the 
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exp-GLM model provided a better fit in some subtype αRGCs in normal retinas. These αRGCs 

may recruit different subtypes or numbers of amacrine cells to encode visual information. There 

was also a difference in predicting the spike rate by np-GLM between normal and LIM retinas. It 

was observed that around 33% of αRGCs were a better fit in LIM retinas by exp-GLM under -10D 

and -20D defocused images, compared to 13% in normal retinas. The plasticity of the retinal circuit 

raises the likelihood that the LIM retina circuit modification could result from prolonged defocused 

status. Previous studies of this team have revealed that phosphorylation of Cx36 increases in 

myopic retinas, which may also suggest that the retinal circuits have acclimated to the myopic 

status[14, 71]. 

Although customized spatial frequency image stimuli revealed how RGCs encode visual 

information in normal and myopic retinas, this type of stimulus lacks realistic characteristics. To 

increase the complexity and diversity, natural scenes as stimuli are a better fit for studying RGC 

responses in the retina. These natural scenes contain a wide range of spatial frequencies and 

contrast levels, without color variations, which demonstrates single RGCs can accurately encode 

these different natural scenes in the normal retina.  Both the focused and defocused status of natural 

scenes were projected onto the retina. The responses of RGCs were similar to those recorded using 

customized spatial frequency as stimuli.  

More than two-thirds of αRGCs exhibited distinct response properties, in terms of the analysis in 

area, time of maximal rise (decay) slope, maximal rise(decay) slope, 80%–20% rise (decay) time, 

the EPSCs recorded from αRGCs revealed either maximal or minimal in response to focused 

images in normal and myopic retinas. These findings indicate that single RGC in both types of 

retinas exhibit similar biophysical responses to focused and defocused images.  
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In Cx36 KO mice, the inner and outer retinas were affected, with the loss of the primary rod 

pathway and secondary rod pathway in the outer retina and the disruption of Amacrine cell 

couplings with RGCs in the inner retina[47]. αRGCs in Cx36 KO retinas lost the maximal or 

minimal response in decoding the focused images, with more than 78% affected compared with 

normal and myopic retinas. Compared with focused, defocused images characterized by blurry 

edges, different focused planes, and contrast. These differences may require a filter function in the 

retina. ACs transfer signals to RGCs, leading to noise reduction, signal averaging, feedback 

inhibition, surround inhibition, and adaptation[107]. ACs may also participate in encoding the 

focused/defocused images in the normal and myopic retina. However, this process is disrupted by 

most ACs coupling RGCs in Cx36 KO mice. Overall, Cx36 KO mice lose the filters in their inner 

and outer retinas.  Furthermore, human studies have suggested that the GJD2 gene (encoding Cx36 

protein) may play a significant role in myopia development. Both humans and animals could be 

modulated by the Cx36 gap junction in myopia development[108, 109].  Further studies are needed 

to create LIM Cx36 KO mice and investigate the role of Cx36 role in this processing.  

Retinal circuits could be altered if the defocused image stimulation remained. These changed 

entities of the retina could potentially serve as a therapeutic method for controlling myopia. 

However, long-term defocused status may trigger a series of irreversible cascades, leading to 

elongation of the length of the eye, . This may explain why myopia continues to progressing despite 

correcting ametropia.   
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5. Conclusion 

The GLM model was used to compare the differences between normal and myopic retinas in 

decoding the focused/defocused image by ON and OFF αRGCs. Cx36 gap junction was found to 

play a critical role in computing this visual process. The diverse outcome of the GLM model with 

offset in LIM indicated the possible modification and plasticity of the retinal circuit in myopic 

retinas.  

 

6. Limitation 

Other animal models, such as marmosets or monkeys, may be more appropriate than the mouse 

model as they possess a retinal macular or fovea-like structure. For the purposes of this study, the 

LIM mouse model was observed and recorded at a single time point following three weeks of lens 

treatment in an 8-week-old mouse. Further investigation is required to evaluate the long-term 

efficacy of LIM models, as it is possible that adaptations in the retinal circuit could require a more 

prolonged timeframe to manifest. 
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CHAPTER 3 The response of retinal ganglion cells to 

optical defocused visual stimuli in mouse retinas 

(Note: This chapter is published in “experimental eye research Feb 2024; doi: 

doi.org/10.1016/j.exer.2024.109834”. Permission to include the published material has been 

granted by the corresponding author, who is also the supervisor of the candidature.)  

 

1. Introduction 

Animal studies have shown that myopia can be induced through compensatory responses of the 

eye, such as changes in anterior chamber depth, choroidal thickness, cornea, and primarily 

elongation of the vitreous chamber, resulting in the retina being exposed to blurred[110-112] or 

astigmatically defocused images[113]. Studies have suggested that retinal neurons can detect and 

respond to image focus, thereby regulating eye growth during refractive development[114]. 

Experiments involving goggle-wearing animals using chicks[115], tree shrews[116], mice[99], 

monkeys[117], and marmosets[111] have demonstrated the role of visual feedback in controlling 

eye growth. An important question is how the retinal neurons detect defocused images to initiate 

ocular compensation. The retina's ability to detect defocused images may occur at various stages 

of the neuronal visual pathways. Studies on monkeys[118] and chicks[57]  have shown that myopia 

could still develop even after optic nerve sectioning to separate the eye from the brain. Thus, it 

appears that the dominant mechanism for detecting compensatory responses lies within the retinal 

circuitry rather than the brain. Furthermore, inhibiting retinal processing, but not post-retinal 

neural pathways, has been found to reduce compensation to cross-cylinder lenses in chick eyes, 
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suggesting the potential involvement of the retina in the presence of astigmatism[119]. These 

studies have demonstrated that exposure of the retina to defocused images leads to alter eye growth 

and refraction. However, despite the apparent key role of the retina, it remains unknown to what 

extent the retinal neurons can sense the complex spatial blur patterns caused by refractive errors. 

The retina's role in the detection of astigmatism also remains to be determined. There has been 

some debate about the existence of “retinal astigmatism” [120]. Astigmatism can produce a 

specific pattern of optical aberrations in the retina, which may detect the distinct retinal defocused 

pattern caused by astigmatism originating from the eye or imposed optically. However, evidence 

from animal studies is controversial, as some animals have supported the theory that astigmatism 

induced by the lens in chicks is mediated by local signaling within the retina[121]. Using optical 

manipulation methods, more than half of the chick models fail to induce astigmatism[119]. 

Therefore, there is strong justification to explore the response characteristics of retinal neurons in 

relation to astigmatism and its effect on the retina. This study utilized custom-made astigmatic 

defocused stimuli to show the distinct responses exhibited by neurons in the retina to determine 

these response characteristics. 

Retinal ganglion cells (RGCs), the final output neurons, may detect and encode various aspects of 

visual information, transmitting it to the brain[122], as they are capable of responding to focused 

or defocused images, potentially playing an important role in regulating growth, refraction, and 

myopia development in the retina[49, 64]. RGCs in the retina are particularly well-suited for 

mechano-sensing roles during myopia development. Over 40 types of RGCs have been identified 

in the retina and twice the number of amacrine cells (ACs)[123]. It has been suggested that RGCs 

may code differently in the myopic retina[124]. Recent studies have reported the involvement of 

certain types of RGCs, such as ON-delayed RGCs[125] and ipRGCs[63], in myopia development. 
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In this study, αRGCs were chosen as a representative as they are known to play a crucial role in 

visual processing and encode focused and defocused images differently in both normal and myopic 

retinas[122]. Additionally, αRGCs are characterized by having the largest somas, broader dendritic 

fields, and an evenly distributed mosaic-like pattern within the retina[23, 126]. The elongated axial 

length of the myopic retina could also significantly impact the properties of αRGCs, which are 

considered to reflect the characteristics of all RGCs in the retina. 

Gap junctions are channels that enable direct cell-to-cell communication. One essential element of 

neuronal gap junctions, which are found in most retinal cell types[127], including RGCs, is 

Connexin 36 (Cx36), which is predominantly present in the inner retina. International genome-

wide meta-analyses on myopia have shown that single nucleotide polymorphisms (SNPs) in the 

genome are associated with high expression of GJD2, the gene for the Cx36 protein. These findings 

suggest that Cx36 may be linked to refractive errors. Additionally, studies have demonstrated 

changes in the phosphorylation of Cx36 in murine retinas impacted by myopia[14]. Thus, Cx36 is 

a plausible modulator of myopia development[108, 109]. It has also been reported that the intact 

retinal circuit involving Cx36 is crucial for computing the disparity in visual signaling between 

focused and defocused images. ON and OFF αRGCs lose their coupling to amacrine cells, and 

OFF αRGCs fail to couple in Cx36 knockout (KO) mice[128]. In this study, genetically modified 

Cx36 KO mice were used as a control to investigate the impact of Cx36 deficiency on the retinal 

circuit.   

In vitro, retinal stretching mimics some aspects of the myopic status. Spherically and 

astigmatically defocused images were optically projected onto the retina, and the biophysical 

responses of αRGCs were used to explore their dynamics. This study aimed to determine whether 

individual αRGCs have the ability to perceive the distinctive retinal blur patterns caused by 
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spherically defocused and astigmatically defocused images. The study also examined the 

biophysical properties of αRGCs when subjected to in vitro stretching as a simulation of myopia 

and how this may affect their response to focused or defocused images. The major aim was to 

determine whether αRGCs can accurately transmit visual information related to refractive errors 

onto the retina. If this does occur, it could lead to the development of  novel early treatment 

strategies to prevent the onset of common visual conditions, including nearsightedness and 

astigmatism. 
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2. Methodology 

2.1 Animals 

All procedures on animals 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 

complied with the Guide for the Care and Use of Laboratory Animals published by the National 

Institutes of Health. 

A mouse model was used in this study, as its eye has a scleral structure and fibroblasts similar to 

humans[110]. In addition, the mouse is particularly advantageous with its well-known retinal 

circuit and the availability of genetic lines to label specific cells such as ON and OFF αRGCs. 

Adult wild-type (WT) mice of either sex (postnatal day 16–56) C57BL/6J (RRID: 

IMSR_JAX:000664), weighing (15–20 g), were used in the study (n = 34). Kcng4-YFP (6–8 

weeks, n = 11) mice[89], of either sex (weighing 15–25 g), were used for ON and OFF αRGC 

labeling as previously described[129]. Homozygous Cx36KO mice (Cx36−/−) (RRID: 

MGI:3,810,172), 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, 6–8 

weeks, weight 15–25 g). 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. For consistency, all mouse retinas 

were collected around 10 a.m. after overnight dark adaptation. 
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2.2 Retina preparation 

Eyes were removed under dim red illumination. The retinas were dissected into four equal 

quadrants for patch-clamp recordings and attached to a modified translucent Millicell filter ring 

(Millipore, Bedford, MA, USA). The flattened retinas were superfused with oxygenated 

mammalian Ringer's solution composed of (mM): 120 NaCl, 2.5 KCl, 25 NaHCO3, 0.8 NaHPO4, 

0.1 NaH2PO4, 1 MgCl2, 2 CaCl2 and 5 D-glucose[90]. The bath solution was continuously 

bubbled with 95% O2–5% CO2 and maintained at approximately 32 °C as described previously[7]. 

Anesthetized animals were killed by cervical dislocation immediately after enucleation. 

 

2.3 Patterned light stimulation 

A green (525 nm) 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. In this setup, using a Nikon 40× 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 40× objective, the 15 μm diameter pixels of the OLED presented 

0.25 μm/pixel on the retina. Grating images with a controllable spatial frequency were generated 

by PsychoPy (University of Notttingham, UK) were projected onto the photoreceptor layer. The 

background light intensity was ∼700 photoisomerizations per rod per second (Rh*/rod/s) 

(ILT5000 Research Radiometer, International Light Technologies, Inc., Peabody, MA, USA), and 

the highest stimulus was ∼1.816 × 105 Rh*/rod/s. Light intensities were calculated assuming an 

average rod density of 437,000 rods mm−2 and quantum efficiency of 0.67[130]. The rod pathway 

was saturated at this background illumination level, leaving the cone pathway to mediate the light 
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response in WT and Cx36KO mice[92]. 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 per degree (cpd) image 

was applied as shown in Fig 3.2, Fig 3.3, Fig 3.4, Fig 3.5, Fig 3.6, Fig 3.7. 

 

Figure 3. 1 Schematic of αRGCs responses to optically focused and defocused images  

A: The schematic illustrates a focused image with a 125 μm diameter and a frequency of 0.0067 

cpd projected onto the photoreceptors' outer segment. The focused image was determined at the 

position where the image was projected at the outer segment. This focused image was designed as 

having 0 D. By shifting the focus across the retinal layers, optically defocused images of ±10 and 

± 20 D were created and projected onto the different retinal layers. The calculation for defocusing 

was based on a 5 μm defocus inducing ±1 D refractive error change[93], and the light intensities 

varied from 3.74 × 104 to 3.85 × 104 Rh*/rod/s. Excitatory postsynaptic currents (EPSCs) and 

inhibitory postsynaptic currents (IPSCs) of ON and OFF αRGCs were recorded in Wild-type 

retinas. 
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B: The normalized EPSCs and IPSCs responses of illustrated ON and OFF αRGCs are displayed. 

EPSCs of ON and OFF αRGCs showed significant differences between the focused image and ±20 

D defocused image (p < 0.05, t-test, respectively). There was no significant difference in IPSCs of 

the ON αRGC between optically focused and defocused images, while IPSCs of the OFF αRGC 

differed significantly between the focused image and the −20D defocused image. An asterisk (*) 

indicates a significant difference (p < 0.05, t-test). 

 

 

Figure 3. 2 Differential response of αRGC biophysical properties to soma stretching 

mimicking myopia 

A: The schematic shows an αRGC soma stretching by 8 μm using a pipette with approximately 

5000 Pascal (Pa) of negative pressure. The stretching occurred in the direction of the optic nerve 

and amounted to 5% of the soma's size. Spike rates (B), EPSCs (C), and membrane capacitances 
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(E) exhibited significant differences due to the stretching in the illustrated αRGC, while there was 

no significant difference observed in IPSCs (D). F and G: EPSCs and IPSCs of αRGCs responded 

differently to defocused images in comparison to focused images. H: Statistical results of spikes, 

EPSCs and IPSCs of ON and OFF αRGCs before and after soma stretching. An asterisk (*) 

indicates a significant difference (p < 0.05, t-test in B to G). (*) indicates significance based on the 

Wilcoxon signed ranks test in H. 

 

 

Figure 3. 3 Alterations in Biophysical properties of αRGCs following retinal stretching to 

mimic myopia 

A: A sharp electrode was inserted into the retina and stretched away toward the direction of the 

optic nerve. The red dashed circle indicates the recorded RGC. The lower blue schematic diagram 

shows RGC soma and dendritic field shape changes after retinal stretching. B and C: αRGCs 

exhibited significantly different responses in EPSCs (B) and IPSCs (C) following cell stretching. 



96 

 

D and E: Compared to a focused image (0 D), ON and OFF αRGCs responded differently in EPSCs 

and IPSCs under defocused images. F: 87.5% of ON αRGCs and 50% of OFF αRGCs showed 

significant differences in EPSCs between focused and defocused images. 25% of ON αRGCs and 

all OFF αRGCs exhibited a significant difference in IPSCs responses. There was a significant 

difference (p < 0.05) between EPSCs of ON and OFF αRGCs and IPSCs of OFF αRGCs before 

and after soma stretching (Wilcoxon signed ranks test). An asterisk (*) indicated a significant 

difference (p < 0.05, t-test in B to E and Wilcoxon signed ranks test in H).  

 

 

Figure 3. 4 The biophysical properties of RGCs in Cx36 KO mice 
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A and B: More than 80% of ON and OFF αRGCs in Cx36 KO mice showed no difference in 

responses for EPSCs and IPSCs between focused (0 D) and defocused images (equal to ±10 

and ± 20 D). C and D: ON and OFF αRGCs in Cx36 Het mice exhibited significant differences 

in EPSCs and IPSCs between focused and defocused images. E: Summary of αRGCs percentage 

demonstrated differences in EPSCs and IPSCs between focused and defocused images in Cx36 

KO mice and Cx36 Het mice. There was a significant difference (p < 0.05) in EPSCs/IPSCs of ON 

and OFF αRGCs between Cx36 KO and Cx36 Het mice (Wilcoxon signed ranks test). F: Cx36 

KO mice exhibit significantly decreased contrast sensitivity based on optokinetic reflex (OKR) 

testing. An asterisk (*) indicates a significant difference (p < 0.05, t-test in A to D and F; Wilcoxon 

signed ranks test in E) 
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Figure 3. 5 Biophysical properties of αRGCs under different image projection directions 

A: The schematic illustration shows how different light bar directions are projected onto the 

receptive fields of αRGC. B to G: Normalized spikes, EPSCs, and IPSCs of ON and OFF αRGCs 

showed no differences in response to different image projection directions. H: The schematic 

indicated that an αRGC soma was pulled using a suction pipette to change the light projection 

angle, mimicking an astigmatic defocus. I to K: Under twisted soma conditions, ON and OFF 

αRGCs showed no differences in EPSCs and IPSCs across four light bar directions, 

respectively. L: 80% OFF αRGCs (4 of 5) exhibited significant differences in IPSCs in the four 

directions. An asterisk (*) indicates a significant difference (p < 0.05, t-test). 
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Figure 3. 6 Biophysical properties of αRGCs respond differently to light passing through a 

solution to simulate astigmatism 

A: The schematic shows the deviation of the laser beam entering the immersing solution to 

simulate astigmatism. B and C: The normalized EPSCs from ON and OFF αRGCs showed 

significant differences in response to different refractive angles of light projections in WT mice. D 

and E: EPSCs of ON and OFF αRGCs did not differ in response to different angles of light 

refraction in Cx36 KO mice. F: All αRGCs in WT mice responded differently to the various angles 

of light refraction, but this response pattern was absent in Cx36 KO mice. There were significant 

differences (p < 0.05) in EPSCs of αRGCs between Cx36 KO and WT mice (Wilcoxon signed 

ranks test). An asterisk (*) indicates a significant difference (p < 0.05, t-test in B to E; Wilcoxon 

signed ranks test in F). 

 

Figure 3.7  

Figure 3. 7 Biophysical properties of αRGCs respond differently to astigmatic defocused 

images 
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A: The astigmatic defocused images were generated using a custom-made device, and the cell 

responses were measured in spikes by adding plano-cylindrical lenses ranging from +2D to +10D. 

In the experiments, a +6.00D astigmatic lens was applied with an axis at 90° and 180°. B and 

C: ON and OFF αRGCs showed significantly different responses in EPSCs and IPSCs to the 

astigmatic blur as compared to the focused image in the WT retinas. D and E: ON and OFF 

αRGCs showed no significant different response in EPSCs and IPSCs to the astigmatic blur in the 

Cx36 KO retinas. F: αRGC showed significantly different responses to astigmatically defocused 

images in the WT mice but not in Cx36 KO mice. An asterisk (*) indicates a significant difference 

(p < 0.05, t-test). 

 

The methodology used to generate defocused images on the retina in vitro has been described 

previously[64]. A customized light projection system with an adaptable astigmatic lens was 

developed to project optically simulated astigmatic images onto photoreceptor cells using a 

physically moveable lens rather than digitally simulated astigmatic images. Based on the previous 

report showing that an axial elongation of 5 μm would induce a 1 Diopter (D) refractive error in 

the mouse retina[93], a 100 μm defocus would be expected to generate plus or minus 20 D of 

refractive error in the mouse retina under microscopy depending on the direction of defocus. The 

system also produces 525 nm of different sizes of light using the Mightex Polygon1000 (labeled 

in green in Fig 3.5). 

The defocused images are generated using a microdisplay that projects a grating image, oriented 

vertically or horizontally, onto the photoreceptors via an infinity-corrected microscope. The details 

of the device were previously applied and published[64]. Light from the microdisplay is collimated 

via a collimating lens. The collimated light then passes through an astigmatic (plano-cylindrical) 

https://www.sciencedirect.com/science/article/pii/S0014483524000551?via%3Dihub#fig5
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trial lens (Cylinder: +6/0 D, Axis meridian: 180°). The astigmatic lens splits the light into two 

principal foci onto the retina (Fig 3.8):  

 

Figure 3. 8 Detailed schematics of generating astigmatically blurred images 

AS = F2-F1 F: Focus   AS: Astigmatism Strength.   WD = 3.5mm, dx = 12um. 

 

The axial position for which the vertical grating is sharply imaged (red dotted rays) corresponds 

to the first focus (vertical focal line), and the position where the horizontal grating is sharply 

imaged (black dotted rays) corresponds to the second focus (horizontal focal line). For a +6 D 

astigmatic lens, the separation between the two focal lines represents an astigmatic blur magnitude 

of approximately 0.97 D. The light intensity for the two focal lines does differ depending on the 

size of the microscope aperture, as it can block certain rays. 

https://www.sciencedirect.com/science/article/pii/S0014483524000551?via%3Dihub#appsec1
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2.4 Stretch the RGCs in vitro 

The αRGC soma was fully exposed. Then, negative pressure was provided using an open-tip 

(diameter around 7–8 μm) patch pipette attached to a vacuum source (LEM512-OEC, Lefoo 

industrial components, Hangzhou, Zhejiang, China). The RGC was gently elongated in the axial 

direction. ( Fig 3.9). Another approach was to pull on the retina directly with a patch pipette to 

stretch the RGCs. RGCs with a diameter increase of >5% were included in the analysis. The 

direction of the retina was carefully aligned with the axial. 

https://www.sciencedirect.com/science/article/pii/S0014483524000551?via%3Dihub#appsec1
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Figure 3. 9 Schematic of RGC soma stretching to simulate myopic status 

A: Negative pressure was applied using an open tip with a diameter of approximately 7–8 μm, 

exerting around 5000Pa suction on the soma of the RGC. B: The RGC soma was pulled by a 

pipette to cause a 5% increase in diameter. 
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2.5 Electrophysiology 

Extracellular and whole-cell recordings were obtained from single αRGCs of the mid-peripheral 

retina in the nasotemporal plane. Recordings were performed using an Axopatch 700 B amplifier 

connected to a Digidata 1550 B interface and pCLAMP 10 software (Molecular Devices, San Jose, 

CA). To improve the space clamp and to block spiking, the whole-cell excitatory postsynaptic 

potentials were recorded with an internal solution containing caesium methanosulfonate instead of 

potassium gluconate. The chloride equilibrium potential (ECl) with these internal solutions was 

approximately −63 mV. The excitatory and inhibitory current responses were isolated by holding 

the membrane potential approximately at the chloride or cation equilibrium/reversal potentials, 

−63 and −10 mV, respectively. 

Spike trains were recorded digitally at a sampling rate of 10 kHz with Axoscope software 

(Molecular Devices), sorted by an Offline Sorter (Plexon, Dallas, TX) and NeuroExplorer (Nex 

Technologies, Littleton, MA, USA) software. In the whole-cell recording, the kinetics 

(amplitudes) of excitatory postsynaptic currents (EPSCs) and inhibitory postsynaptic currents 

(IPSCs) and membrane capacitances were measured and compared. For comparison purposes, the 

spike responses were normalized among the stimuli of focused and defocused images. The 

recorded cells were dye-injected using pipette tips filled with 4% Neurobiotin (Vector 

Laboratories, Burlingame, CA, USA) and 0.5% Lucifer Yellow-CH (Molecular Probes, 

Eugene)[7]. 
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2.6 Optokinetic reflexes 

The optomotor responses of mice were measured using the OptoMotry System 

(CerebralMechanics, Lethbridge, Alberta, Canada). The photopic vision was tested with a 

background light of ∼70 cd*s/m2. OptoMotry software was used with the screens of contrasting 

bars of light not visible to the investigator, and the investigator was blinded to the groups to 

minimize bias. Visual acuity testing was performed at 100% contrast with varying spatial 

frequency thresholds, while contrast-sensitivity testing was performed at a fixed spatial frequency 

threshold (0.092 cpd). The temporal frequency was set at 1.5 Hz for both tests. After a series of 

test episodes, the same computer program was applied to both eyes to determine the acuity or 

contrast sensitivity. 

 

2.7 Data acquisition and analysis 

For comparison purposes, the maximal responses normalized all the spike, EPSCs and IPSCs data 

of αRGCs. Statistical analyses were performed using Origin software (OriginLab, Northampton, 

MA). Statistically, significant differences (p < 0.05) were determined by the Student t-test and 

Wilcoxon signed ranks test. 
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3. Results 

3.1 Biophysical properties of RGCs in response to focused/defocused image 

projection 

One second of custom images with a diameter of 125 μm and spatial frequency 0.0067 cpd (525 

nm, light intensities ranged from 3.74 × 104 Rh*/rod/s) were projected onto the receptive field of 

αRGCs and precisely focused on the outer segment of photoreceptor cells. Myopic or hyperopic 

defocused images were generated by adjusting the focus plane of the projected images on the retina 

(i.e., in front of or behind the photoreceptor). As shown previously[93], a shift in the focus plane 

of 5 μm corresponds to approximately 1 D of defocus in the mouse retina. A diopter of 0 defines 

an image that is precisely focused on the outer segment of the photoreceptor layer. Thus, by 

shifting 100 μm in different directions, the projected images were blurred by about ±20 D of 

defocus (Fig 3.1A). 

EPSCs and IPSCs in ON and OFF αRGCs were recorded and analyzed from WT retinas (Fig 

3.1A). The recorded ON or OFF αRGCs were confirmed by Neurobiotin injection after patch 

recording, as in previous experiments[131] (Fig 3.10). 
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Figure 3. 10 ON and OFF αRGCs in the wild-type mouse retinas 

 Representative images show ON (left) and OFF (right) αRGCs in the WT mouse retina labeled 

and visualized with Cy3 (red) after patch recording. The stratification of ON and OFF αRGCs was 

double-labeled with anti-ChAT antibody (blue) in the WT mouse retina. Scale bar: 20 μm. 

 

For example, (Fig 3.1B), the amplitude of EPSCs in ON and OFF αRGCs ranged from a few 

picoamps up to >500 pA. The maximal amplitude was applied to normalize the amplitude of 

EPSCs and facilitate the comparison. The normalized EPSCs showed significant differences 

between an optically focused image (0 D) and equal to ±10D or ±20D defocused image projection 

(p < 0.05, t-test for comparisons between focused and defocused images). However, there was no 

significant difference in normalized IPSCs in the illustrated ON αRGC between optically focused 

and defocused images. In contrast, the normalized IPSCs of OFF αRGC showed a significant 

difference between optically focused images and equal to −20D defocused images (Fig 3.1B). 
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There are four subtypes of αRGCs: ON-transient, ON-sustained, OFF-transient, and OFF-

sustained. Although these subtypes were consistently recorded, the results indicate that EPSCs and 

IPSCs of all ON-sustained (n = 3) and OFF-transient (n = 3) αRGCs showed significant differences 

between focused (0 D) and defocused images (±10 and ± 20 D). Among ON-transient αRGCs (n 

= 13), 85% (11 of 13) of cells responded differently in EPSCs between optically focused and at 

least one of the defocused images, in contrast to 62% (8 of 13) showed different responses in 

IPSCs. Of the recorded OFF-sustained αRGCs (n = 10), 100% exhibited significantly different 

responses in EPSCs between optically focused and defocused images. Only 60% 6 of 10) of these 

cells responded differently in IPSCs. In the subsequent experiments, only ON and OFF αRGCs 

will be categorized due to the small quantities of ON-sustained and OFF-transient αRGCs. 

 

3.2 Biophysical effects of soma stretching on αRGCs 

The mouse eye axial length averages 3 mm, measured from the cornea to the nerve fiber layer. If 

the axial length is extended to 3.1 mm, the refractive error will become −20 D myopic. Considering 

only the retina, which is extended from a 1.5 mm radius to 1.55 mm, RGCs would stretch by 6.7% 

along the axial. In the study, αRGCs were stretched by 5% to simulate the myopic status for the 

convenience of measurement and calculation (Fig 3.9). 

Negative pressure (approximately 5000 Pa) was applied with an 8 μm tip glass microelectrode to 

mimic myopia, which may vary depending on the tip size. This pressure is applied opposite a 3–

5% radius increase, which stretches RGC somata. Then, a 1-s, 125 μm, 0.0067 cpd diameter (light 

intensities:3.74 × 104 Rh*/rod/s) sinusoidal grating image was projected onto different 

photoreceptors layers to mimic various powers of defocused images. The responses of ON and 
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OFF αRGCs, such as spikes, EPSCs, IPSCs, and capacitances, were tested in WT mouse retinas. 

To determine whether stretching RGC soma to simulate myopic status could affect postsynaptic 

current, EPSCs/IPSCs were recorded before stretching as the baseline and recovery after stretching 

removal (Fig 3.2A).   

The spike rates of exampled ON and OFF αRGC in response to light stimuli increased during 

stretching. Compared to un-stretched status, the illustrated spike of ON and OFF αRGCs had 

significant differences under cell stretching (p < 0.05, t-test). The same significant changes can 

also be observed in EPSCs and membrane capacitances in the illustrated ON αRGCs (p < 0.05, t-

test) but not in IPSCs of ON and OFF αRGCs; membrane capacitances of OFF αRGCs (p < 0.05, 

t-test). Interestingly, the membrane capacitances in the illustrated αRGCs decreased after 

stretching (p < 0.05, t-test) (Fig 3.2B–E). 

75% of ON αRGCs (n = 8) and OFF αRGCs (n = 8) demonstrated significant differences in spike 

activities between stretched and un-stretched cells. Similarly, 50% of ON (n = 6) αRGCs and 25% 

of OFF αRGCs (n = 6) showed a significant difference in EPSCs after stretching, while 67% of 

ON αRGCs (n = 6) and 33% of OFF αRGCs (n = 6) exhibited significant differences in IPSCs. 

Consequently, all αRGCs displayed decreased capacitances after stretching (n = 7). 

There was a difference (p < 0.05) in spike activities, EPSCs/IPSCs of ON αRGCs before and after 

stretching were analyzed and compared by the Wilcoxon signed ranks test (Fig 3.2H). 

With stretching RGC soma to simulate myopic status, EPSCs of both illustrated ON and OFF 

αRGCs showed significant differences between focused images (0 D), and yielded either maximal 

or minimal responses under focused stimuli) and optically defocused images equal to −10 and 

−20D (p < 0.05, t-test for comparisons between focused and defocused images). 80% ON αRGCs 
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(n = 5) and OFF αRGCs (n = 5) exhibited significant differences in EPSC responses between 

optically focused and defocused images. IPSCs in ON αRGC also demonstrated significant 

differences between focused and defocused images (Fig 3.2F and G). In addition, all recorded ON 

αRGCs (n = 5) and OFF αRGCs (n = 5) showed significant differences in cell responses between 

optically focused (0 D) and at least one of the defocused images (±10 or ±20D). The results 

indicated the αRGCs responded significantly differently between optically focused and defocused 

images under stretching status to mimic myopia. 

 

3.3 The biophysical properties of RGCs following retinal stretching to mimic 

myopia 

To accurately mimic myopic conditions, the entire retina was stretched instead of only RGC 

somas, and the responses of αRGC were observed. This retinal stretching method, which differs 

from solely stretching the somas, allows for extending RGC dendrites and better approximates 

pathophysiological changes during myopia development. 

A sharp pipette was applied to pull and stretch the retina along with the direction of the axial as a 

whole. Due to difficulty in controlling the applied power, the soma of recorded RGCs was 

observed after exposure for patch recording (Fig 3.3A). The stretched RGCs somas increased by 

50 μm and were then recorded. Subsequently, a 1-s, 125 μm in diameter with a 0.0067 cpd, was 

projected at different photoreceptor layers to mimic different powers of optically defocus. 

First, EPSCs, IPSCs of ON αRGCs (n = 12), and OFF αRGCs (n = 11) were tested in the retinas 

of WT mice. The postsynaptic currents (EPSCs and IPSCs) in both ON and OFF αRGCs showed 

significant differences following retina stretching (Fig 3.3B and C).  
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The illustrated ON αRGC showed significant differences in EPSC responses between focused (0 

D) and equal to ±20D defocused image projections (p < 0.05, t-test for comparisons between 

focused and defocused images), whereas the illustrated OFF αRGCs showed significant 

differences only with −20D defocused image. IPSCs of the ON and OFF αRGCs differed 

significantly between focused images and ±20D defocused images (Fig 3.3D and E). 

86% of ON αRGCs (n = 14) and 50% of OFF αRGCs (n = 12) demonstrated significant differences 

in EPSCs between focused and defocused images under stretching conditions. Additionally, 25% 

of ON αRGCs and all OFF αRGCs showed significant differences in IPSCs between focused (0D) 

and defocused images (±10 or ±20D) after stretching. There was a significant difference (p < 0.05) 

in EPSCs of ON and OFF αRGCs and IPSCs of OFF αRGCs before and after stretching (Wilcoxon 

signed ranks test) (Fig 3.3F). 

 

3.4 The biophysical properties of RGCs in Cx36 knockout mice 

The postsynaptic currents of RGCs were recorded in Cx36 KO (Cx36−/−) mice under focused and 

defocused image projections to evaluate the role of the Cx36-involved neural circuitry in decoding 

refractive error images. This aimed to assess whether abnormal circuits impacted RGC biophysical 

properties. Additionally, visual performance differences were compared among C57BL6 wild 

type(Cx36+/+), Cx36 KO, and Cx36 Het (Cx36+/−) mice through behavior testing. 

In the case of both illustrated ON and OFF αRGCs, there were no significant differences (p > 0.05, 

t-test for comparisons between focused and defocused images) in EPSCs between focused (0D) 

and defocused images stimuli (equal to ±10 and 20 D) (Fig 3.4A). However, 20% (1 of 5) of ON 
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αRGCs (n = 5) displayed notable differences in EPSCs between focused and defocused images, 

while none of the OFF αRGCs (n = 5) in Cx36 KO mice exhibited such differences (Fig 3.4E). 

The IPSCs of both illustrated ON and OFF αRGC showed no difference (p > 0.05, t-test for 

comparisons between focused and defocused images) between focused (0D) and defocused images 

stimuli (equal to ±10 and ± 20 D) (Fig 3.4B). Only 17% (1 of 6) of ON αRGCs (n = 6) and 14% 

(1 of 7) of OFF αRGCs (n = 7) exhibited significant differences in IPSCs between focused and 

defocused images in Cx36 KO mice (Fig 3.4E). 

Cx36 Het mice were tested as the control. Example ON and OFF αRGC showed significant 

differences in EPSCs and IPSCs between focused and defocused images (equal to ±10 and ± 20 

D) (Fig 3.4C and D). In Cx36 Het mice, 80% (8 of 10) of ON αRGCs (n = 10) and 80% (8 of 10) 

of OFF αRGCs (n = 10) exhibited significant differences in EPSCs between focused and defocused 

images. Additionally, 70% of ON αRGCs (n = 10) and 50% of OFF αRGCs (n = 10) showed 

significant differences in IPSCs, similar to the results observed in WT mice retinas (Fig 3.4E). 

Statistically, there was a significant difference (p < 0.05) in EPSCs/IPSCs of ON and OFF αRGCs 

between Cx36 KO and Cx36 Het mice (Wilcoxon signed ranks test). 

Additionally, Cx36 KO mice show significantly decreased contrast sensitivity of 0.064 cpd and 

0.192 cpd compared to wild type and Cx36 Het mice in the behavior test (n = 8) (Fig 3.4F). Axial 

length (3.42 ± 0.02 mm; mean ± SEM, n = 10) of Cx36 KO was elongated (p < 0.05, t-test) 

compared with WT mice eyes (3.31 ± 0.01 mm, n = 10) (Fig 3.11). 
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Figure 3. 11 Axial Length of Cx36 KO mice by Optical Coherence Tomography (OCT) 

measurement 

Optical Coherence Tomography (OCT) was used to measure the axial length of the Cx36 KO 

(3.42 ± 0.02 mm; mean ± SEM, n = 10) and WT mice eyes (3.31 ± 0.01 mm, n = 10) from the 

corneal surface to the retinal pigment epithelium layer. An asterisk (*) indicated a significant 

difference (p < 0.05, t-test). 

 

3.5 Biophysical properties of αRGCs with/without retinal twisting under the 

projection of astigmatically defocused images  

Experiments were conducted to test the biophysical properties of αRGCs under retinal image 

projections simulating astigmatic defocus. First, a 20 μm × 200 μm 525 nm light bar 

(5.23 × 108 photons/um/s[110]) generated by the Mightex Polygon1000 system was projected onto 

the receptive fields of αRGCs in four different directions (90°, 180°, 45° and 135°) (Fig 3.5A). 

https://www.sciencedirect.com/science/article/pii/S0014483524000551?via%3Dihub#fig5
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Both ON (n = 6) and OFF (n = 7) αRGCs were recorded for spikes and postsynaptic currents 

(EPSCs and IPSCs). 

There were no differences (p > 0.05, t-test) in responses to image projections in the receptive fields 

at the four angles in illustrated ON and OFF αRGCs (Fig 3.5B–G). 

Secondly, the somas of ON and OFF αRGCs were pulled using a suction pipette to generate a 30-

degree angled light projection (Fig 3.5H). Baseline, pulled, and recovery conditions were recorded, 

and then the same light bar was projected onto the receptive fields in four directions. 

Recorded ON αRGCs (n = 5) and OFF αRGCs (n = 5) showed no difference (p > 0.05, t-test) in 

the EPSC's responses to the different light directions following twisting. However, 80% of OFF 

αRGCs (4 of 5) with pulled somas exhibited significant differences in IPSC compared to the 

patched status when exposed to the four different light bars (Fig 3.5I–L). 

 

3.6 The biophysical properties of αRGCs respond to light passing through the 

solution 

When light passes through a solution, it undergoes refraction. The angle of incidence of a laser 

beam (200 μm in diameter) passing through Ringer's solution was changed to test whether this 

refraction affected the biophysical properties of αRGCs. 

According to Snell's law of refraction, n1 sin i1 = n2 sin θ. Incident angles of 65°, 45° and 25° of 

light are equivalent to refractive angles of 43°, 32 and 18.5° of light, respectively (Fig 3.6A). Only 

EPSCs of αRGCs from both WT and Cx36 KO mice were recorded and normalized. αRGCs from 

Cx36 KO mice were recorded as a control to test the importance of intact retina circuits. 

https://www.sciencedirect.com/science/article/pii/S0014483524000551?via%3Dihub#fig5
https://www.sciencedirect.com/science/article/pii/S0014483524000551?via%3Dihub#fig5
https://www.sciencedirect.com/science/article/pii/S0014483524000551?via%3Dihub#fig5
https://www.sciencedirect.com/science/article/pii/S0014483524000551?via%3Dihub#fig6
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The illustrated ON and OFF αRGC showed significant changes in EPSCs when subjected to 

different angles of light projections (Fig 3.6B and C). All ON and OFF αRGC (total n = 12) 

responded differently in EPSCs to the different angles of projections (Fig 3.6F). 

However, the ON and OFF αRGC did not exhibit any differences in EPSCs when exposed to 

different angles of light projections (Fig 3.6 D to F). Statistically, there was a significant difference 

(p < 0.05) in EPSCs of αRGCs between Cx36 KO and WT mice (Wilcoxon signed ranks test). 

 

3.7 Biophysical properties of αRGCs' responses to astigmatically defocused 

images 

The biophysical properties of αRGCs responses to astigmatically defocused images were tested by 

projecting computer-controlled grating images that were optically blurred using a custom device  

(Fig 3.8). Initially, αRGC spike responses were evaluated using astigmatic lenses with various 

powers (cylinder range: +2.00 D to +10.00 D) (Fig 3.7A). Even with a +8.00 D astigmatic lens, 

maximal spike responses were observed. Subsequent experiments utilized a +6.00 D astigmatic 

lens at 90°/180° as they produced images with less distortion compared to the +8.00 D astigmatic 

lens. 

Significant differences (p < 0.05, t-test) were observed in EPSCs and IPSCs of both illustrated ON 

and OFF αRGCs in response to astigmatically defocused images compared to focused images in 

WT retinas (Fig 3.7B and C). However, illustrated ON and OFF αRGC showed no different 

(p > 0.05, t-test) responses in Cx36 KO retinas (Fig 3.7D and E). All types of αRGC showed 

significantly different responses to astigmatically defocused images in the WT mice (n = 7) but 

not in Cx36 KO mice (n = 5) (Fig 3.7F). 

https://www.sciencedirect.com/science/article/pii/S0014483524000551?via%3Dihub#fig6
https://www.sciencedirect.com/science/article/pii/S0014483524000551?via%3Dihub#fig6
https://www.sciencedirect.com/science/article/pii/S0014483524000551?via%3Dihub#fig6
https://www.sciencedirect.com/science/article/pii/S0014483524000551?via%3Dihub#appsec1
https://www.sciencedirect.com/science/article/pii/S0014483524000551?via%3Dihub#fig7
https://www.sciencedirect.com/science/article/pii/S0014483524000551?via%3Dihub#fig7
https://www.sciencedirect.com/science/article/pii/S0014483524000551?via%3Dihub#fig7
https://www.sciencedirect.com/science/article/pii/S0014483524000551?via%3Dihub#fig7
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4. Discussion 

Despite the significant burden of myopia and astigmatism[80], treatment options for preventing 

and slowing their progression remain limited. This is partly because the specific cellular 

mechanisms that account for normal refraction or refractive errors are not fully understood. 

Evidence suggests that the retina can sense the focus of images and then generate signals to 

regulate eye growth during development. Transcriptomics studies have also provided substantial 

evidence supporting the involvement of the retina in the development of myopia[57, 99, 117-119]; 

Recent research, including the current study, has demonstrated that defocused images can change 

the signal responses of RGCs in the mouse retina[64]. This suggests that the responses of RGC 

subtypes to focused and defocused images may play a pivotal role(s) in modulating eye growth 

and, hence, the development of refractive errors. Therefore, understanding the biophysical 

properties of RGCs under the conditions of refractive errors may provide a framework for 

understanding the mechanism underlying refractive development. The study revealed that when 

αRGC soma was stretched to simulate myopia, it impacted αRGC spike activity. The responses of 

αRGCs exhibited significant differences between focused and astigmatically defocused images. 

However, this distinction was not observed in αRGCs of Cx36 KO mice. 

 

4.1 Biophysical properties of RGCs under myopic blur 

While heredity has been identified as a significant factor in myopia development, the visually-

guided theory suggests that visual signal inputs to the retina play a crucial role in this process and 

during emmetropization. RGCs, which may act as neurons in the retina-to-scleral signaling 



117 

 

pathway, summarize image information and may communicate with other RGCs and amacrine 

cells through gap junctions[49]. This mechanism suggests that both input and output from RGCs 

are essential in modulating ocular growth. 

Myopic eyes have the potential to stretch the peripheral retinas, leading to the elongation of RGC 

soma and retina[132]. To analyze the responses of RGCs, the study elongated the soma of RGCs 

and the retina. The area of the RGC neurons somata (S) can be calculated using the formula 

S = 4πr2. The radius (r) of RGCs increases by roughly half the sum of the lens thickness (LT) and 

vitreous chamber depth (VCD) when negative pressure is applied to elongate RGCs in the 

peripheral retinas. In a study by Zhou[133], the LT, VCD, and retinal thickness (RT) of mice at 29 

days of age were 1558.7 ± 18.0 μm, 707.4 ± 21.4 μm, and 186.9 ± 15.1 μm respectively. Based on 

these measurements, a 5% elongation of the radius of RGC somata would be expected to induce a 

refractive error of plus 42.57 ± 2.72 D. 

The current study found that stretching of RGC soma and retina to mimic myopia affected αRGC 

spike rates, EPSCs/IPSCs, and membrane capacitances. Like non-stretched RGCs, stretched RGCs 

responded differently to focused and defocused images. Stretching the soma of RGCs to simulate 

myopia differs from the stretching and expansion changes observed in actual myopic conditions 

due to the involvement of the dendritic tree of RGCs. To better mimic the myopia status, the retina 

was stretched toward the optic nerve, and αRGCs were recorded. The αRGCs in the stretched 

retina responded differently to optically focused and defocused images. These results suggest that 

myopic conditions can affect various αRGCs' biophysical properties, including spikes, 

EPSCs/IPSCs, and membrane capacitances. Cell stretching is a form of stimulation that could elicit 

a reaction from neurons, for example, in RGCs. It is important to note that chronic retinal 

elongation and cell stretching occur in myopia, whereas the experiment performed here involved 

https://www.sciencedirect.com/science/article/pii/S0014483524000551?via%3Dihub#bib51
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acute cell stretching. In a clinical setting, various retinal pathological changes caused by myopia 

can be observed, including retinal tears and myopic maculopathy. These observations suggest that 

the stretching associated with myopia can impact the retinal structure, and synaptic connections 

may be involved. In addition, it was found that mechanical stretch injury can induce acute calcium 

influx in neurons and tenocytes, leading to cellular dysfunction and degeneration[35, 134]. The 

process of myopia development is a chronic mechanical stretching that could potentially affect the 

influx of calcium and have implications for neurons, including EPSCs/IPSCs. The definitive 

answer needs further experimental observation. Although there may be some minor modifications 

in the functioning of neurotransmitter receptor channels (no significant difference in the amplitude 

of EPSCs/IPSCs before and after stretching), αRGCs could still distinguish between focused and 

defocused images and reflected their differences in their responses at the single-cell level. 

It is important to note that not all αRGCs exhibit significant differences in spike and EPSCs/IPSCs 

responses under stretching conditions. Some αRGCs did not exhibit distinct responses to focused 

and defocused images (Fig 3.2, Fig 3.3F). This phenomenon may arise from distinct subtypes of 

RGCs exhibiting reduced sensitivity to cellular stretching. 

 

4.2 Biophysical properties of αRGCs under astigmatic blur 

Astigmatism, a common vision disorder causing 13% of refractive errors globally[135], can lead 

to amblyopia and other visual problems if left untreated in preschool children. Animal experiments 

have suggested that the retina might contribute  an ocular compensatory response to astigmatic 

defocus in chicks[121]. However, it is unclear whether RGCs can detect the specific patterns of 

defocus and to what extent are affected by modifying their biophysical properties under stretching 

https://www.sciencedirect.com/science/article/pii/S0014483524000551?via%3Dihub#fig2
https://www.sciencedirect.com/science/article/pii/S0014483524000551?via%3Dihub#fig3
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of the retina in myopic eyes. This study also investigated whether RGCs in the retina can sense the 

characteristic pattern of retinal astigmatic defocus, which involves a differential blur along the 

ocular meridian. The responses of αRGCs to changes in the angle of projected light and astigmatic 

blur study were examined. Initially, projecting light at different angles into αRGCs' receptive fields 

did not produce different spikes and EPSCs/IPSCs responses. However, twisting the soma of 

RGCs to generate a certain light projection angle resulted in significant IPSC response differences 

in 80% of αRGCs. This could be attributed to coupled amacrine cells sensing differences in light 

intensity and area and subsequently providing inhibition. Further investigation is needed to 

understand this process thoroughly. 

Light refraction through a solution was used to change the pathway of light projection, which 

resulted in changes in EPSCs/IPSCs in αRGCs in wild-type retinas. However, these changes were 

not observed in Cx36 KO retinas. It should be noted that the light projection from different angles 

did not correspond to astigmatic defocus, and the variations in responses may be due to differences 

in light intensities and receptive field projections. This suggests that coupled amacrine cells may 

be responsive to these differences[64]. 

Thus, to generate astigmatic blur, a visual stimulator with an adaptable astigmatic lens was used 

to project an astigmatically defocused image onto the receptive field of the target αRGCs. The 

αRGCs in WT retinas responded significantly differently in EPSCs/IPSCs to astigmatically 

defocused images compared to focused images, whereas this difference was not observed in Cx36 

KO mice. This indicates that the αRGCs can differentiate between astigmatic and focused images 

but cannot distinguish between perpendicular meridian blur. This could be attributed to the 

activation of different coupled amacrine cells, as the astigmatic beam projected on the amacrine 

cells varied. These results suggest that a single αRGC in mouse retinas can detect the difference 
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between spherical defocus along ocular meridian astigmatic defocus blur, although species 

differences in the induction of astigmatism have been observed in other studies[119]. 

 

4.3 An intact retinal circuit involving Cx36 is necessary for the αRGCs to sense 

the defocused images 

When the retinal circuit is intact, visual information can be effectively and rapidly encoded in 

RGCs. However, in the case of myopic retinas, the signaling cascades and the transmission of 

visual signals from RGCs to the optic nerve may be altered[122]. Gap junctions play critical roles 

in the integration and propagation of visual signals in the retina, and Cx36 has been identified as 

a risk factor for refractive errors in humans through a genome-wide meta-analysis. Preliminary 

experiments showed increased phosphorylation of Cx36, indicating increased functional gap 

junctions in the coupling of AII ACs, which can be observed in mouse retinas with form-

deprivation myopia. Cx36 modulates retinal signals in the mouse retina by adjusting fast visual 

signaling, signal-to-noise ratio, scotopic pathways, and synchronization of neuron activities[136]. 

As the predominant subunit of gap junctions in the proximal mouse retina, Cx36 is expressed by 

most ganglion cell subtypes; ON and OFF αRGCs lose their coupling in Cx36 KO mice[128]. 

Given that Cx36 is present in the outer retina and various cell types[137], utilizing conditional 

Cx36 knockout mice,  specifically in the RGC layer,  would be an excellent choice for a control 

group. At present, generating RGC conditional Cx36 KO mice is a challenging task. Therefore, 

Cx36 KO mice were used as a control of intact retinal circuits[122]. Results from optokinetic 

reflexes (OKR) showed that the contrast sensitivity at 0.064 and 0.192 cpd was significantly lower 

in Cx36−/− mice compared to C57BL6 mice. These results suggest that Cx36 is involved in the 
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retinal circuit that delivers accurate visual sensation and perception. The loss of coupled amacrine 

cells may explain the reduced contrast sensitivity in Cx36−/− mice, as defocused images and 

astigmatic blur may require feedback information from these cells. 

The study indicated that certain types of RGCs or other neurons might be associated with myopia 

or astigmatism development. Further research is required to investigate this, as it has the potential 

to provide valuable insights into the targeted treatment of refractive errors in its early stages. 

Consequently, such research has the potential to effectively control the progression of refractive 

errors in clinical settings. 
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5. Conclusion 

When the soma was stretched to simulate myopia, αRGCs exhibited significant differences in their 

responses. The majority of αRGCs' biophysical responses could accurately reflect the image 

projection of optical stimuli associated with myopic and astigmatic defocus. It is suggested that 

Cx36-mediated gap junctions may play a significant role in transmitting visual signals related to 

the development and perception of refractive errors. 

 

6. Limitations 

The stretching technique utilized to simulate myopic conditions at an individual RGC level, 

involving acute cell elongation, may differ from the RGCs found in naturally occurring myopic 

eyes, which undergo a chronic process. In vitro, stretching can mimic certain characteristics of the 

condition. However, it is important to note that the biochemical reactions induced by in vitro 

stretching may not fully mirror those in the myopic retina. Moreover, RGCs in the central region 

of the retina may undergo greater elongation than those in the peripheral region. These factors 

should be taken into consideration when employing the stretching method. 

Furthermore, the data on the axial length of Cx36 KO mice only involved testing approximately 

10 mice, and refractive errors could not be assessed due to the affected rod pathways. The role of 

Cx36 is not limited to any particular cell type by testing Cx36 KO mice. Further experiments are 

required to investigate the role of Cx36 in myopia development. 
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CHAPTER 4 Biophysical effects of focused and 

defocused image stimuli on dopaminergic amacrine 

cells and AII amacrine cells in the mouse retina 

 

1. Introduction 

The spatial contrast coding of RGCs is a result of their centre-surround receptive field (RF). This 

RF is formed by excitatory center neurons and inhibitory surround neurons, which are activated 

by feedforward and lateral interneurons, respectively. According to previous studies, the lateral 

inhibitory mechanism plays a crucial role in enhancing local contrast and improving edge 

detection[138, 139]. In the mouse retina, two inhibitory networks are triggered, consisting of a 

single type of horizontal cell that generates the initial RF and various types of amacrine cells (ACs) 

that process more complex visual signals[140]. A previous study has shown that a single RGC 

could reflect both focused and defocused images[141], indicating a signal alteration in the inner 

retinas. It is worth noting that defocused images differ significantly from focused images in terms 

of brightness, contrast, edge, and shape, which rule out horizontal cells as the sole interneurons 

responsible for such complicated spatial tuning[49]. 

Amacrine cells form the most diverse subset of retinal cells in mice, with over 60 subtypes 

identified on a molecular level[1]. Despite this abundance of information, much of their function 

remains unclear. Research suggests that dopaminergic DACs and AII ACs may be myopia-relevant 
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subtypes, supported by studies on dopamine[75, 142] and Connexin36 gap junctions[14, 143], 

respectively.  

DACs are wide-field amacrine cells that stratify in the IPL. They possess 2-3 long primary 

dendrites, with a dendritic field that extends to 495um in diameter[18]. These cells uniquely 

control dopamine release in response to different light conditions and are the only source of retinal 

dopamine[66]. Since dopamine is considered the pivotal neurotransmitter in myopia development, 

DACs are of significant interest[59, 75, 144]. Importantly, DACs carry D2-autoreceptors that 

control dopamine synthesis, release, and uptake, and DA receptors are distributed throughout the 

retina[16, 145]. While high levels of dopamine are used to tune visual processing in photopic 

conditions, how DACs respond to myopic signals and impact emmetropization remains unclear. 

In contrast, AII ACs are narrow-field amacrine cells that form lobular appendages, radiating in 

sublamina a and arboreal dendrites in sublamina b. These interneurons are a potential subtype of 

ACs linked to myopia development due to their impact on the visual pathway. Unlike other 

amacrine cells, which contribute mainly to vertical signal flow, AII ACs connect to most subtypes 

of cone bipolar cells, half of which form Cx36 gap junctions. Thus, the change in AII receptive 

field properties may influence signaling in the retinal output[58]. This study aimed to analyze the 

cone-to-AII AC pathway under photopic stimuli conditions. In addition, AII ACs are a crucial 

interneurons for scotopic vision[17]. They connect with neighboring AII ACs via homotypic 

Connexin 36 gap junctions and form ring connections with the fiber plexus of DACs[146, 147]. 

These structural features indicate that AII ACs may play a role in dopamine secretions, given that 

visually-guided ocular growth relies on rod pathways[67, 148, 149], and Cx36 GJs are 

phosphorylated in myopia. Dopamine affects gap junction and AII ACs coupling, which may 
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influence refractive error[143], and therefore, the relationship between DACs and AII ACs is 

intricate, particularly with respect to their signaling of defocused images. 

The RF properties of both ACs are not well understood, unlike those of RGCs, which have been 

more extensively studied. Visual information processing in the retina often involves the center-

surround RF region as the fundamental element for most RGCs[150]. Spots can be used to examine 

the center RF with the strongest light response, while annulus stimuli can be employed to explore 

the phenomenon of lateral inhibition[78]. Neurons' surrounding RFs can modulate sensitivity to 

fine spatial structures by altering how the center integrates visual information across space[79]. 

Thus, this study included spots and annuli of various sizes to reveal the polarity and center RF size 

of DACs and AII ACs and to gain a deeper understanding of visual processing. 

It has not yet been determined whether defocused images have an impact on the signaling of DACs 

and AII ACs. However, in terms of their functional characteristics, Dopaminergic ACs release 

depolarizes in response to synaptic inputs driven by light[151], potentially influencing dopamine 

release and contributing to the development of myopia, while AII ACs exhibit coupling patterns 

that vary with light intensity and contrast[60], which probably possess the capability to eliminate 

noise related to defocused images. These findings offer evidence for a potential pathway for 

sensing visual stimuli via photoreceptors and transmitting signals to them[66].  

The GJD2 gene encodes a protein called Cx36 gap junction (Cx36 GJs). These Cx36 GJs form 

connections between AII ACs and AII ACs to CBCs in the inner nuclear layer, which means that 

the opening and closing of the GJs can impact the flow of signals to the RGC layer. Research has 

demonstrated that communication through gap junctions in retinas can influence visual signal 

processing, potentially by modulating the growth of the eyeball through the retina-scleral 

pathway[143]. Numerous animal studies have associated the link between GJ phosphorylation and 
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the progression of myopia, but the findings are inconsistent[14, 152]. Therefore, applying a gap 

junction blocker may provide insight into the role played by GJs in encoding the defocused signals. 
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2. Methodology 

2.1 Animal preparation 

In this study, both adult EGR-1 transgenic mice and Fam-81a mice within the postnatal day 16-56 

range, regardless of sex, were studied. All mice were housed in a 12-hour light/12-hour dark cycle 

and underwent deep anesthesia via intraperitoneal injection of ketamine and xylazine at doses of 

80 mg/kg and 10 mg/kg (body weight), respectively. Prior to enucleation, lidocaine hydrochloride 

(20 mg/ml) was applied locally to the eyelids and surrounding tissues to minimize discomfort. To 

ensure consistency, all mouse retinas were collected at approximately 10 a.m. following overnight 

dark adaptation.  

 

2.2 Retina slice preparation and immunostaining 

The separation of the retina from the EGR-1 mice took place in a specialized chamber filled with 

extracellular solution. This solution comprised 120 mM of NaCl, 2.5 mM of KCl, 25 mM of 

NaHCO3, 0.8 mM of Na2HPO4, 0.1 mM of NaH2PO4, 1 mM of MgCl2, 2 mM of CaCl2, and 5 

mM of D-glucose. The bath solution was continuously bubbled with a mixture of 95% O2 and 5% 

CO2 at a temperature of 32°C. A piece of the central retina was then embedded in type VII agarose 

from Sigma and cut with a vibratome (Leica Camera, Wetzlar, Germany) to achieve a thickness 

of 50 μm.  

The retinal pieces, attached to filter paper (RGCs side up), were submersion-fixed in 2% N-(3-

dimethyl aminopropyl)-N′-ethyl carbodiimide hydrochloride (“carbodiimide” or “EDAC”; E7750 

et al. in 0.1 M phosphate buffer (PB), pH 7.5 for 30 min at room temperature. After fixation, the 
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retinas were separated from the filter paper and washed with phosphate-buffered saline (PBS) 

before being washed extensively with a 0.1 M phosphate buffer (PB, pH 7.4) and blocked with 3% 

donkey serum in 0.1 M PB 0.5% Triton-X 100 and 0.1% NaN3 overnight. The antibodies were 

diluted in 0.1 M PB with 0.5% Triton-X 100 and 0.1% NaN3, containing 1% donkey serum. The 

tissues then were incubated in primary antibodies (Anti-Tryosine Hydroxylase antibody (Sigma-

Aldrich: AB152) for 3–7 days at 4°C and, after extensive washing, incubated in secondary 

antibodies overnight at 4°C. The secondary antibodies used were donkey anti-mouse Cy-3 (1:200) 

and Alexa Fluor® 488 anti-GFP Antibody (1:200). After washing with 0.1 M PB, the tissues were 

mounted in Vectashield (Vector Laboratories, Burlingame, CA) for observation.  

 

Figure 4. 1 Identification of dopaminergic amacrine cells in EGR-1 mice 

[A] DACs can be located from the largest and weakest fluorescence signal (red circle) in the 

innermost inner nuclear layer (INL) of EGR-1 mouse retinas. [B] Tyrosine hydroxylase – positive. 

Bar: 50 μm 
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2.3 Retina preparation for recording 

The mice were anesthetized, and their eyes were removed under dim red illumination. The retinas 

were dissected into four quadrants for patch-clamp recording and attached to a customized 

translucent Millicell filter ring. The flattened retinas were continuously supplied with oxygenated 

mammalian Ringer’s solution at 37°C. The bath solution was infused with a mixture of 95% 

oxygen and 5% carbon dioxide and kept at around 32°C, as described in a previous study. The 

animals were euthanized by cervical dislocation immediately after eye removal.  

 

2.4 Patterned light stimulation 

An experiment was conducted using a green organic light-emitting display (OLED) (Olightek, 

Kunming, Yunnan, Chinaq) with a resolution of 800 × 600 pixels and a refresh rate of 85 Hz.  The 

display was controlled by a Windows 7 computer with an Intel Core Duo processor. To observe 

the display, a Nikon 40x water-immersion objective was used, which produced a 250 µm diameter 

area that received light stimuli. The OLED had 15 µm diameter pixels, which appeared as 0.25 

µm/pixels on the retina under the 40x objective. PsychoPy was used to create grating images with 

adjustable spatial frequency, which were then projected onto the photoreceptor layer. The 

background light intensity was around 700 isomerizations per rod per second, while the highest 

stimulus was approximately 1.816 × 105 isomerizations per rod per second. At this level of 

background illumination, the rod pathway was saturated, leaving the cone pathway to mediate the 

light response[92]. Each image was displayed for 1 second, followed by a 5-second break.  

In this study, focused or defocused images with a 125 µm diameter and a spatial frequency of 

0.0067 cycles/degree were applied. The process of creating defocused images on the retina in vitro 
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has been detailed in previous studies[64]. Previous research has suggested that an axial elongation 

of 5 μm would induce a 1 Diopter (D) refractive error in the mouse retina[93]. This means that 

100 µm would result in plus or minus 20 diopters of refractive error in the mouse retina when 

viewed under microscopy.  

The Mightex Polygon1000 system enables the production of annulus/spots at 525 nm wavelength. 

Polyscan3 software provided stimulation in the form of spot sizes ranging from 30 to 180um in 

diameter. Annulus is defined as the difference between the outer and inner diameters, as shown in 

Fig 4.2. 

 

Figure 4. 2 The pattern of annulus and spot  

Various spot sizes including 30 µm, 60 µm, 90 µm, 120 µm and 180 µm. Annulus is defined by 

the outer and inner diameters at 180 µm - 30 µm, 180 µm - 60 µm, 180 µm -90 µm, and 180 µm - 

120 µm. 
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2.5 Electrophysiology 

Whole-cell recordings on individual HCs in the mid-peripheral retina were conducted by using 

advanced equipment, including an Axopatch 700B amplifier, a Digidata 1550B interface, and 

pCLAMP 10 software (Molecular Devices, San Jose, CA, USA). To ensure optimal results, an 

internal solution containing caesium methanosulfonate was used instead of potassium gluconate 

to improve space clamp and block spiking. The study focused on comparing the kinetics 

(amplitudes) of excitatory postsynaptic currents (EPSCs) and inhibitory postsynaptic currents 

(IPSCs) in response to light stimuli using whole-cell recording. To facilitate comparison, the 

whole-cell response amplitude was normalized across the stimuli of focused/defocused images. 

Additionally, dye was injected into the recorded cells using pipette tips filled with 4% Neurobiotin 

(Vector Laboratories, Burlingame, CA, USA) and 0.5% Lucifer Yellow-CH (Molecular Probes, 

Eugene, Oregon, USA). 

 

2.6 Intracellular labeling 

Following the recording, the recorded neurons were visually impaled using pipette tips filled with 

a mixture of 4% Neurobiotin in distilled water and backfilled with 3 M KCl. The electrode 

resistance measured ∼100 MΩ. Subsequently, biphasic current (+1.0 nA, 3 Hz) was administered 

to the impaled cells, after which retinal pieces were fixed with 4% paraformaldehyde for 15-20 

min. The tissues were incubated in primary antibodies (Anti-Prox1 antibody (catalog#PRB-238C) 

for identification of AII amacrine cells and Anti-Tryosine Hydroxylase antibody (Sigma-Aldrich: 

AB152) for dopaminergic amacrine cells for 3–7 days at 4°C. After extensive washing, the tissues 

were then incubated overnight at 4°C in a solution of 0.1 M phosphate buffer with 0.5% Triton-X 
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100 and 0.1% NaN3, containing 1% donkey serum. Following further washing, the tissues were 

incubated with secondary antibodies Cy5-conjugated streptavidin (Invitrogen) at a concentration 

of 1:200 overnight at 4°C. Finally, the tissues were mounted in Vectashield (Vector Laboratories) 

for microscopic observation. 

 

Figure 4. 3 Intracellular injection after DAC recording 

The recorded cells were confirmed by intracellular injection and Cy-3 staining [A], overlapped 

with TH-positive [B] as seen in the merged image C, bar: 20um. 
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Figure 4. 4 Intracellular injection after AII AC recording  

The recorded cells were confirmed as AII AC by neurobiotin-injection [A] and prox-1 –positive 

(B, C) in the innermost part of the inner nuclear layer [D], bar: 10µm  

 

2.7 Imaging and Analysis 

Retinal whole mounts were captured using a Zeiss LSM 800 confocal microscope equipped with 

an Airyscan using a 40× objective lens (N.A. 1.3) and a 63× objective (NA 1.4). Imaging 

conditions were kept identical for all retinas, including the laser intensity, pinhole, photomultiplier 

amplification, and z-stack step size. The microscope's optical resolution was 120 nm in the x- and 

y-axes and 350 nm in the z-axis. The images were taken with two channels (Cy3 and 488) 

superimposed, and Z-axis steps of 0.35 μm. The data were analyzed as previously described and 

presented as mean ± S.E.M. Statistical significance was determined at P < 0.05 using a Wilcoxon 

Signed Rank test. Analysis was performed using Origin software and SPSS version 25.  
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3. Results 

3.1 Dopaminergic ACs response to various sizes of spot and annulus 

Dopaminergic amacrine cells were searched for the largest and weakest GFP-fluorescence signals 

in flat-mount retinas of EGR-1 mice.  Various sizes of spots ranging from 30 to 180 um in diameter 

were projected to the target cells in order, followed by different annuli stimulation. Intracellular 

labeling was performed after whole-cell recording. 

   

Figure 4. 5 The excitatory postsynaptic currents (EPSCs) and inhibitory postsynaptic 

currents (IPSCs) of DACs displayed significant variations when exposed to spot and annulus 

stimuli  

[A] In the EPSC setting, DACs exhibited depolarization ranging from 30 μm to 180 μm in response 

to spot stimuli and from 180-30 μm to 180-120 μm in response to annulus stimuli. The maximum 

depolarization occurred with a 60 μm spot stimulus. In the IPSC setting, DACs remained 

depolarized at 30 μm and 60 μm spot stimulation, but hyperpolarization commenced at 90 μm spot 

stimulation. [B] There was a significant difference observed between the 30 μm to 60 μm and 60 
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μm to 120 μm EPSC responses to spot stimulus, as well as between the 120 μm spot and 180-30 

μm annulus responses. These results have been presented in normalized amplitude. 

 

The way that Dopaminergic ACs receive light input from different pathways, including rod and 

cone pathways, as well as intrinsically photosensitive retinal ganglion cells (ipRGCs), has been 

studied[66]. However, the specific circuits that connect and affect DACs are not yet fully 

understood. The center size of an RF can be determined by identifying the minimum stimulus spot 

required to elicit maximum neuron depolarization. This research indicates that DACs exhibit a 

maximum response to spot stimuli measuring approximately 60 μm, and can even be activated 

with IPSC clamping. Furthermore, larger spots (> 60 μm) and annulus (<60 μm) stimuli have been 

shown to elicit the DAC response, likely due to the robust and irregular RF center, which extends 

throughout the retina via the dendritic processes. Nevertheless, the limited range of spot and 

annulus stimuli available for experimentation makes it challenging to fully explore the receptive 

field of DACs.  

 

3.2 Dopaminergic ACs response to focused/defocused images 

According to a 2208 study[93], a clear image projection on the outer segment of the retina was 

defined as 0 Diopters. Moving 5 μm away from the photoreceptor induced a ±1 Diopter refractive 

error in mouse retinas, depending on the direction. Therefore, 50 μm induced ±10D, and 100 μm 

induced ±20D. EPSC and IPSC were recorded by projecting ±10D ±20D and 0D to DACs. 
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Figure 4. 6 Dopaminergic ACs response to focused and defocused images 

[A] A 0.0067 cycle per degree (cpd) sinusoidal grating was achieved via the microscopy lens to 

the retinas. Depolarization at EPSCs and IPSCs was presented to focused and defocused image 

projection. [B] There were significant differences between the -20D versus 0D and +20D versus 

0D in the EPSC setting as well as +20D versus 0D in the IPSC setting of dopaminergic ACs. 

Animal studies have revealed a connection between induced myopia and lower levels of dopamine 

in the eye[153, 154]. Dopamine plays a crucial role in controlling axial elongation via a signaling 

pathway. According to visually-guided ocular growth theory, dopaminergic ACs help regulate eye 

growth by receiving defocused signals and utilizing dopamine neurotransmitters. For this to 

happen, DACs must be able to react differently to focused and defocused signals. This study’s 

findings reveal that EPSCs of DACs experience maximum depolarization when dealing with 

focused images, while IPSCs experience the minimum. These varying responses between focus 

and defocus suggest that defocused images impact the signaling of DACs and influence dopamine 
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secretion. However, the receptive field of dopaminergic ACs has yet to be defined. Importantly, 

the sinusoidal grating area projected in this study was 150 μm, which may be smaller than the RF 

center of DACs. This is because the average diameter of a dendritic arbor was 495 μm[18]. 

 

3.3 AII ACs response to various sizes of spot and annulus 

Under scotopic light conditions, AII ACs receive input from RBC, while under bright light 

conditions, they receive major input from cone bipolar cells via Cx36 GJs. Together, these sign-

conserving inputs form the AII AC's receptive field (RF) center, which can vary in size based on 

the coupling status of the AII ACs and CBCs. Accordingly, overnight dark adaptation preceded 

cell recording. Since more coupling leads to a larger RF center for each AII AC[58], it allowed the 

use of a gap junction blocker to attempts to explore the receptive field of a single AII AC. The 

study also examined the effects of Meclofenamic acid (MFA) on uncoupled AII ACs in response 

to spots and annulus of varying sizes (Fig 4.7). MFA with 100 μm could effectively block gap 

junctions for up to 20-40 minutes[155]. 
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Figure 4. 7 Coupled AII ACs and uncoupled AII ACs respond to various sizes of spot and 

annuli 

[A] AII ACs exhibited depolarization ranging from 30 μm to 180 μm in response to spot stimuli 

and from 180-30 μm to 180-120 μm in response to annulus stimuli. Maximum depolarization was 

not obviously observed. After MFA (50 μm, 10 minutes) perfusion, AII ACs reduced 

depolarization. [B] There was a significant difference observed between the 120 μm spot versus 

180-120 μm annulus stimulus and the 180 μm spot versus 180-120 μm annulus stimulus. After 

MFA application, there was only a significant difference between 120 μm versus 180 μm spot 

stimulus. These results have been presented in normalized amplitude. 

 

According to Masland RH et al. (2008), the RF ON centre for uncoupled AII ACs is typically 60-

80 μm, while the OFF surround is around 100-130 μm. As a result, spot stimuli greater than 90 μm 
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tend to elicit less of a response in terms of EPSCs. Conversely, coupled AII ACs experience an 

increase in RF and allow for EPSC summation in response to larger stimuli[13]. When annulus 

stimuli are used, the response of coupled AII ACs decreased in a linear fashion as the center-area 

stimuli decreased. In contrast, uncoupled AII ACs experienced a significant reduction, while when 

larger OFF-surround was stimulated or did not respond at all when the annulus stimuli fell outside 

of the receptive field (annulus with outer diameter in 180 μm and inner diameter in 120 μm).  

 

3.4 AII ACs response to focused/defocused images 

Comparison of focused and defocused images revealed noticeable differences in size, light 

intensity, and edge. In the retinas of dark-adapted rabbits and mice, a small number of AII amacrine 

cells are linked together, which probably affects the way signals related to focused and defocused 

images are interpreted[13, 156]. Under photopic conditions, AII ACs receive signals from ON 

CBC and transmit them to RGCs. By using MFA to block gap junctions in vitro, the study aimed 

to provide insight into how AII amacrine cells that are not linked together process these signals 

compared to those that are linked.  
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Figure 4. 8 Coupled AII ACs and uncoupled AII ACs response to focused/defocused images 

[A] A 0.0067 cycle per degree (cpd) sinusoidal grating was produced through the microscopy lens 

to the retinas. Depolarization at EPSCs with and without MFA application was presented to 

focused and defocused image projection. [B] There were non-significant differences between the 

focused image (0D) compared to any defocused images (± 10D and ± 20D). However, there were 

significant differences between +20D versus 0D and -20D versus 0D after MFA perfusion. 

 

Coupled AII ACs did not exhibit significant differences in EPSCs when exposed to focused or 

defocused image stimuli. However, the application of a gap junction blocker (MFA, 50 μM) 

revealed significant divergence in EPSCs of uncoupled AIIACs between focused and defocused 

image stimuli. 

MFA was used to uncouple AII ACs and ON-CBCs. The coupling of amacrine cells with ON 

CBCs enlarges the receptive field center and synchronizes signals through gap junctions, 
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indicating that noisy signals or oscillations may be dispersed to each coupled cell and neutralized 

in the receptive field. This potentially allows for greater tolerance to noisy information. The current 

study findings supported this hypothesis, as defocused signals were either filtered out or presented 

as trade-offs with focused signals without any significant differences. The coupling of gap 

junctions was found to filter out defocused images, which typically present noisier signals to the 

retina[49]. However, the coupling of AII ACs was robust. This electrical coupling makes it 

challenging to study a single AII AC in the mouse retina.  
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4. Discussion 

The process of visual computing is incredibly complex, requiring the retina's circuits to be intact 

to accurately compute images. Abnormalities in the images cause a chain reaction in chemical and 

electrical pathways, ultimately leading to eye compensation. A previous study from this group 

revealed that retinal signal changes are reflected by a population of αRGCs or single αRGCs. 

However, in Cx36 KO mice, this reflection was lost, highlighting the crucial role of gap junctions 

in processing specific image stimuli[14, 64]. 

Two inhibitory networks are involved in modulating the visual signal. The first network comprises 

the same type of horizontal cells found in mouse retinas, while the secondary networks consist of 

at least 63 types of amacrine cells[157]. Both networks are thought to contribute to modulations 

in focused and defocused signals. In particular, the secondary inhibitory networks process more 

complex visual information, likely involving the modulation of defocused signals. Although the 

specific types of amacrine cells that are strongly associated with myopia have not yet been 

identified, the study initially focused on two types of amacrine cells that are likely to be involved 

in emmetropization: dopaminergic amacrine cells and AII amacrine cells. 

 

4.1 The biophysical properties of dopaminergic ACs can respond distinctively 

to focused and defocused images 

Dopaminergic amacrine cells play a crucial role in dopamine release, which in turn modulates 

signaling at the cellular, synaptic, and gap junction levels across retinal layers. This has a 

significant impact on the signals processed by retinal circuits and output. Some studies have 
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suggested that dopamine could be the stop signal to excessive ocular growth, offering potential 

benefits for myopia intervention[75]. In particular, light is a key factor in dopamine secretion, with 

bright conditions triggering the release of more dopamine to optimize visual processing, while 

scotopic conditions require less dopamine[16]. Further exploration into how different visual 

stimuli affect dopamine secretion could lead to a better understanding of the dopaminergic ACs 

involved in myopia progression. Unfortunately, measuring the active amount of dopamine is 

impractical. To address this, the EPSCs and IPSCs of dopaminergic ACs were recorded to reflect 

the likelihood of dopamine release by projecting various sizes of spot and annulus, followed by 

focused/defocused images. 

The EPSCs and IPSCs of DACs showed significant variability when exposed to spot and annulus 

stimuli. It is noteworthy that the highest EPSC response was observed when a 60µm spot stimulus 

was projected (Fig 4.5), indicating exploration of a center-respective field. However, the inhibitory 

surround was not detectable within a 180 µm x 180µm area. Within this region, a focused 125 μm 

diameter image with a spatial frequency of 0.0067 cycles/degree was projected to the RF of DACs. 

There were noticeable differences in the responses of dopaminergic ACs to focused and defocused 

images. EPSC exhibited the maximum response when a clear image was projected, potentially 

exerting the greatest influence on dopamine release in the retina while receiving excitatory input 

from intrinsically photosensitive ganglion cells (ipRGCs) and ON CBC. In the IPSC setting, the 

input comes from glycine and Gamma-aminobutyric acid (GABA). With blurry images, DACs 

experienced significant suppression. Both EPSC and IPSC depolarized DACs, potentially 

influencing dopamine release and contributing to the development of myopia[158]. 
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4.2 Uncoupled AII ACs exhibit the capacity to detect both focused and 

defocused images, whereas coupled AII ACs do not 

AII ACs are vital neurons in rod pathways that have been shown to be significant contributors to 

myopia development[67]. They establish connections with other AII ACs and most of the cone 

bipolar cells through Cx36 gap junctions, which ultimately influence the outflow signals to RGCs. 

This underscores the importance of studying AII ACs in the context of myopia progression. As in 

photopic conditions, cone bipolar cells input AIIs with little contribution from rod bipolar cells[58, 

159]. To investigate the impact of Cx36 GJs in interpreting defocused images, meclofenamic acid 

(MFA) was used to block gap junctions between cone bipolar cells and AII ACs, as well as between 

AII ACs themselves. 

With the projection of various spot and annulus stimuli, the coupled AII amacrine cells were unable 

to evoke the maximum EPSC response within a 180µm spot stimulus, while uncoupled AII ACs 

(with the application of MFA) demonstrated that their centre RF is less than 120 µm. However, 

achieving complete isolation of the AII amacrine cells from electrical synapses with 50μM and 10 

min of perfusion appears to be unattainable. Instead, it has been suggested that a higher 

concentration of 100μM with 20-40 minutes of perfusion is necessary to achieve this outcome, 

although concerns about toxicity have been raised[155]. Furthermore, the EPSCs of coupled AII 

amacrine cells exhibited significant variations when exposed to spot and annulus stimuli, and these 

variations increased after the application of MFA. Overall, this highlights that AII amacrine cells' 

smaller center receptive field, which tends to uncouple or become less coupled, indicates a higher 

discernible ability. 
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AII ACs with coupled connections showed no significant differences in EPSCs when presented 

with focused or defocused image stimuli. However, the introduction of a gap junction blocker 

revealed significant variations in the EPSC responses of uncoupled AII ACs when exposed to 

focused and defocused images. This suggests that uncoupled AII ACs can detect both focused and 

defocused images, while AII ACs with strong coupling can effectively filter out noise associated 

with defocused images. 

The connection between DACs and AII ACs is intricate. Dopamine is released by DACs when 

exposed to bright light, which results in disconnection of AII ACs[29]. This disconnection could 

reduce the sensitivity to AC ACs, as synchronous activity was no longer or less able to be summed 

up[13]. Both DACs and AII ACs could influence the integrated signals of retinal ganglion cells 

through the retinal-to-sclera pathway or directly affect the sclera formation, leading to axial 

elongation.   
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5. Conclusion 

The biophysical properties of dopaminergic ACs allow these cells to respond distinctively to 

focused and defocused images, thereby potentially influencing dopamine release in the retina and 

contributing to the development of myopia. Uncoupled AII ACs exhibit the capacity to detect both 

focused and defocused images, whereas AII ACs with robust coupling possess the capability to 

eliminate noise related to defocused images. 

 

6. Limitation 

A larger spot stimulus size was required to fully investigate the central receptive field of coupled 

AII amacrine cells, as their maximum EPSC response was not observed. The IPSC response of 

AII amacrine cells was not analyzed or presented in this study due to the insignificant and unstable 

response amplitude, possibly influenced by photopic stimulation or fluorescence GFP 

visualization in the dark-adapted mouse retinas. 
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CHAPTER 5 Horizontal cells 

1. Introduction 

The terminal neurons in the retina, known as retinal ganglion cells (RGCs), summate visual 

information from the retina and transmit it to the visual cortex. In murine retinas, defocused stimuli 

have been found to alter the firing pattern of RGCs[49]. Alpha retinal ganglion cells, which act as 

fundamental ON/OFF channels, have been investigated for contrast stimulation[23]. Research on 

αRGCs has shown different spiking activities under focused and defocused image stimuli[64, 129]. 

However, the method by which the retinal pathway encodes and modulates different optical 

powers remains unknown.  

The retina’s visual pathways exhibit a columnar unit structure consisting of photoreceptors, BCs, 

and RGCs[160]. This glutamatergic pathway starts by producing visual signals and culminates in 

transmitting these to the brain. Two lateral inhibitory networks are involved in shaping the signal 

transmission within the vertical pathway, with the first category of inhibitory neurons made up of 

horizontal cells (HCs) and the secondary inhibitory networks comprising amacrine cells 

(ACs)[140].  

HCs play an important role in modulating the flow of information from rod and cone 

photoreceptors. In mice and rats, only one axon-bearing type of Horizontal cell has been identified 

within the outermost inner nuclear layer[161, 162]. In the course of light response, the HCs receive 

input from photoreceptors, which respond to light. HCs then release inhibitory neurotransmitters 

to suppress the activity of neighboring photoreceptor cells. This mechanism of lateral inhibition 

serves to enhance the contrast between areas of light and darkness in the visual field[43]. In 
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addition, HC cells contribute to the antagonistic centre-surround receptive fields of RGCs via a 

feedback pathway to photoreceptors. This, in turn, modulates the receptive field and ultimately 

affects the discharge rate of RGCs[161]. In visual processing, the signal from photoreceptors is 

transformed into an electrical form. The crucial step that follows refines this signal for the next-

order neurons. The interaction between photoreceptor and horizontal cells plays a significant role 

in maintaining an optimal balance while adjusting to varying light contrasts and intensities. This 

provides a potential mechanism for distinguishing and processing focused/defocused signals to 

RGCs. When an image is defocused, it exhibits unique characteristics, including varying contrast 

and edges that differ from those of a focused image[49]. To determine whether HCs contribute to 

modulating focused/defocused signals, it is first necessary to determine whether they can reflect 

the difference in response to focus and defocus, which was the aim of this study.  
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2. Methodology 

2.1 Animal preparation 

Adult wild-type (WT) C57BL/6J (RRID: IMSR_JAX:000664) of either sex (postnatal day 16-56) 

were used in this study. All mice were housed in a 12-hour light/12-hour 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. For consistency, all mouse retinas 

were collected around 10 a.m. after overnight dark adaptation. 

 

2.2 Retina preparation 

The eyes of the mice were removed under dim red illumination and the retinas were dissected into 

four quadrants for the patch-clamp recording. The prepared retinas were attached to customized 

translucent Millicell filter rings (Millipore, Bedford, MA). The flattened retinas were continuously 

supplied with oxygenated mammalian Ringer’s solution at a temperature of 37 °C[90]. The bath 

solution was constantly infused with a mixture of 95% oxygen and 5% carbon dioxide and kept at 

around 32°C, as previously reported[7]. The anesthetized animals were euthanized by cervical 

dislocation immediately after removal of their eyes 
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2.3 Patterned light stimulation 

A green organic light-emitting display (OLED) (Olightek, Kunming, Yunnan, China) with a 

resolution of 800 × 600 pixels and a refresh rate of 85 Hz was applied., The display was controlled 

by a Windows 7 computer with an Intel Core Duo processor. To observe the display, a Nikon 40x 

water-immersion objective, which allowed a 250 µm diameter area of the retina to receive light 

stimuli, was used. The OLED had 15 µm diameter pixels, which appeared as 0.25 µm/pixels on 

the retina under the 40x objective. PsychoPy was used to create grating images with adjustable 

spatial frequency, which were then projected onto the photoreceptor layer. The background light 

intensity was around 700 isomerizations per rod per second, while the highest stimulus was 

approximately 1.816 × 105 isomerizations per rod per second. At this level of background 

illumination, the rod pathway was saturated, leaving the cone pathway to mediate the light 

response[92]. Each image was displayed for 1 second, followed by a 5-second break. Focused or 

defocused images with a 125 µm diameter and a spatial frequency of 0.0067 cycles/degree were 

applied. 

The process of creating defocused images on the retina in vitro has been described previously[64]. 

It has been reported that an axial elongation of 5 μm would induce a 1 Diopter (D) refractive error 

in the mouse retina[93], which means a 100 µm would result in plus or minus 20 diopters of 

refractive error in the mouse retina when viewed under microscopy. Additionally, the system 

allowed for the production of various sizes of annulus/spots at 525nm wavelength using the 

Mightex Polygon1000. By using polyscan3 software, annulus/spot sizes ranging from 30 to 180um 

in diameter were provided as stimulation. 
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2.4 Electrophysiology 

Whole-cell recordings of individual HCs in the mid-peripheral retina were produced using an 

Axopatch 700B amplifier connected to a Digidata 1550B interface and pCLAMP 10 software 

(Molecular Devices, San Jose, CA, USA). To improve space clamp and block spiking, whole-cell 

recordings were performed with an internal solution containing caesium methanosulfonate instead 

of potassium gluconate.  

During whole-cell recording, the kinetics (amplitudes) of inhibitory postsynaptic currents (IPSCs) 

were compared in response to light stimuli. Whole-cell response amplitudes among the stimuli of 

focused/defocused images and various light-intensity stimuli were normalized. Finally, the dye 

was injected into the recorded cells using pipette tips filled with 4% Neurobiotin (Vector 

Laboratories, Burlingame, CA, USA), and 0.5% Lucifer Yellow-CH (Molecular Probes, Eugene, 

Oregon, USA) as previously described[7]. 

 

2.5 Intracellular labeling 

Following the recording, the recorded neurons were visually impaled using pipette tips filled with 

a mixture of 4% Neurobiotin and Alexa Fluor 594 (Thermo-Fisher, Waltham, MA, USA) in 

distilled water and backfilled with 3 M KCl. The electrode resistance measured ∼100 MΩ. 

Subsequently, biphasic current (+1.0 nA, 3 Hz) was administered to the impaled cells, after which 

retinal pieces were fixed with 4% paraformaldehyde for 15-20 minutes. The tissues were then 

incubated overnight at 4°C in a solution of 0.1 M phosphate buffer with 0.5% Triton-X 100 and 

0.1% NaN3, containing 1% donkey serum. Following washing, tissues were incubated with Cy-

conjugated streptavidin (Invitrogen, Waltham, MA, USA) at a concentration of 1:200 overnight at 
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4°C. Finally, the tissues were mounted in Vectashield (Vector Laboratories, Newark, CA, USA) 

for microscopic observation. 

 

2.6 Imaging and Data Analysis 

Retinal mounts were imaged using a ZEISS LSM 800 microscope with an Airyscan (Zeiss, 

Thornwood, NY, USA) confocal system and a 40x objective lens (N.A. 1.3) /20x objective lens 

(N.A. 0.8). The microscope had an optical resolution of 120 nm in the x- and y-axes, and 350 nm 

in the z-axis. The images were captured with two channels (594 and Cy3) superimposed, and Z-

axis steps of 0.35 μm. The data were analyzed as described previously and presented as mean ± 

S.E.M. Statistical analysis was performed using Origin software (OriginLab, Northampton, MA, 

USA) and SPSS version 25 (IBM, Amonk, NY, USA), with a Wilcoxon Signed Rank test 

determining statistical significance at P < 0.05. 
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3. Results 

The depolarization of horizontal cells, also known as dark responses, is a direct result of glutamate 

release from photoreceptors. As photoreceptors respond to light with hyperpolarization, there is a 

decrease in glutamate release, leading to hyperpolarization of the HCs[163]. Therefore, the 

amplitude of light responses in HCs can be traced back to the reduction of glutamate release from 

photoreceptors.  

 

3.1 The identification of horizontal cells 

In the murine retina, dendrites from horizontal cells extend into the outer plexiform layer and form 

an axon terminal. Vital retinas contain horizontal cells that can be distinguished by their relatively 

large soma (compared to bipolar cells and amacrine cells), located in the outermost part of the 

inner nuclear layer (INL). These cells are further identified by their response to light, which causes 

them to hyperpolarize, and by calbindin immunostaining. The somata located in the inner nuclear 

layer (INL) were labeled with 4% Neurobiotin. These cells were identified by the presence of 

Monoclonal anti-Calbindin-D-28K antibody (at a 1:200 concentration), which is specific to 

calcium-binding proteins involved in calcium transport, and is only present in horizontal cells 

when staining in the outermost layer of the INL[164] (see Fig. 1). 
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Figure 5. 1 The identification of horizontal cells in the mouse retina and their light sensitivity 

[A] The relatively large soma of neurons (Asterisk) in the outermost area of the inner nuclear layer 

were targeted to record the light response and by intracellular labeling. Scale bar, 10 µm. [B] 

Horizontal cells were visualized by neurobiotin-Cy3, which extends their axons to axonal 

terminals and establishes a relatively small dendritic field. Scale bar, 50 µm. [C] The horizontal 

cells were identified by calbindin-positive staining. Scale bar, 50 µm. [D, E] Light intensity was 

increased (525nm in wavelength), and horizontal cell response in C57BL6 was noted. The light 

response of HCs (N = 9) was fitted to the Michaelis-Menten function (R2 = 0.8940), and the 

response threshold (T = 2141.89 Rh*/rod/s) was accordingly calculated. Stimulus intensity is given 

in log units. 
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3.2 The morphology of Horizontal cells 

HCs from wild-type mice were analyzed for their dendritic field diameter, soma size, and axon 

terminal area. 

Horizontal cells were identified as located in the outermost layer of the inner nuclear layer and 

were found to exhibit a large hyperpolarizing response to light. The cells were then labeled by 

injecting a mixture of Alexa Fluor 594 and 4% Neurobiotin in a ratio of 1:3 (Fig 2A, B). Six 

primary dendrites extend from the soma, forming a dendritic field with an average area of 4619± 

288 µm², soma diameter of 12.19± 0.42 µm, and an axonal terminal with an average area of 

6583.37± 434 µm² in wild-type mice. Each cell contacts six neighboring other HCs, creating a 

mosaic distribution. 

 

Figure 5. 2 The morphology of retinal horizontal cells was visualized in wild-type mice 
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[A to B] Horizontal cells displayed strong coupling. A horizontal cell can be visualized by mixed 

color (yellow) using Alexa Fluor 594 and Neurobiotin-488, which allows for the identification of 

injected cells, while the coupling cells were demonstrated by the presence of Neurobiotin-488 

(green). Scale bar, 50 µm. [C to H] The soma and axon terminals of the horizontal cells are 

connected by a long axon, which is made visible via Neurobiotin injection. C, E, F and H scale 

bar, 20 µm. D and G scale bar,50 µm. [I to K] Horizontal cells have a dendritic field (N= 5) with 

an average area of 4619± 288 µm², soma diameter (N= 8) of 12.19± 0.42 µm, and an axonal 

terminal (N= 6) with an average area of 6583.37± 434 µm² in wild-type mice.  Error bars represent 

SEM. WT, wild-type. 

 

3.3 Horizontal cells in response to various sizes of annulus and spots 

The horizontal cells play an important role in processing visual information by receiving signals 

from both rod and cone photoreceptors and providing inhibitory feedback that enhances contrast, 

edge perception, and the generation of center-surround receptive field in cones and bipolar 

cells[165].  However, limited studies have been performed on the response properties of Horizontal 

cells to specific pattern stimuli.  
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Figure 5. 3 The response of horizontal cells to stimuli of varying spot sizes and annulus 

[A] The horizontal cells' response to spot sizes ranging from 30 to 180µm in diameter. The annulus 

size was calculated by subtracting the inner diameter from the outer diameter. [B] The inhibitory 

postsynaptic current (IPSCs) measurements of HCs displayed a significant variation in response 

to spot /spots and spot/annulus stimuli (*p<0.05). [C] The stimuli area of a 120µm diameter spot 

was equivalent to the area of an annulus with an outer diameter of 180µm and an inner diameter 

of 60µm. Similarly, a 90µm spot was equivalent to an annulus with an outer diameter of 180µm 

and an inner diameter of 120µm. [D] IPSCs of Horizontal cells respond differently to stimuli in 

the same area but in different shapes. Error bars represent SEM.  
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3.4 Horizontal cells in response to focused and defocused images 

A major reason for recording horizontal cells in the soma was to investigate their response to 

defocused and unfocused images. Custom-made images of 125 µm and 0.0067 c/d spatial 

frequency were projected onto the receptive field of horizontal cells, with a focus on the 

photoreceptor cell layer at 0 diopters. In murine retinas, a focused image placed 50 µm in front of 

or behind the photoreceptor layer could result in an equivalent of ±10 diopters, while 100 µm could 

result in ±20 diopters, depending on the direction[93]. 

 

 

Figure 5. 4 The response of horizontal cells to focus and defocus in wild-type mice 

 [A] The diagram indicates the position of the photoreceptor in relation to the focused plane. [B] 

The ± 20D, ± 10D, and 0D were created and projected to the receptive field of horizontal cells, 
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and IPSCs of HCs were recorded accordingly. [C] Horizontal cells in wild-type exhibited a 

significant difference between 0D and -10D, 0D and -20D, *p < 0.05. Error bars represent SEM.  
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4. Discussion 

There are two inhibitory networks that modulate the visual signal. The lateral network in the OPL 

consists of single type of horizontal cells in mouse retinas, while the lateral networks in IPL are 

consisted of at least 63 types of amacrine cells[157]. Both networks might potentially contribute 

to focused and defocused signal modulations. To determine how the horizontal cell responds to 

focused or defocused image stimuli, this study investigated the biophysical properties of the retinal 

horizontal cells. 

Previous research has shown that retinal ganglion cells in the vertical pathway could respond and 

reflect focus and defocused image stimuli[122]. In this study, when focused and unfocused images 

were projected onto the receptive fields of horizontal cells, HC in the lateral pathway in OPL could 

also respond to focused and defocused image stimuli. The results showed significant differences 

in response properties of HCs between focus and +10 D defocus and focus versus +20 D defocus. 

This indicates that HCs encode the focused and defocused image from photoreceptors, encode the 

focused and defocused image from the photoreceptor to the bipolar cell in the first layer of the 

vertical path. Previous research by the team has shown that the defocused image induced a blurred 

edge, change of the light ring, contrast, and light intensity[49].  HCs provide negative feedback to 

the photoreceptor cells, possibly meaning that the retina begins to adjust and correct the signaling 

under defocused images from the very first step when the image is projected on the retina.  
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5. Conclusion 

The biophysical properties of HCs have the ability to reflect spot/annulus pattern stimuli and 

focused/defocused images. This indicates that HCs represent the primary class of inhibitory 

neurons involved in regulating focus/defocus and play a role in the output of retinal ganglion cells 

(RGCs) in response to defocused signals. 
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CHAPTER 6 Conclusion and Future Studies 

It is projected that by 2050, half of the global population will suffer from myopia. It is believed 

that visually guided ocular growth may be the cause of myopia. However, questions about the 

exact pathways and the specific neurons involved still remain. The studies described in this thesis 

aimed to clarify the role of the retinal neurons in myopia development at single-cell levels, with a 

particular focus on electrophysiology. 

Focused and defocused image stimuli may influence ocular development and axial elongation. The 

study first explored the role of a single αRGC in decoding focused and defocused visual signals. 

As the main output neurons in the retina, RGCs convert all the visual information from 

photoreceptors into action potentials that travel to the brain via axons in the optic nerve. Second, 

horizontal cells and AII ACs in the lateral inhibitory pathway were investigated to understand how 

they shaped the focused/defocused signals transmitted in the vertical pathway. In addition, the 

potential effect of defocused images on the responses of dopaminergic ACs and their dopamine 

release was studied. Finally, the role of Cx36 GJs in influencing the focused and defocused signals 

was investigated. 

Focused/defocused images were projected into the receptive fields of single αRGC. Generalized 

linear models (GLMs), which can capture stimulus-dependent changes in real neurons with spike 

timing precision and reliability, were used to predict the responses of αRGCs in both myopic and 

normal retinas. There are differences in encoding performance between myopic and normal 

retinas, which indicate the possible amendment and plasticity of the retinal circuit in myopic 

retinas.  Additionally, under conditions of stretched soma and retina to mimic the myopic status, 
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αRGCs have the ability to detect focused, spherically, and astigmatically defocused images and 

exhibit differential responses ex vivo.  

HCs and AII ACs both make up the inhibitory network in the retina. They have the ability to detect 

both focused and defocused stimuli. However, couplings between AII ACs minimize the ability to 

discern the focus/defocused images.   

Interestingly, dopaminergic ACs, the only source of dopamine, responded differently when 

exposed to focused/defocused stimuli. The result indicates that defocused images may influence 

dopamine release in the retina and contribute to myopia development. 

Cx36 exists between cones, AII ACs and CBCs, and ACs and RGCs. As a control, Cx36 GJs 

knockout mice or GJs blockers were used to investigate the role of Cx36 in decoding 

focused/defocused signals to αRGCs and AII ACs. αRGCs ability to distinguish focus/defocus was 

lost in the absence of Cx36 GJs. This suggests that Cx36 plays a key role in the transmission of 

focus/defocused image signals within the retinal circuit.   

In summary, the retinal neurons, including αRGCs, HC, AII ACs and dopaminergic ACs, have the 

ability to respond differently to the focused/defocused images. Gap junctions in retinal circuits 

may play a key role in visually-guided myopia development. 

Further research is required to investigate which subtypes of RGCs may be associated with myopia 

or astigmatism development, as this may have the potential to provide valuable insights into the 

targeted treatment of refractive errors in their early stages.  
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