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Abstract 

Purpose 

Retinal ganglion cells (RGCs) are the output neurons of the retina. All our visual experiences 

derive from signals generated from RGCs traveling down through the optic nerves. This thesis 

aims to investigate the signaling of RGCs in both physiological and pathological conditions. 

Our first aim was to characterize the morphology of amacrine cells coupled with alpha RGCs 

(αRGCs). As myopia is a prevalent abnormal eye conditions and defocus is the main trigger 

factor, our second aim was to investigate the effect of focused/defocused image projection on 

the signaling of αRGCs. As atropine is widely used to control myopic progression in children, 

our third aim was to explore the effect of low-does atropine on the signaling of αRGCs. 

Retinitis pigmentosa is a blinding neurodegenerative disease. The fourth aim was to explore 

the unmasking effect of PTX on signaling of αRGCs in rd10 mouse. The last part focused on 

glaucoma, the leading cause of visual loss. We aimed to characterize the effect of elevated IOP 

on αRGCs activities in the mouse model. 

Methods 

Wild-type C57BL/6 mice, the KCNG-YFP mice, rd10 mice, and/or Cx36-knockout mice were 

used in the study. Dye-injection (Neurobiotin and 594 mixed with Popro1) and confocal 

microscopy were used to investigate the morphology of neurons in the mouse retina. For 

electrophysiology, spikes or current responses of RGCs were recorded. Either 525nm full-field 

light or pattern light projected by an Organic Light-Emitting Diode (OLED) micro-display was 

used as light stimulation.  

Results 
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Study 1. The ON and OFF αRGCs, which were fluorescence-labeled in the KCNG-YFP mice, 

were coupled with at least two types of ACs. Most coupled ACs were wide-field ACs.  

Study 2. Custom-made light patterns were projected as focus/defocused images onto the retina, 

resulting in generation of different defocused statuses. Light-evoked current responses of 

αRGCs were recorded by patch clamp. Myopic and hyperopic defocus led to a decrease of the 

light-evoked current response in αRGCs. 

Study 3. Approximately 2 µM atropine was detected in the retina after external application of 

800 µM (equal to 0.05% topical application) atropine. Low-dose atropine (1 µM) did not 

change the morphology of the αRGCs. Most physiological properties were unchanged after 

0.05-10 µM atropine application. However, ON responses were induced in OFF αRGCs by the 

low to high concentrations of atropine, which might block the GABA pathway and affect the 

signaling of the retina.  

Study 4. The morphology of αRGCs in P46 rd10 and wide-type mice did not show significant 

difference. PTX increased the excitatory postsynaptic current and decreased the inhibitory 

postsynaptic currents of αRGCs. PTX induced light-evoked spike responses in 47.5% of tested 

αRGCs, mainly by blocking the GABAA receptors. Glycine and dopamine receptor antagonists 

could not induce light-evoked spike responses. PTX application could improve the ERG and 

optokinetic responses in P41 rd10 mice. 

Study 5. The high IOP mouse model was produced by anterior injection of 1 µm and 6 µm 

microbeads mixtures. The IOP was increased by 3.28 ± 1.41 mmHg 7 days after injection, and 

this elevation could persist for up to 28 days after injection. RGC number decreased, and light 

sensitivity of OFF αRGCs increased under 4-week IOP elevation.  

Conclusion 

Alpha RGCs are coupled with wide-field ACs. Electrical activities of RGCs could reflect 
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different pathological conditions. Defocused stimuli decreased the inputs of αRGCs to inhibit 

the firing, which might be the first step of the retina sensing the defocus, providing clues to 

prevent myopia in electrophysiology. The mild change of atropine on αRGCs signaling might 

suggested the mechanisms of side effects in clinical administration. Removing inhibition 

unmasked light responses of αRGCs derived from retained cones, suggested a therapeutic clue 

for RP and other neurodegenerative diseases. Enhanced excitability hypothesized in our 

glaucomatous model suggested an early change before RGCs degeneration.  

Overall, these observations of signaling of RGCs in physiological and pathological conditions 

have important consequences for our understanding of the neural information processing in the 

retina. The RGCs signaling suggested very early pathological changes and mechanisms in 

myopia, RP, and glaucoma, providing us biophysical mechanisms to target in exploring 

preventive strategies for these eye diseases.   
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Chapter 1 Introduction 

1. Retina  

The retina is a neural tissue that lines the back of the eye. It senses light signals from 

environments and transfers these to the brain for further processing. About 80 percent of the 

information from human perception of the world comes from vision. Any insult to the retina 

can impact on vision or even cause permanent blindness, which would bring devastating 

physiological, psychological, and economic burdens to the patients and their families.     

1.1 Retinal structure 

The retina is considered a part of the central nervous system (CNS) from its developmental 

background and has a sandwich-like structure. The detailed morphology of the retinal neurons 

was first revealed by Cajal in 1892. Photoreceptors, horizontal cells, bipolar cells, amacrine 

cells, and ganglion cells are the main types of neurons in the vertebrate retina (Masland, 2012a). 

Fig 1.1 shows the retinal “sandwich-like” structure stained with DAPI, a nuclear dye. 
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Figure 1.1 Cross-section of C57BL/6J mouse retina.  

The retina was stained with DAPI (4′,6-diamidino-2-phenylindole). Scale bar is 20µm. 

 

1.1.1 Photoreceptors  

Photoreceptors are located in the outer layer of the retina, where the light signals are transferred 

into electrical-chemical signals. Photoreceptors are consisted of outer segments, inner 

segments, cell bodies, and axon terminals. They are classified into rods and cones, based on 

the spectral sensitivity and shapes of outer segments. Rods are sensitive to dim light and 

responsible for scotopic vision, while cones are sensitive to bright light and responsible for 

photopic vision. Rods make up approximately 95%, whereas cones comprising only 5% of the 

photoreceptors in the human retina. Mice as nocturnal animals have a higher percentage of 97% 

rods and 3% cones (Jeon et al., 1998a).  

Function of photoreceptors is accomplished through phototransduction. Photopigments, 

comprised of opsin and retinal, are located in the outer segments and absorb photons. Altered 

cellular protein activate phosphodiesterase (PDE) that hydrolyze cyclic guanosine 

monophosphate (cGMP). Ion channels permeable to Na+ and Ca2+ are closed due to decreases 

of cGMP, which hyperpolarize cells. This leads to the electrical behavior that photoreceptors 

depolarize in the dark and hyperpolarize under light in the vertebrate retina. 

In humans and other trichromatic animals, cones are classified into three types based on the 

different opsin molecules sensitive to the different light spectrums for red, green, and blue 

wavelengths. In mice and other dichromatic animals, long-wavelength cones are absent so that 

they are not sensitive to red light (Applebury et al., 2000). Thus, red light can be used in dark-

adaptation experiments for mice. However, any insults to photoreceptors cause abnormal 

phototransduction, leading to pathological conditions including color blindness and retinitis 

pigmentosa. 
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1.1.2 Bipolar cells  

Bipolar cells (BCs) are located in the inner nuclear layer (INL) and transfer signals from 

photoreceptors to retinal ganglion cells (RGCs). There are more than ten types of cone BCs, 

but only one type of rod BCs in the mouse retina (Boycott & Wassle, 1991). The synapses 

between photoreceptors and BCs are of two types, invaginating and flat synapses. Invaginating 

synapses usually use inhibitory metabotropic glutamate receptors (mGluR), specifically 

mGluR6, while the flat synapses use excitatory ionotropic AMPA-kainate glutamate receptors 

(iGluR). Thus, the BCs with mGluR are classified as depolarized bipolar cells (DBCs) and BCs 

with iGluR are hyperpolarized bipolar cells (HBCs) according to their different responses to 

light. This property also underlies the splitting of ON and OFF pathways: DBCs are ON BCs 

and HBCs are OFF BCs. In mouse retina, BCs connected to rods are all DBCs, while those 

connected to cones are of both types.  

1.1.3 Horizontal cells 

Horizontal cells (HCs) are located in the INL of the retina. Their dendrites and axons both 

connect with photoreceptors. HCs have wide-spread coupling by gap junctions. There is only 

one type of HCs in the mouse retina, which are coupled by Cx57. HCs are depolarized by 

glutamate and provide feedback inhibition to photoreceptors and feedforwards inhibition to 

BCs to form the central-surround organization of receptive field. These functions contribute to 

the contrast enhancement and light adaptation of the retina (Demb & Singer, 2015). 

1.1.4 Amacrine cells 

Amacrine cells (ACs), which are located in INL, are neurons that receive signals from BCs or 

other ACs, and transfer these to RGCs. More than 60 subtypes of ACs have been identified in 

the mouse retina (Yan et al., 2020). ACs, which have a variety of morphologies, can be divided 

into small-, medium-, or wide-field ACs according to their dendritic fields (Kolb et al., 1981). 
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The glycinergic ACs are usually small-field ACs, such as AII, which occupy several strata 

vertically but extend short distances horizontally. The wide-field ACs usually emit GABA as a 

neurotransmitter. The functions of ACs are diverse, providing inhibitory GABAergic and 

glycinergic input to RGCs and shaping these cells to have concentric receptive fields and 

transient responses (Lagnado, 1998). AII ACs are responsible for transmitting rod signals to 

RGCs. Some types of ACs release neuromodulators, such as dopamine, acetylcholine, or nitric 

oxide to modulate neuronal activity (Masland, 2012b). ACs are also responsible for the object 

motion detection of RGCs, corresponding to the movement of a stimulus relative to the 

background (Masland, 2012a). 

1.1.5 Ganglion cells 

Retinal ganglion cells (RGCs), located in the ganglion cell layer (GCL), are the output neurons 

encoding visual signals to the brain. Axons of RGCs terminate in the lateral geniculate nucleus 

of the thalamus, the superior colliculus, the pretectum and the hypothalamus, finally project to 

the visual cortex. They play important roles in signal transmission and vision formation.  
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1.2 Retinal synapse 

The synapses between neurons can be classified into chemical and electrical synapses. The 

normal activities in the synapses modulate and maintain the physiological function of the retina.  

1.2.1 Chemical synapses 

Chemical synapses are the classical synapses that are present in all types of neurons in the 

retina. The signal pathways connected by chemical synapses operate in three directions (Wu, 

2010). The radial direction is observed in photoreceptors which synapse with BCs, which then 

synapse onto RGCs. Glutamate is the neurotransmitter in this pathway. The lateral and 

feedback directions include HCs making synapses to BCs or photoreceptors, and ACs making 

synapses to BCs, ACs, or RGCs. GABA and glycine are the main inhibitory neurotransmitters 

in the lateral pathway. 

1.2.2 Electrical synapses 

Gap junctions exist in almost all tissues of animals. They are composed of two hemichannels, 

which enable direct communication between adjacent cells. A hemichannel is composed of six 

connexins which have approximately 20 isoforms. Their structural properties allow small 

molecules up to 1000 Da (Dalton) to go directly through the gap junction. The effects of gap 

junctions have been well-studied in many systems, including embryonic and tissue 

development, cell death, tissue restructure, cardiac muscle contract (Nielsen et al., 2012). 

Recently, the gap junction blocker, Meclofenamate (MFA), has been used in an ongoing clinical 

pilot trial to treat brain metastases (Aasen et al., 2019). 

The gap junctions in the nervous system are also called electrical synapses. Because of the 

nature of these gap junctions, signal transmission via electrical synapses is much faster than 

via chemical synapses. Thus, they are involved in rapid responses, such as the escape reflex 

and visual response. There are various methods to study gap junction, including 
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electrophysiological recording, tracer assays, and hybrid methods (Dong et al., 2018). Blocking 

the gap junctions seems to provide neuroprotection in neuronal system diseases such as brain 

ischemia, epilepsy, and neurodegeneration (Takeuchi & Suzumura, 2014), but the effect is 

controversial (Nakase & Naus, 2004).  

The retina is an ideal place to investigate the diversity of gap junctions. Cx57 or Cx50 gap 

junctions have been identified between HCs, whereas Cx45 are located in bistratified RGCs 

and heterotypic gap junctions between RGCs and ACs (Bloomfield & Volgyi, 2009). Cx36 is 

a widely distributed connexin in the retina, mainly in photoreceptors, AII ACs, and RGCs 

(Bloomfield & Volgyi, 2009). The properties of gap junction channels differ according to the 

connexin component present. For example, Cx50 is a relatively large conductance located 

between HCs to adapt receptive field expansion. In contrast, Cx36 and Cx45 are the small-

channel connexins to support multiple physiological properties. Electrical synapses are highly 

plastic and can be regulated by environmental light and neuromodulators (O'Brien & 

Bloomfield, 2018). Blocking gap junctions could provide a protective effect to RGCs under 

high intraocular pressure (Akopian et al., 2014; Akopian et al., 2017). 

 

1.3 Major neurotransmitters in the retina 

1.3.1 Glutamate 

Glutamate is the major excitatory neurotransmitter in the retina. It is released by photoreceptors 

and BCs. Glutamate receptors (GluRs) are classified as either ionotropic or metabotropic GluRs. 

There are three main groups of post-synaptic ionotropic GluRs based on their response to 

glutamate agonists: (1) α-amino-3-hydroxy-5-methyl-4-isoxazolepropionic acid (AMPA) 

receptors including GluR1-4, (2) kainite (KA) receptors including GluR5-7, KA1, and KA2, 

(3) N-methyl-D-aspartate (NMDA) receptors including NR1, NR2A, NR2B, NR2C, and NR2D 
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(Monaghan et al., 1989). Eight distinct metabotropic GluRs (mGluR1-8) have been identified 

in vertebrates, which can be subdivided into three groups based on differences in their 

pharmacological profiles (Conn & Pin, 1997; Duvoisin et al., 1995). Group-I receptors, 

mGluR1, and mGluR5, are coupled to the stimulation of phospholipase C. Group-II (mGluR2 

and mGluR3) and Group-III (mGluR4, mGluR6, mGluR7, and mGluR8) receptors are coupled 

to the inhibition of adenylyl cyclase. Metabotropic receptors affect ion channels via 

intracellular second messenger cascades. In the retina, ionotropic glutamate receptors are 

excitatory to glutamate, make cells hyperpolarize to light, locate on OFF BCs. Metabotropic 

glutamate receptors (mGluR6) are inhibitory to glutamate, make cells depolarize to light, locate 

on ON BCs. 2-amino-4-phosphobutyric acid (APB, also called L-AP4) is the agonist for sign-

inverting Group-III receptors (Ferraguti & Shigemoto, 2006; Quraishi et al., 2007). mGluR6 is 

located on DBCs (ON BCs) and application of APB can selectively block the ON pathway in 

the retina (Slaughter & Miller, 1981). Excessive glutamate leads to excitotoxicity of neurons, 

which relates to Alzheimer’s disease and glaucoma.  

1.3.2 Gamma-Aminobutyric acid (GABA) 

GABA is the main inhibitory neurotransmitter in the retina. It is released and used in the lateral 

pathway by ACs and HCs. Vesicular GABA transporters are present in ACs and HCs (Cueva 

et al., 2002). GABA receptors include GABA-A/B/C subtypes. GABAA and GABAC receptors 

are ligand-gated chloride channels, which can elicit fast and transient responses, while GABAB 

receptors belong to the G-protein coupled receptor superfamily and mediate slow and sustained 

responses (Marc et al., 2004). GABA receptors are present on cones (Picaud et al., 1998), HCs 

(Dong et al., 1994; Paik et al., 2003), BCs (Shields et al., 2000), as well as ACs and RGCs 

(Popova, 2015; Yang, 2004). GABAergic inhibition contributes to the centre-surround 

receptive field (Flores-Herr et al., 2001), directive selection (Auferkorte et al., 2012), and light 

sensitivity of RGCs (Pan et al., 2016). Picrotoxin (PTX) is a nonspecific GABA receptor 
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antagonist. GABAA receptor blockers include Gabazine (SR 95531) and bicuculline, while 

GABAB receptors can be blocked by saclofen. GABAC receptor blockers include (1,2,5,6-

Tetrahydropyridin-4-yl) methylphosphinic acid (TPMPA). GABA has been associated with 

myopia development (Stone et al., 2003), and glaucoma (Moreno et al., 2008).  

1.3.3 Glycine  

Glycine is another inhibitory neurotransmitter, expressed by small-field ACs. Compared with 

wide-field GABAergic ACs, glycinergic ACs are mainly involved in local interaction across 

the IPL. Glycine receptors are ligand-gated chloride channels, composed of α and β subunits. 

Glycine receptors are found on BCs, ACs, and RGCs (Wässle et al., 2009) and may be blocked 

by strychnine. Homomeric-α glycine receptors can be blocked by PTX (Pribilla et al., 1992). 

GABAA receptor antagonists were also shown to inhibit glycine receptors (Wang & Slaughter, 

2005). Glycinergic synapses affect retinal signals by inhibiting inner retinal function and 

exciting the outer retina. The dual function of glycine is related to different chloride electrical-

chemical gradient potentials (Shen & Jiang, 2007). Glycine and GABA also play roles in the 

interaction of ON and OFF pathways (Popova, 2014). 

1.3.4 Acetylcholine 

Acetylcholine (ACh) is a well-known excitatory neurotransmitter in the peripheral nervous 

system, but studies have suggested its role is more as a neuromodulator in the CNS and retina 

(Picciotto et al., 2012). ACh is released by starburst ACs in the retina. ACh receptors are 

classified into ionotropic nicotinic acetylcholine receptors (nAChRs) and metabotropic 

muscarinic acetylcholine receptors (mAChRs). The nAChRs are ligand-gated ion channels, 

comprised of different α/β subunits and are classified into five subtypes, M1-M5. The nAChRs 

and mAChRs are present in BCs, ACs, and RGCs (Liu et al., 2009; Strang et al., 2010) and 

RGC responses can be affected by mAChRs (Strang et al., 2010). ACh has a close relationship 
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with other neurotransmitters. ACh was shown to induce A17 ACs to release GABA via nAChR 

(Elgueta et al., 2015). Most mAChR-expressing ACs also express GABA (Strang et al., 2010). 

Mixed ACh/GABA transmission underlies the direction coding of RGCs (Sethuramanujam et 

al., 2016). The effect of retarding myopia by atropine has been suggested to involve mACh 

receptors (Arumugam & McBrien, 2012).     

1.3.5 Dopamine  

Dopamine is a neuromodulator released by dopaminergic ACs, which account for less than 1% 

of all ACs (Popova, 1995). There are two types of dopamine cells, of which type 1, also known 

as the A18 cell of the Golgi descriptions (Kolb et al., 1981), has soma located in the INL and a 

dense dendritic matrix located in the strata 1 of the IPL, which can be stained by tyrosine 

hydroxylase (TOH). In rabbit and macaque monkey retinas, the dendrites and axon-like 

processes can reach the OPL (Dacey, 1990; Witkovsky, 2004). Type 2 dopamine cells were 

identified in transgenic mice with their dendrites stratified into strata 3 of the IPL (Zhang et al., 

2004; Zhang et al., 2007). The release of dopamine is under circadian control and is at high 

levels during the day and absent at night (Witkovsky, 2004). There are five types of dopamine 

receptors, D1-D5, which are all G-protein coupled receptors. They can be classified into D1-

class (D1 and D5) and D2-class (D2-D4). D1-class receptors stimulate the production of cyclic 

adenosine monophosphate (cAMP) from adenylyl cyclase. cAMP promotes protein kinase A 

(PKA), resulting in phosphorylation of DARPP32, which inhibits protein phosphatases-1. In 

contrast, D2-class receptors inhibit the production of cAMP and decrease of PKA activity 

(Beaulieu & Gainetdinov, 2011). D2-class receptors are mainly located in photoreceptors and 

ACs, while D1-class are present in HCs, BCs, and RGCs. Agonists and antagonists for D1-

class are SKF38393 and SCH23390 respectively and those for D2-class are quinpirole and 

eticlopride respectively.  

Dopamine adjusts the gap junction between HCs, ACs (Mills & Massey, 1995), and RGCs 
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(Mills et al., 2007). Dopamine and its secondary messenger, cAMP, effectively reduces AII/AII 

coupling. It also modulates other neurotransmitters, including GABA (Contini & Raviola, 2003; 

Travis et al., 2018). Dopamine affects the light sensitivity of retinal neurons by suppressing 

rod-driven signals in bright light and enhancing light sensitivity in dim light (Herrmann et al., 

2011; Li & Dowling, 2000). Dopamine is also suggested to act as a retarding signal for myopia 

progression (Feldkaemper & Schaeffel, 2013; Zhou et al., 2017).   

 

1.4 Rod/cone pathway 

The retina can sense a large range of light intensity. Rod and cone photoreceptor signaling 

enables the retina to respond over the range of ∼10 log units of light encountered between night 

and day. Rod and cone pathways play an important role in this process.  

There are three pathways for rod signals. The primary pathway is rods transfer the signals they 

receive to the depolarized rod BCs, which connect to AII ACs. AII ACs make a sign-inverting 

chemical synapse with OFF cone BCs, and a sign-conserving electrical synapse with ON cone 

BCs, which connect with corresponding RGCs. The second pathway involves the rods making 

gap junctions with cones, which delivers the rod signals directly to the cone pathway. The 

tertiary pathway comprises rods making synapses onto a unique type of OFF or ON BCs. The 

three rod pathways are shown in Fig 1.2 (Pan et al., 2016). 

Cones receive the signal and transfer these to cone BCs, of which there are around 10 types, 

classified according to their glutamate receptors and light response into ON and OFF types. 

The ON cone BCs make synapses with ON RGCs and OFF cone BCs synapse onto OFF RGCs. 

As it is shown in Fig 1.2 and Fig 1.3, the cone pathway is more direct than the rod pathway.   
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Figure 1.2 Three rod pathways  

The primary rod pathway is composed of rods - RB - AII AC - CB - RGC. The second pathway 

is rods - cones - CB - RGC. The tertiary pathway is rods - CB - RGC. CB: cone bipolar cell; 

RB: rod bipolar cell.  

The picture is adapted from (Pan et al., 2016). 
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Figure 1.3 Cone pathways  

Cones make invaginating synapses with DBC (depolarized bipolar cell), and flat synapses with 

HBC (hyperpolarized bipolar cell). The DBC and HBC connect with ON RGC and OFF RGC, 

respectively.  
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2. Retinal Ganglion Cells (RGCs) 

RGCs are the output neurons of the retina, which receive information transmitted from the 

other four types of neurons and transfer these to the CNS. Therefore, RGCs play an essential 

role in vision processing. RGCs in the mouse retina can be classified into more than 40 types, 

based on their morphological and physiological properties (Baden et al., 2016; Sanes & 

Masland, 2015), as well as transcriptome variability (Rheaume et al., 2018). 

2.1 Morphology of RGCs 

Since Cajal described retinal neuron morphology one hundred years ago (Ramon y Cajal, 1933), 

a variety of methods have been used to show the morphology of RGCs, including 

microinjection, genetically encoded protein, photofilling, and gene gun. To date, morphological 

classification of RGCs has been published for several vertebrate animals, including zebrafish 

(Mangrum et al., 2002), rabbit (Rockhill et al., 2002), mouse (Volgyi et al., 2009), rat (Sun et 

al., 2002), and ferret (Isayama et al., 2009).  

The basic structure of RGC is soma, axon, and dendrite. The axons of RGCs make up the optic 

nerve, which transmits signals from the retina to the CNS. RGC somas are present in the GCL, 

stratifying dendrites in the various sublamina of the IPL, which is closely related to its function 

(Famiglietti & Kolb, 1976; Hoshi et al., 2009). IPL can be divided functionally into ON and 

OFF halves (Famiglietti & Kolb, 1976). The ON half responds to stratum 3-5 (sublamina b), 

and the OFF half refers to stratum 1-2(sublamina a). ON BCs make ribbon synapses on ON 

RGCs in sublamina b, while OFF BCs terminate in sublamina b to OFF RGCs (Nelson et al., 

1978). The ON and OFF halves of IPL can be distinguished by immunohistochemistry staining 

of starburst ACs. The band of ON starburst ACs was about 40% depth from the GCL, between 

S3(40%-60%) and S4(20%-40%) of IPL, and the band of OFF starburst ACs was fallen in 77% 

depth from GCL, between S1(80%-100%)-S2(60%-80%) of IPL (Li et al., 2016). 
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2.2 Inputs of RGCs 

2.2.1 Chemical synapse 

RGCs receive excitatory synapses from BCs with glutamate. The NMDA and non-NMDA 

glutamate receptors are located on RGCs. Excessive glutamate leads to excitotoxicity in RGCs 

via NMDA receptors (Sucher et al., 1997).   

RGCs also receive inhibitory synapses from ACs with GABA or glycine. The direct inhibition 

from ACs is termed feedforward inhibition to RGCs. In parallel, ACs give inhibitory synapses 

to BCs, and other ACs, which also affect RGCs. The indirect inhibition is termed feedback 

inhibition to RGCs. GABAA receptors are located on RGC dendrites, as well as on ACs 

dendrites and BCs axon terminals. GABAC receptors are distributed on BCs axon terminals. 

Thus, GABAA receptors mediate feedforwards and feedback inhibitions, while GABAC 

receptors only mediate feedback inhibition. Acetylcholine receptors are also found on RGCs.  

2.2.2 Electrical synapse 

RGCs make gap junctions with ACs and/or other RGCs. Using retrograde labeling, 11% of 

displaced ACs and 4% of conventional ACs were found to be coupled to RGCs in the mouse 

(Pang et al., 2013). It was found that ON αRGCs only coupled to displaced ACs, while OFF 

αRGCs coupled to conventional ACs and homologous OFF RGCs. ACs coupled to RGCs 

displayed either polyaxonal or wide-field morphologies (Volgyi et al., 2009). 

The gap junctions of RGCs were shown to consist of Cx36 and Cx45 (Pan et al., 2010; Schubert 

et al., 2005b). A higher Cx36 mRNA level was revealed in OFF αRGCs (Volgyi et al., 2013). 

Following the ablation of Cx36, half of the homologous coupling between RGCs and almost 

all heterologous coupling between RGCs and ACs were lost (Pan et al., 2010). Cx36 was 

revealed to be necessary for all heterologous couplings of OFF αRGCs (Volgyi et al., 2005), 

while there was a discrepancy about homologous OFF RGCs coupling (Schubert et al., 2005a). 
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It was believed that OFF αRGCs use Cx36 to make heterologous gap junctions with ACs rather 

than homologous gap junctions with each other (Volgyi et al., 2013). Therefore, it is estimated 

that Cx36 makes up the gap junction between OFF αRGCs and ACs, while the components of 

gap junctions between OFF RGCs homologous coupling and ON RGCs coupling are not 

confirmed.  

The gap junction between RGCs and ACs underlies the concerted activity of RGCs (Volgyi et 

al., 2013). Their synchronous activity is believed to play an important role in the detection and 

transduction of visual information (Usrey & Reid, 1999).   

2.3 Outputs of RGCs  

RGCs, as the last neuron of the retina, can collect the signals from the retinal outer layers and 

transfer these to the CNS. The information it codes are spikes, which are further described in 

the following section.  

2.3.1 Spikes and postsynaptic currents 

Spikes, also known as action potentials, are dramatic changes of membrane potential (Hodgkin 

& Huxley, 1952). Spikes occur in both axons and dendrites to transfer electrical signals. The 

inducement of an action potential depends on the membrane potential (postsynaptic potential) 

reaching the threshold, and the work of voltage-gated sodium and potassium channels (Barnett 

& Larkman, 2007). 

Neurotransmitters in the synapses bind to receptors and affect postsynaptic current and 

potential. The excitatory postsynaptic current (EPSC) is derived from inflowing of cation 

which depolarizes the neuron, while the inhibitory postsynaptic current (IPSC) is inflowing of 

chloride and hyperpolarizes the neuron ("Postsynaptic Currents (EPSCs and IPSCs) or 

Potentials (EPSPs and IPSPs)," 2009). The EPSCs and IPSCs can be examined in neurons by 

applying excitatory or inhibitory receptor blockers (Nanou et al., 2018; Potapenko et al., 2011). 
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The excitatory and inhibitory inputs of neurons can also be assessed by clamping the membrane 

potential at chloride equilibrium potential (ECl) or cation equilibrium potential (Ec) to negate 

corresponding effect. Holding the membrane potential at ECl allows the excitatory postsynaptic 

currents to be assessed. Similarly, Cl--mediated inhibition can be accessed by holding the 

potential at Ec. The ECl and Ec for RGCs are -60mV and 0mV, respectively (calculated from 

the Nernst equation). In this way, the light-evoked postsynaptic current can directly show the 

inputs of RGCs from BCs and ACs respectively (Pang et al., 2002; Pang et al., 2004). The light-

evoked postsynaptic current has been used as the criteria to classify RGCs in salamanders 

(Wang et al., 2016). It was also used to study the inhibitory surround of RGCs receptive fields 

(Flores-Herr et al., 2001).  

2.3.2 Light-evoked response 

ON and OFF response polarity is the most important aspect of the physiology of RGCs, as it 

helps to form the basis of visual contrast. RGCs respond to light in three main modes - ON, 

OFF, or ON-OFF. It was first described in cold-blooded vertebrates (Hartline, 1938), and 

became the most significant subdivision among vision features of RGCs. RGCs have been 

referred to as “feature detectors” since then (Lettvin et al., 1959). This feature was confirmed 

in the retinas of other vertebrates (Amthor et al., 1989; Nelson et al., 1978; Peichl & Wassle, 

1981). ON ganglion cells spike when the light is turned on, and OFF ganglion cells spike when 

the light is turned off.  

The response polarity of RGCs comes from the ON and OFF circuitry of the retina. Bright and 

dark information is separated into ON and OFF pathways in the invaginating or flat synapse 

BCs make with photoreceptors. The ON and OFF BCs transmit the signal to the RGCs.  

2.3.3 Concerted activity 

Concerted activity means that two or more neurons fire simultaneously by more than chance. 
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Half of the retinal spike activity underlies concerted firing of RGCs. Correlated firing is thought 

to contribute to efficient transmission, increase of the bandwidth of the optic nerve (Meister et 

al., 1995), and global vision detection (Roy et al., 2017).  

RGC concerted spontaneous spike activity can be analyzed via cross-correlation functions 

(CCFs) fitted with a Gaussian function, characterized by amplitude and width. Concerted RGC 

correlation can be separated into narrow, medium, and broad CCF profiles. Broad correlation 

is correlated with chemical and electrical synapses, while narrow and medium profiles are only 

correlated to the electrical synapse. OFF αRGCs show spike synchrony, but only with 

superposition of narrow and medium correlation. It has been demonstrated that narrow spike 

correlations are mediated by RGC-RGC coupling and medium correlations by RGC-AC 

coupling (Volgyi et al., 2013).  

2.4 Alpha (α) RGCs  

Alpha RGCs is a well-identified cell type, which has the largest soma and stout dendrites, and 

regularly spaces in the retina (Peichl, 1991). They were first identified in cats (Boycott & 

Wassle, 1974), and conserve similar morphological properties in different species, suggesting 

the fundamental tasks of αRGCs may take in visual processing.  

Alpha RGCs are positioned semi-regularly forming a mosaic in the retina (Krieger et al., 2017). 

There are several physiological properties shared by αRGCs. They have short response latency, 

fast conducting axons, and concentric and nonlinear receptive fields arising from the effect of 

BCs and ACs. Alpha RGCs are not color and direction coded. In mice, αRGCs can be classified 

into ON and OFF types according to their light response (Volgyi et al., 2005), and further 

categorized into sustained or transient response time (Krieger et al., 2017). Axons of αRGCs 

project to deep layers in the superior colliculus and lateral geniculate nucleus (Martersteck et 

al., 2017). Therefore, their function may relate to visual-motor guidance and visual perception.   
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Because of the distinct morphological properties and typical ON and OFF light responses, 

αRGCs could be easily targeted in electrophysiological recording and represent the basic 

properties of RGCs in the retina.  
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3. Myopia 

Myopia is a common vision disorder rapidly increasing in prevalence and affecting a significant 

proportion of young adults (Morgan et al., 2012). It has been reported that more than 70% of 

school children are myopic in East Asia (Grzybowski et al., 2020). Although myopia can be 

corrected by various optical methods, so far there is no effective way to reverse myopia. 

3.1 Myopia etiology 

Myopia colloquially termed “nearsightedness”, is characterized by elongated axial length. Both 

genetic and environmental factors are believed to contribute to the development of myopia 

(Cooper & Tkatchenko, 2018; Morgan et al., 2012). Human epidemiological studies have 

indicated that environmental factors include outdoor activity, near-work activity, and education. 

Among the environmental factors, the blurred and defocused image caused by accommodation 

lag may be the key factor. Defocus means the image converted by optical components cannot 

be precisely projected to the retina. If the light is projected behind the retina, it is called 

hyperopic defocus. If the image is projected before the retina, it is myopic defocus.  

Animal studies have demonstrated that eye growth is influenced by optical defocus. The axial 

length becomes longer when exposed to hyperopic defocus, while the axial length is shorter if 

exposed to myopic defocus (Smith Iii & Hung, 1999). Studies on humans also suggest the 

effect of defocus on eye growth. After short-term application of a plus or minus lens, significant 

and compensating changes were found in the axial length of young adults (Read et al., 2010). 

Similar effects were also reported in choroidal thickness of presbyopic subjects (Chiang et al., 

2018), particularly with a local regional effect (Hoseini-Yazdi et al., 2019). Electroretinograms 

(ERG) showed sign-dependent changes with short-term defocus in adults, with positive 

defocus resulting in increases of amplitude, while negative defocus leads to decreased 

amplitude (Ho et al., 2012). Long-term studies have also suggested that myopic defocus 

contributes to reducing myopia progression in children (Berntsen et al., 2013; Phillips, 2005). 
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The above studies suggest that hyperopic defocus could be a causal reason for myopia. 

However, the mechanism of myopia development involves not only hyperopic defocus. The 

myopic defocus produced in myopia does not make the development a self-limiting process. 

Whilst spectacle visual correction to eliminate the myopic defocus has been proven to be safe 

(Ma et al., 2015), myopic defocus produced by optical under-correction leads to a faster 

progression in children (Chung et al., 2002). The paradox between hyperopic and myopic 

defocus may be attributable to different sensitivity to defocus through refractive development 

(Rose et al., 2016), but the specific mechanism behind these phenomena is not clear. However, 

these studies still suggest that defocus can trigger myopia progression, via poorly understood 

mechanisms.    

The retina, as the sensing tissue of the eye, is responsible for receiving environmental signals 

and transmitting these to the CNS, so it is crucial to determine if the retina can sense defocus 

(Schaeffel & Wildsoet, 2013). Animal studies have demonstrated that myopia can still develop 

even after section of the optic nerve (Troilo et al., 1987), and regional elongation of the eyeball 

could be induced by local blur (Rada et al., 2006). These findings suggest that the retina can 

sense and transfer signals to initiate the remodeling. Human ERGs showed sign-dependent 

results to myopic and hyperopic defocus (Chin et al., 2015; Ho et al., 2012). Myopic 

progression was also associated with a decrease of central inner retinal activity (Li et al., 2017). 

However, how the retina senses defocus remains elusive (Burge & Geisler, 2011; Hung & 

Ciuffreda, 2007). It has been shown that ablation of the ON pathway increases susceptibility 

to myopia (Chakraborty et al., 2015). Pharmacological inhibition of ON or OFF responses led 

to a sign-dependent compensation of refractive error (Crewther & Crewther, 2003). ON 

delayed RGCs could help to encode images of high spatial frequency (Mani & Schwartz, 2017). 

A previous study revealed that defocused images changed multi-neuronal firing patterns and 

signaling of RGCs in mice (Banerjee et al., 2020). These findings all indicate that the electrical 
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signaling of the retina plays an important role in detecting defocus and myopia inducement, 

but the specific mechanism of myopia induction remains elusive. 

3.2 Myopia control  

Myopia usually develops during school age, progressing at 0.6-0.7 Diopter per year. The risks 

of ocular pathologies including retinal detachment and macular diseases increase with the 

extent of myopia (Haarman et al., 2020). Therefore, controlling myopia progression is 

important to both reduce myopia and prevent severe pathologies. The methods to control 

myopia involved optical interventions, increased outdoor activities, and pharmaceutical 

interventions.  

3.2.1 Optical intervention 

Single vision lenses are used to correct the refractive error and improve the vision of myopes. 

As the role of defocus was revealed in myopia etiology, a variety of optical interventions based 

on spectacles to control myopia were extensively studied. The results of the Correction of 

Myopia Evaluation Trial (COMET) studies which used multifocal lenses to reduce 

accommodation lag to decrease hyperopic defocus, were statically significant(Correction of 

Myopia Evaluation Trial 2 Study Group for the Pediatric Eye Disease Investigator, 2011). 

Spectacle and contact lenses designed to correct central vision and reduce periphery hyperopia 

were shown to have a significant control effect on myopic progression in children (Sankaridurg 

et al., 2010). Dual power lenses simultaneously projecting myopic and hyperopic or plano 

defocus were shown to slow ocular growth in animals (Arumugam et al., 2014; McFadden et 

al., 2014; Tse & To, 2011). The dual power contact lens (Anstice & Phillips, 2011), Defocus 

Incorporated Multiple Segments (DIMS) spectacle lenses (Lam et al., 2020), and Defocus 

Incorporated Soft Contact (DISC) lenses (Lam et al., 2014), which aimed to provide 

simultaneous clear vision and myopic defocus were proven to be effective in retarding myopia 
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progression. In contrast to the various lenses based on the manipulation of the defocus, 

orthokeratology lens uses physical strength to flatten the cornea and improve the vision 

temporarily. Several studies have confirmed that orthokeratology lenses had a significant 

control effect on myopic progression (Lee & Cho, 2010; Santodomingo-Rubido et al., 2012). 

3.2.2 Pharmaceutical interventions 

Compared with the wide variety of lenses for optical interventions to control myopia, only one 

pharmaceutical intervention, atropine, is effective in clinical trials (Ganesan & Wildsoet, 2010; 

Wu et al., 2019). 

The use of atropine to slow myopia progression was initially based on its effect of paralyzing 

presumed excessive accommodation. Although this cycloplegic effect was excluded by later 

animal experiments, the effects of atropine on reducing myopia progression were confirmed 

by subsequent clinical trials (Huang et al., 2016; Song et al., 2011). Recent studies also 

indicated that atropine provided additive effects with orthokeratology on myopia control 

(Kinoshita et al., 2020; Tan et al., 2020).   

However, various side effects were reported associated with the use of atropine, including 

photophobia, poor near vision, and allergy. These side effects are mainly due to the dilation of 

the pupil and paralysis of accommodation. It was reported that the percentage of subjects 

reporting side effects was dependent on the concentration of atropine (Gong et al., 2017). The 

highest concentration that did not induce clinical symptoms was reported to be 0.02% (Cooper 

et al., 2013). 

The concentration of atropine used in clinical trials has varied from 0.01%-1%. The use of 1% 

atropine was demonstrated to have a good effect on slowing myopia progression. Early studies 

reported that a decrease of concentration led to a decrease in the control effect (Shih et al., 

1999). However, a recent meta-analysis demonstrated that there was no significant difference 
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in the effect associated with the concentration of atropine (Gong et al., 2017). ATOM2 study 

reported that a concentration as low as 0.01% atropine could be effective and reported there 

was comparable efficacy with higher concentrations (Chia et al., 2012). However, caution 

should be applied in drawing conclusions as the significant result was presented as cycloplegic 

refractive error rather than the effect on axial elongation (Cooper & Tkatchenko, 2018).      

Although the efficacy of atropine on retarding myopia is undoubted, exploration of the 

mechanism of the effect is still ongoing. Previous animal experiments excluded the 

involvement of accommodation effect in this process, based on results of the efficacy of 

atropine in animals that do not have accommodation (Schaeffel et al., 1990) and with the 

section of optic nerve (Troilo et al., 1987), as well as regional eye growth caused by local blur 

(Smith et al., 2010). Therefore, following studies shifted the focus to non-accommodation 

pathways. Animal studies suggested that visual input was received by the retina and regulatory 

signals transferred to the sclera to facilitate gene expression and scleral remodeling, and 

atropine affected biological mechanisms in the retina and scleral (Upadhyay & Beuerman, 

2020). Atropine appears to act as a nonselective antagonist for muscarinic ACh receptors. The 

muscarinic ACh receptors have five subtypes and are widely distributed in ocular tissues. It 

was found that intravitreal injection of muscarinic M1 or M4 receptor antagonists could inhibit 

myopia (Arumugam & McBrien, 2012; McBrien et al., 2011). Production of Nitric oxide (NO) 

has also been shown to be involved in the process of atropine application (Carr & Stell, 2016).  

There is no consistency in published studies as to whether atropine affects retinal function. One 

study indicated that topical application of atropine for two years did not change the mfERG in 

children (Luu et al., 2005). Myopic children have a longitudinal decrease of cone function, 

which was also not affected by atropine (Chia et al., 2013). A further study demonstrated the 

effect of atropine on the ERG of the peripheral retina to defocus stimuli in humans (Khanal et 

al., 2019). Other animal studies have reported decreased GABA receptors after topical atropine 
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application (Barathi et al., 2014), and increased dopamine and its receptors after intravitreal 

injection of atropine indicated the potential for retinal functional changes (Schwahn et al., 

2000).  
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4. Retinitis Pigmentosa 

Retinitis Pigmentosa (RP) is a group of heterogeneous inherited eye disorders leading to retinal 

degeneration. It has a prevalence of approximately 1:5000 worldwide (Ferrari et al., 2011). The 

disease usually begins in young adults, with symptoms including night blindness. It progresses 

with peripheral vision loss and often ends in total loss of vision. The timeframe between the 

commencement of the disease and final vision loss varies among patients, but progressive 

vision loss, beginning at a young age, and the severe consequences bring tremendous physical 

and psychological burdens to RP patients.  

The various mutations at gene level first affect the rods leading to the loss of rod photoreceptors 

(Ferrari et al., 2011). Cones degenerate later and at a slower rate, but eventually leading to a 

severe loss of visual function (Campochiaro & Mir, 2018). Rods and cones are the main cell 

types affected in RP. However, studies have indicated that the remaining retinal structures were 

also affected after photoreceptor degeneration (Jones et al., 2016; Marc & Jones, 2003).  

Treatment of RP includes gene therapy, neurotrophic factors, stem cell therapy, and visual 

prosthesis. The inherited manner of RP is varied, as more than 40 genes are associated with RP. 

The complicated genetics of RP makes it difficult to target the causative gene. To date, only 

Luxturna gene therapy, which targets gene RPE68, is available for humans (Ameri, 2018). 

Neurotrophic factor has been reported to be able to slow the progression of retinal degeneration 

in animals, but its delivery and efficacy still need further studies in humans (Birch et al., 2016). 

Retinal implants and prostheses are used for late-stage patients with severe vision loss.      

The mouse retinal degeneration (Rd) model is a well-characterized animal model to study 

retinal degenerative disease (Chang et al., 2002). This mouse model has mutations on the beta-

subunit of the cGMP phosphodiesterase (PDE) gene, leading to rod photoreceptor degeneration. 

The Rd10 mouse is a suitable model to study human RP because of the similar degenerative 

progress observed. The rods of the rd10 mouse start to degenerate at postnatal day18 (P18), 
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reaching a peak wave at P25. Most rods are eliminated around P35 and cones by P50 (Gargini 

et al., 2007). There is a timeframe at which most rods are eliminated while functional cones are 

still retained (Toychiev et al., 2013). However, RGCs tend to keep normal structure and 

survival through the disease (Mazzoni et al., 2008a). Spontaneous activity of RGCs was 

reported to be increased (Stasheff et al., 2011b), while quiescent RGCs also existed (Toychiev 

et al., 2013). Light-evoked responses of RGCs were decreased with age (Telias et al., 2019).  

Photoreceptor degeneration leads to an imbalance of excitation and inhibition. Higher 

inhibition may exist in retinal degenerated conditions. Enhanced level of GABA and GABAA 

receptor was reported (Yazulla et al., 1997), and rod bipolar cells had a higher sensitivity to 

GABA in the Rd mouse (Varela et al., 2003). Blocking GABAC receptor increased the light 

response of RGCs in P23H rat retinal degeneration model (Jensen, 2012). Decreased intrinsic 

excitability was reported in retinal degenerated rat (Ren et al., 2018). Ribbon synapses which 

represent activity of glutamate receptors were decreased in rd1 mice (Chen et al., 2012; Saha 

et al., 2016). However, contrary studies suggested increased glutamate leaded to excitotoxity 

in Rd mice (Liu et al., 2013).  
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5. Glaucoma 

Glaucoma, the second leading cause of vision loss worldwide, is characterized by progressive 

neuron death. High Intra Ocular Pressure (IOP) is an important risk factor, so lowing IOP is 

currently the main therapy for glaucoma patients (Jonas et al., 2017; Weinreb et al., 2014). 

However, the damage of the retina leads to the consequence of vision loss.  

Retinal function in glaucoma is changed both before and after vision loss (Porciatti, 2015). The 

changes include reduction of all types of electroretinogram (ERG) and photopic negative 

response (PhNR) (Bach & Poloschek, 2013; Bach et al., 2006; Chan & Brown, 1999; Drasdo 

et al., 2001; Falsini et al., 2008; Fortune et al., 2002; Horn et al., 2011; North et al., 2010). 

Animal studies have confirmed that the trend of ERG change was descending (Bayer et al., 

2001a; Bayer et al., 2001b; Bui et al., 2005; Holcombe et al., 2008; Lakshmanan et al., 2019), 

and two studies reporting an increased b wave (Frankfort et al., 2013; Khan et al., 2015).  

RGCs are the neuron type most vulnerable to high IOP damage, which is responsible for visual 

field loss in glaucoma. The functional changes, including decreased spontaneous spikes, 

sensitivity, and inter-spike interval (ISI) variance, are apparent before RGC death (Della 

Santina et al., 2013; Ou et al., 2016; Pang et al., 2015). However, increased spontaneous spikes 

were reported by (Ward et al., 2014) and receptive field temporal properties by (Tao et al., 

2019).  

Gap junction blockers were found to have a neuroprotective effect in the presence of IOP 

elevation, indicating that secondary cell death conveyed by gap junctions may accelerate the 

glaucoma progress (Akopian et al., 2017). Gap junctions underlie the concerted electrical 

activities, which can provide extra information of connectivity. However, how the gap junction 

blockers provide neuroprotection remains unclear.  
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6. Research questions  

6.1 What is the morphology and circuitry of αRGCs in the mouse retina?  

ON and OFF αRGCs were previously classified as G2 and G3 subtypes. They have different 

morphologies and coupling patterns with ACs; ON αRGCs only couple to the ACs located in 

the GCL, OFF αRGCs couple to homozygous RGCs and ACs in the INL. However, the specific 

subtypes and detailed morphology of the ACs coupled with ON and OFF αRGCs are not clear.  

6.2 Does defocus affect RGC signaling? 

Defocus is recognized as an important trigger factor of myopia and the retina is postulated to 

sense defocus before transferring the signal to the sclera, facilitating the remodeling of the eye. 

Previous studies have demonstrated that defocus changed the RGC firing pattern, and light-

evoked spike frequency of ON and OFF αRGCs was changed under defocus projection by 

microscope. However, ON and OFF RGCs’ responses to defocus at the single-cell level have 

not been clarified.  

6.3 Does atropine affect RGC signaling in myopia control?  

Low-dose atropine is the only medication widely used to control myopia, but the results of 

studies are inconsistent concerning the effects of atropine on retinal function. Atropine is 

thought to target the muscarinic ACh receptors in the retina and the sclera. An anti-cholinergic 

effect on RGC firing was demonstrated. Atropine has been detected in the retina after topical 

application of low-dose atropine. However, whether this low concentration of atropine could 

affect RGCs' electrical activity is not certain.    

6.4 What is the status of RGC electrical signaling in the rd10 mouse? Is it possible to 

unmask the signal and recover RGC signaling? 

The rd10 mouse model mimics human RP disease, which begins with the loss of rods, followed 

by cones degeneration, leading to a severe decrease in visual acuity. The light responses of 
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RGCs are also affected. Even with the substantial loss of photoreceptors, the circuitry 

downstream seems to remain intact structure during a window period when most rods have 

died, but some cones are still retained. RGCs, as the output neurons, are responsible for the 

final signals transferred to the brain. Is there a method that could recover the light response of 

RGCs, so that extends the timeframe of effective visual acuity?   

Photoreceptor degeneration leads to loss of input signals. Unmasking signals via removing 

inhibition has been well documented in the neuronal system. In addition, light sensitivity of 

RGCs could be elevated by removing GABAergic inhibition. Thus, we would like to 

investigate whether eliminating inhibition could also unmask the light response signals of 

RGCs in rd10 mice.   

6.5 What is the status of RGC electrical signaling in mice with elevated IOP? 

IOP elevation is the major risk factor for glaucoma. Loss of RGCs is the main characteristic of 

glaucomatous progression, leading to vision loss. A dysfunctional state occurs in RGCs before 

their death. Studies have reported that RGCs show increased or decreased spontaneous activity 

and light response under high IOP. The electrical signaling of RGCs in the early stages of IOP 

elevation is unknown.  
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7. Objectives and hypothesis 

Aim 1: To characterize the morphology of the ACs coupled with αRGCs.  

Hypothesis: The ON and OFF αRGCs labeled in the KCNG-YFP mice might have different 

coupling patterns, in that ON αRGCs couple to ACs in the GCL and OFF αRGCs couple to 

ACs in the INL and homogeneous OFF RGCs. The coupled ACs should be wide-field ACs.  

Aim 2: To investigate the effect of focused/defocused image projection on αRGCs. 

Hypothesis: As the spikes of RGCs have been demonstrated to decrease in defocused 

conditions, it is postulated that the postsynaptic currents of RGCs would change under 

defocused conditions.   

Aim 3: To investigate the effect of various concentrations of atropine on αRGCs.  

Hypothesis: Low-dose atropine may not affect RGCs signaling after short-term application. 

Higher concentrations of atropine could affect the muscarinic receptors in the retina 

subsequently affecting RGCs activity.  

Aim 4: To investigate the effect of eliminating GABAergic inhibition by PTX on αRGCs 

in P38-P46 rd10 mice  

Hypothesis: Most rods are degenerated, while cones are still functioning in P38-P46 rd10 mice. 

The loss of the photoreceptors is accompanied by damaged input signals, while the retinal 

downstream structure related to the inhibitory mechanism is still intact. Previous studies have 

indicated that removing inhibition could unmask excitatory input signals, and sensitivity of 

RGCs could also be elevated by blocking GABAergic inhibition. Thus, it is postulated that the 

application of PTX could unmask the excitatory signals of RGCs in the rd10 mice, allowing 

recovery of partial visual function. 

Aim 5: To characterize the effect of elevated IOP on the signals of αRGCs 
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Hypothesis: Microbeads injected into the anterior chamber could increase the IOP of the mouse. 

Changes in RGC electrical activity may be observed in RGCs under IOP elevated conditions 

before the onset of neuron death. It is hypothesized that a hyper-excited status of RGCs exists 

in this early stage, including elevated spontaneous activity, light sensitivity, and synchronizing 

firing of RGCs. Blocking the gap junction may reverse this hyper-excitability, thereby 

providing neural protection effects under IOP elevation.    
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Chapter 2 Morphology of αRGCs and coupled ACs 

 

1. Introduction 

There are approximately 40 types of RGCs in the mouse retina. Alpha RGCs are the group with 

the largest soma body and distinct properties of light response, ON, OFF, or ON-OFF, 

representing the main characteristics of the RGCs. It has been reported that RGCs make 

electrical synapses with multiple types of ACs, but the specific types of ACs are unknown. 

Electrical synapses (gap junctions) play an important role in RGC signaling functions. 

Clarifying the morphology of RGCs and their coupled ACs are essential to the understanding 

of the function of the RGC circuitry. Therefore, dye injection was used to characterize the 

morphology of αRGCs, as well as their coupled ACs.  

 

2. Methods 

2.1 Animals 

Mice were used in all the studies described here. The mouse is currently the most studied 

mammalian model for human disease and retinal circuitry. Although mice are nocturnal animals 

and lack the fovea structure of humans, the basic neuron types and functions are very similar 

to humans. Mice have small bodies that are easy-handled and their use in experimental studies 

raises fewer ethical problems. More importantly, strains of mouse models with numerous of 

genetic manipulations are readily available. 

The KCNG-YFP mice (Duan et al., 2015) (6-8 weeks) of either sex were used. The KCNG-

YFP mice were generated from the 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). KCNG4cre mice have Cre recombinase 
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inserted to locus encoding potassium channel modulator, and Ai32 mice express a 

channelrhodopsin-2/EYFP fusion protein following exposure to Cre recombinase. The 

offspring of Ai32 and KCNG4cre mice have YFP labeled αRGCs (Duan et al., 2015), including 

ON and OFF αRGCs (Krieger et al., 2017). 

Homozygous KCNG mice were selected in genotyping and used for breeding. The genotyping 

process was performed as described below. A small portion of the tail was removed and added 

to a lysis solution (88µl dH2O, 10µl KAPA Express Extract Buffer, and 2µl KAPA Express 

Extract Enzyme). DNA was extracted using the DNA-EX program (75°C for 10 min, 95 °C for 

5min, kept at 12°C) of the thermal cycler machine for 15mins. The tubes were centrifuged at 

Relative Centrifugal Force 9503 xG (10000 Revolutions per minutes, Mikro 200R) for 2 min, 

and the supernatant, which contained the DNA, was retained. A 25 µl reaction mixture was 

prepared by adding 12.5µl Taq (Taq DNA polymerase, hot start, Talara Cat#R028A), 8.5µl 

dH2O, 0.5µl of each primer, and 2µl DNA sample. The reaction solution was added in the 

Eppendorf tubes placed in the thermocycler (MJ Research PTC-200 Peltier Thermal Cycler) to 

95°C for 5 min, and subjected to 35 cycles of 95°C for 30s, 60°C for 30s, 72 for 1 min, then 

72°C for 5 min and hold at 4°C. The final PCR products were mixed with loading buffer and 

run on a 1.8% agarose gel with TAE (Tris Base, Acetic acid, EDTA, dH2O) electrolyte solution 

for 1 h at 90V. The gel was exposed under UV for visualization. Homozygous KCNG mice 

were used in breeding with AI32 to obtain the KCNG-YFP mice.  

All animals were maintained in a 12-hour light/dark cycle. The mice were deeply anesthetized 

with an intraperitoneal injection of ketamine and xylazine (Alfassan International, B.V. 

Holland) [100 mg/kg and 20 mg/kg, respectively] and lidocaine hydrochloride (20mg/ml) was 

applied to eyelids before enucleation. The anesthetized animals were killed by cervical 

dislocation immediately after enucleation. All animal procedures were approved by the Animal 

Subjects Ethics Sub-Committee of the Hong Kong Polytechnic University.  
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2.2 Retina preparation 

Eyes were removed under dim red illumination and hemisected anterior to the ora-serrata. 

Anterior optics and the vitreous humor were removed, and the resultant retina-eyecup was 

placed in a chamber with bicarbonate buffered solution (125mM NaCl, 2.5mM KCl, 26mM 

NaHCO3, 1.25mM NaH2PO4, 20mM D-Glucose, 1mM MgCl2, 1mM CaCl2). Radial incisions 

were made peripherally, and the retinas were removed from the eyecup using a homemade glass 

rod. For patch-clamp recordings, the retinas were dissected into pieces and attached to a 

modified translucent Millicell filter ring (Millipore, Bedford, MA). The retinas were 

superfused with oxygenated mammalian Ringer’s solution (120mM NaCl, 5mM KCl, 25mM 

NaHCO3, 0.8mM Na2HPO4, 0.1mM NaH2PO4,10mM D-Glucose, 1mM MgSO2 7H2O, 2mM 

CaCl2, 0.01mM L-Ascorbic acid)(Bloomfield & Miller, 1982). The bath solution was 

continuously bubbled with 95% O2-5% CO2 and maintained at approximately 32 °C.  

For sections, retinas were fixed and embedded in 4% agarose gel and cut into 50-80um thick 

sections with a Vibratome (model VT1200S; Leica Microsystems, Bannockburn, IL, USA). 

2.3 Dye injection 

The YFP-labeled cells were visualized at 40x magnification under mercury epifluorescence 

with a BV-2A filter. The sharp microelectrodes, fashioned from borosilicate glass tubing (Sutter 

Instrument Co., Novato, CA), were tip filled with 4% N-(2-amino-ethyl)-biotinamide 

hydrochloride (Neurobiotin; Vector Laboratories, Burlingame, CA, US, Cat# SP-1120) and 0.5% 

Lucifer Yellow-CH (Molecular Probes, United States, Cat# L12926) in distilled water and then 

backfilled with KCl. The impaled cells were then injected with a biphasic current (seal test, 1.0 

nA, 5 Hz).  

In a further experiment, Popro1 (PO-PRO-1 iodide, Thermo Fisher Scientific, Cat#P3581) was 

used, as it can pass through gap junctions and be visualized under a BV-2A filter. Popro1 
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(10mM) and 594 (Alexa Fluor 594 hydrazide, Molecular Probes, Cat#A10442) in distilled 

water backfilled with KCl were iontophoresed (5Hz, for 5mins) into the YFP labeled cell. After 

approximately 10 min, which is usually sufficient for diffusion to visualize the coupled ACs 

and ganglion cells, 4% Neurobiotin and 0.5% Lucifer Yellow-CH were iontophoresed (seal test, 

5Hz, for 3 mins) into the Popro1 targeted cell.  

2.4 Immunohistochemistry 

The eyecups were fixed in 4% paraformaldehyde for 20 min then washed several times in 

washing solution (0.1M PBS, 5mM Triton, 0.015mM NaN3). The retinas were blocked in 3% 

donkey serum (Sigma-Aldrich Cat# D9663, RRID: AB_2810235) for 2 h at room temperature. 

The tissues were then incubated with primary antibodies diluted in 0.1M PBS containing 1% 

donkey serum for 3-5 days at 4°C. After washing, tissues were incubated in secondary 

antibodies at 4°C overnight. Tissues were then mounted in Vectashield mounting medium 

(Vector Laboratories Cat# H-1000). The primary antibodies used are listed below. The 

secondary antibodies used were 488 donkey anti-rabbit IgG (Thermo Fisher Scientific Cat# A-

21206, RRID:AB_2535792), 488 donkey anti-mouse IgG (Molecular Probes Cat# A-21202, 

RRID:AB_141607) , Alexa Fluor 633 Donkey anti-Goat IgG (Thermo Fisher Scientific Cat# 

A-21082, RRID:AB_2535739), Cy3 Donkey anti-Mouse IgG (Jackson ImmunoResearch Cat# 

715-166-150), Cy3-Donkey anti-Rabbit IgG (Jackson ImmunoResearch Cat# 711-166-152). 

Neurobiotin was visualized by 1:200 streptavidin-488 (Molecular Probes Cat# S32354, RRID: 

AB_2315383) or Streptavindin-Cy3 from Streptomyces avidin (Merck Cat# S6402-1ML) at 

4°C overnight. 

Mouse anti-Cx35/36 (mCx36, 1:1,000, EMD Millipore Cat# MAB3045, RRID: AB94632) was 

used for the mouse retina. Goat anti- Choline Acetyltransferase Antibody (ChAT)(1:500; 

Millipore; Cat# AB144P, RRID: AB_2079751) was used to label the ON and OFF layers in the 

IPL. Anti-Neurofilament H Non-Phosphorylated Mouse Ab (SMI-32; 1:500; Biolegend; 
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Cat#201702) was used to stain αRGCs, anti-GFP conjugated with 488 antibody (1:1000; 

Invitrogen; Cat#A21311) was used to stain the GFP labeled cells. Monoclonal mCx35/36 and 

polyclonal anti-Cx36 were verified by Western blot in mouse retinas (Kothmann et al., 2007). 

The primary antibodies used in all five studies are listed in Table 2.1.  

 

 

 

Table 2.1 Antibodies used in following studies 

Antibody Host Company; Cat# Concentration 

Anti-Cx35/36 antibody mouse Millipore; Cat# MAB3045 1:1000 

Anti-Choline Acetyltransferase 

antibody goat Millipore; Cat# AB144P 1:500 

Anti-Neurofilament H Non-

Phosphorylated antibody mouse Biolegend; Cat#201702 1:500 

Anti-GFP conjugated with 488 

antibody rabbit Invitrogen; Cat#A21311 1:1000 

Anti-red/green opsin antibody rabbit Chemicon; Cat# AB5405 1:500 

Anti-Brn-3a antibody mouse Santa Cruz; Cat#SC8426 1:500 
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2.5 Image acquisition and analysis 

Images of immune-labeled tissues were taken by a ZEISS LSM 800 with Airyscan (Zeiss, 

Thornwood, NY) confocal microscope with 20x or 40x or 63x objectives.  

To show the dendritic stratification of RGCs in the IPL, the dendrites of RGCs were acquired 

in confocal image stacks. A z-stack of the images was acquired at 0.35μm-0.45μm steps at a 

resolution of 1024×1024 pixels. The ChAT bands were used as references. Dendritic 

fluorescence intensity was calculated relative to the location of the ON band of ChAT-positive 

ACs.  

Diameters of soma and dendritic field were acquired by Image J (National Institutes of Health, 

Bethesda, MD, RRID: nif-0000-30467). To measure the dendritic field area, a polygon was 

drawn by connecting the ends of the dendrites using Zen 2.6 software (ZEISS Microscopy).  

2.6 Data analysis 

Statistical significance was determined using the student’s t-test or one-way ANOVA. The 

results shown are mean ± standard error of the mean (SEM).  
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3. Results 

3.1 Morphology of αRGCs 

RGCs morphologies visualized by Neurobiotin injection (ON αRGCs n=34, OFF αRGCs n=54, 

ON-OFF RGCs n=7). Fig 2.1 shows representative morphologies of ON α, OFF α, and ON-

OFF RGCs and their dendrites stratifications. The soma and dendrites of ON and OFF starburst 

ACs were stained by ChAT antibody to differentiate ON and OFF sublamina in the IPL. The 

proximal dendrite band of ON starburst ACs is located in the ON sublamina, whilst the distal 

dendritic band of OFF starburst ACs is in the OFF sublamina of the IPL. The distinct dendritic 

stratifications in the IPL of ON α, OFF α, and ON-OFF RGCs are shown in Fig 2.1 A B C. The 

quantitative distribution also shows that ON αRGCs stratify in sublamina ON (depth=0), OFF 

αRGCs stratify in sublamina OFF (depth=1), while ON-OFF RGCs stratify in both sublaminas 

(depth=0/1) (Fig 2.1 D, E, F). With respect to the dendritic field, ON αRGCs was 49783 ± 

3412 µm2 (n=34), OFF αRGCs 49272 ± 3550 µm2(n=54), ON-OFF RGCs 67296 ±7962 µm2 

(n=7). There was no significant difference among the three types (F=1.835, p=0.1655) (Fig 2.2 

A-D). Soma diameter of the cell types varied significantly (F=6.419, p=0.0025): ON αRGCs 

20.82±0.548 µm (n=34); OFF αRGCs 19.57±0.3882 µm (n=54); ON-OFF RGCs 16.57±0.8411 

µm (n=7). Post hoc test revealed ON-OFF RGCs have smaller soma than both ON αRGCs 

(p=0.0018) and OFF αRGCs (p=0.0097) (Fig 2.2 E-H). 
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Figure 2.1 Morphology of αRGCs in WT mice.  

[A, B, C] Morphologies of ON αRGC, OFF αRGC, ON-OFF RGC, respectively. The square 

and rectangle panels are aerial and lateral views of the maximum projection of z-stack images, 

respectively. The bars in the pictures are 20 µm. Neurobiotin (red) was used to label RGCs. 

ChAT antibody (blue) was used to label soma and dendrites of starburst ACs, to differentiate 

ON and OFF layers of IPL.  

[D, E, F] Quantitative distribution of mean dendritic stratification of ON αRGCs (n=3), OFF 

αRGCs (n=3), ON-OFF RGCs (n=3), respectively. The x-axis is normalized fluorescence 

intensity of Neurobiotin (red). Y-axis is the normalized depth of IPL. Zero and one position are 

specified by red dashed lines, indicating the ON and OFF sublayers of IPL, respectively. 
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Figure 2.2 Dendritic field and somatic size of αRGCs and ON-OFF RGCs.  

[A, B, C] Distribution of dendritic field of αRGCs and ON-OFF RGCs. The x-axis is the dendritic field, y-axis is the number of cells. [D] Quantitative 

summary of the dendritic field of αRGCs. [E, F, G] Distribution of soma diameter of α RGCs. The x-axis is soma diameter, y-axis is the number of cells. 

The red triangle indicates the mean, green triangle indicates the median of soma diameter. [H] Quantitative summary of soma diameter of αRGCs. ** 

indicated significant differences (p<0.01).



58 

 

3.2 Morphology of coupled ACs 

Mixtures of Alexa 594 and Popro1 were injected into αRGCs. Popro1 can pass through gap 

junctions and is visible under the microscope, allowing coupled ACs to be shown in real time 

and targeted by Neurobiotin. Popro1 also went to other RGCs in some cases. However, they 

could be differentiated from ACs by the larger soma size. Totally 24 pairs of ON αRGC-AC 

couplings, 30 pairs of OFF αRGC-AC couplings, and 2 pairs of ON-OFF RGC-AC couplings 

were observed. Representative morphologies of coupled ACs, their dendritic fields, and soma 

diameters are shown in Fig 2.3-2.5. 

The plain and lateral views of the confocal images show close contact of dendrites of RGCs 

and ACs in sublamina b and a (Fig 2.3 A, 2.4A, and 2.5A). The corresponding soma diameter 

and dendritic field types are shown in Table 2.2 and Fig 2.3 B-C, 2.4 B-C, 2.5 B-C.   

Comparison of ACs coupled to ON α, OFF α, and ON-OFF RGCs revealed distinct dendritic 

stratification and contact with corresponding RGCs. Most coupled ACs were widefield with 

dendritic fields diameter of >500 µm. OFF ACs had a much smaller soma diameter than ON 

ACs (p<0.0001) (Fig 2.6 A). Cx36 was present at the crossover of dendrites of RGCs and 

coupled ACs (Fig 2.6 B). 
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Table 2.2 Parameters of ACs coupled to RGCs 

Coupled cells Dendritic location Soma diameter % wide-field ACs 

ACs to ON αRGCs sublamina b of IPL 

(location of ON RGCs) 

10.99±0.48 µm 90% 

ACs to OFF αRGC sublamina a of IPL 

(location of OFF RGCs) 

8.57±0.19 µm 93% 

AC to ON-OFF RGC both sublamina a and b of 

IPL 

8.8±0.6 µm Only 2 observed, 

both wide field 
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Figure 2.3 Morphology of ACs coupled to ON αRGCs  

[A] Representative aerial view and lateral view of an ON αRGC and a coupled AC. RGCs are 

labeled with Alexa 594 (red), coupled ACs with Neurobiotin (green). The image is a maximum 

projection of z-stack images by confocal microscopy.  

The bars are 50 µm.  

[B] Distribution of soma diameters of coupled ACs. Red and green triangles indicate the mean 

and median of soma diameter, respectively.  

[C] Distribution of dendritic field diameter of coupled ACs.  
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Figure 2.4 Morphology of ACs coupled to OFF αRGCs  

[A] Representative aerial view and lateral view of an OFF αRGC (red) and a coupled AC 

(green). The image is a maximum projection of z-stack images by confocal microscopy.  

The bars are 50 µm.  

[B] Distribution of soma diameter of coupled ACs. Red and green triangles indicate the mean 

and median of soma diameter, respectively.  

[C] Distribution of dendritic field diameter of coupled ACs.  
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Figure 2.5 Morphology of ACs coupled to ON-OFF RGCs  

[A] Representative aerial views and lateral views of ON-OFF RGC (red) and coupled AC 

(green). The image is a maximum projection of z-stack images by confocal microscopy.  

The bars are 50 µm.  

[B] Distribution of soma diameter of coupled ACs. The green triangle indicates the mean or 

median of soma diameter.  

[C] Distribution of dendritic field diameter of coupled ACs.  
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Figure 2.6 Somatic diameter and cross of ACs 

[A] Quantitative summary of soma diameter of coupled ACs. **** p<0.0001. 

[B] Dendritic cross of RGCs (red) and coupled ACs (green). Cx36 is stained as blue dots. The 

co-localization of the dendritic cross and Cx36 is indicated by the arrowhead.  

Scale bar: 2µm. 

 

  



64 

 

4. Discussion 

4.1 αRGCs are the special type of RGCs  

In this study, the KCNG4cre mice crossed with the Ai32 reporter line were used to characterize 

the morphology of ON α, OFF α, and ON-OFF RGCs. A prior study had demonstrated labeled 

murine RGCs of the KCNGcre line crossed with other similar reporter lines, in which the labeled 

cells were primarily αRGCs, including ON-transient/sustained and OFF-transient/sustained 

subtypes (Krieger et al., 2017). Except for the different properties with respect to ON or OFF 

response to light with transient or sustained responses, they were similar in other morphological 

parameters such as soma size and dendritic length, and light response parameters including 

receptive field, peak spike rate, and spike shape, as well as the molecular signature (Krieger et 

al., 2017). The current study produced similar results for ON and OFF αRGC, which had 

similar large soma diameters and dendritic fields. The ON-OFF type had a smaller soma 

diameter. It was previously reported that αRGCs preferentially resist degeneration (Duan et al., 

2015). RGCs are the last surviving neurons in the retina and display pathological changes in 

many eye diseases, but different types have different morphological and functional properties 

so they are not comparable. Although there are around 40 types of RGCs, αRGC could be used 

as a unique type to distinguish the changes in pathological conditions. 

4.2 Wide-field ACs are coupled to αRGCs 

The morphologies of coupled ACs were also characterized. In addition to the different 

stratifications in IPL, the ACs coupled to ON αRGCs had larger soma sizes compared with the 

other two types. Cx36 was found in the connection between αRGCs and ACs.   

Most of coupled ACs had dendritic field diameter over 500 µm, which were defined as wide-

field ACs. However, various sizes of AC bodies might represent different subtypes. There was 

a large variety of ACs morphologies in mouse retina (Lin & Masland, 2006). It is known that 



65 

 

wide-field ACs use GABA as the neurotransmitter, giving inhibitory synapses on RGCs. In 

contrast, wide-field ACs make gap junctions with αRGCs, which is a sign-conserved, 

excitatory synapse. Therefore, the effect of ACs on RGCs may underlie two sign-reverse 

mechanisms.  

Revealing the morphologies of ACs coupled to RGCs provided the basic knowledge to study 

the function of the gap junction between RGCs and ACs. The electrical synapses between 

RGCs and ACs contributed to the synchronous electrical activity of RGCs (Volgyi et al., 2013), 

which was suggested to be responsible for global object perception (Roy et al., 2017). The 

concerted activities among RGCs play important functional roles in detection and transfer of 

visual information (Bloomfield & Volgyi, 2009; Usrey & Reid, 1999). In addition, blocking 

gap junctions to diminish the “bystander” effect provided neuroprotection in glaucoma and 

other neurodegenerative disease (O'Brien & Bloomfield, 2018; Ripps, 2002).  
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Chapter 3 RGCs activities in defocused conditions 

 

1. Introduction 

The prevalence of myopia, an eye disorder that affects millions worldwide, has increased 

rapidly in children and young adults, especially in east Asia (Morgan et al., 2012). Although 

myopia can be corrected by various methods, the pathological condition cannot be reversed or 

cured. High myopia leads to increased risks of potentially blinding eye diseases.  

Defocus as an environmental factor, is suggested to have a strong relationship with myopia. 

Animal studies have suggested that optical defocus may regulate eye growth in a sign-

dependent manner (Smith Iii & Hung, 1999). Similar conclusions were drawn from animal 

studies that compensated changes in axial length and choroidal thickness with short-term 

defocus stimuli (Chiang et al., 2018; Ho et al., 2012; Hoseini-Yazdi et al., 2019; Read et al., 

2010). Defocus could also affect human refractive development, although published findings 

are not consistent about which type of defocus is the causal trigger. Several methods including 

progressive lenses, which incorporate areas producing myopic defocus, have shown effective 

results in retarding myopia (Berntsen et al., 2013; Phillips, 2005). In contrast, studies have 

reported that myopic defocus due to under-correction with spectacles accelerates myopic 

progression in children (Chung et al., 2002). Overall, the evidence has suggested that defocus 

plays an important role in myopia, acting as a trigger factor.  

As the sensing tissue of the eye, the retina is postulated to sense defocus. ERG scans of human 

subjects showed sign-dependent results to myopic and hyperopic defocus (Chin et al., 2015; 

Ho et al., 2012). RGCs are the final neurons of the retina, and they are classified into ON, OFF, 

and ON-OFF types, which participate in ON and OFF retinal signaling pathways. Studies have 

reported that ablation of the ON pathway increased susceptibility to myopia (Chakraborty et 
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al., 2015). Pharmacological inhibition of the ON or OFF response was shown to prevent 

myopic and hyperopic transference (Crewther & Crewther, 2003). It can be hypothesized that 

the retina can sense the defocus of an image, via the circuitry of RGC signaling. Previous 

experiments have demonstrated that defocus could change the light-evoked spike response 

frequency of single RGCs (Pan, 2019) and RGC population firing patterns (Banerjee et al., 

2020). This study was aimed to explore the change of light-evoked excitatory and inhibitory 

postsynaptic currents, in order to determine the particular mechanism of changing the activity 

of RGCs.          
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2. Methods 

2.1 Animals 

Adult mice (6-8 weeks) C57BL/6J (RRID: IMSR_JAX:000664) of either sex were used in the 

study. All animal procedures were approved by the Animal Subjects Ethics Sub-Committee of 

the Hong Kong Polytechnic University.  

2.2 Light stimulation and defocus projection 

For full-field light stimulation, a green (λ = 525 nm) light-emitting diode (HLMP-CM3A-

Z10DD, Broadcom Limited, San Jose, CA) was used to deliver full-field light to the retina. 

Recordings were performed in dark-adapted conditions. Light intensity was calibrated with a 

radiometer (S370, UDT Instruments, San Diego, CA, USA) and converted to the estimated 

time-averaged rate of photoisomerizations per rod per second (Rh*/rod/s), based on an average 

rod density of 437,000 rods/mm2 (Jeon et al., 1998b), a quantum efficiency of 0.67 (Penn & 

Williams, 1984), and the fraction of incident light absorbed by the pigment of 0.2 (DeVries & 

Baylor, 1995). 

For pattern light stimulation, a green light-emitting display (OLEDXL, Olightek, China; 800 × 

600-pixel resolution, 85 Hz refresh rate) was used, controlled by an Intel Core Duo computer 

with a Windows 7 operating system. With the use of a Nikon 40× water-immersion objective 

(CFI Apo 40× W NIR, NA = 0.8), the area of the retina that received light stimuli was 250 µm 

in diameter. Pattern stimulus (spatial frequency: 0.002, reversal rate: 10 reversals /min, 

sinusoidal edge) were generated onto the photoreceptor layer by PsychoPy (PsychoPy, RRID: 

SCR_006571)(Peirce, 2007). The background light intensity was 700 isomerizations Rh*/rod/s, 

in which the rod pathway is saturated and only the cone pathway mediated the light response 

(Borghuis et al., 2013). The details of the light-projected pathway have been published 

previously (Pan, 2019) and shown in Fig 3.1. The 40x immersion lens of the microscope was 
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moved upwards or downwards to allow the system to project defocused images above or below 

the outer segments of photoreceptors. It has been reported that 5 µm axial length elongation 

could induce 1 diopter myopia (Schmucker & Schaeffel, 2004). Therefore, the objective lens 

was moved 100 µm upwards and downwards to mimic -20D myopic defocus and +20D 

hyperopic defocus, respectively. The projected images and view of recording were shown in 

Fig 3.2.  

2.3 Electrical recording 

Recordings were obtained from single RGCs of the mid-peripheral retina. Recordings were 

performed using an Axopatch 700B amplifier connected to a Digidata 1550B interface and 

pCLAMP 10 software (Molecular Devices, San Jose, CA). Cells were visualized with near-

infrared light (>775nm) at 40x magnification with a Nuvicon tube camera (Dage-MTI, 

Michigan City, IN) and differential interference optics with a fixed-stage microscope (Eclipse 

FN 1; Nikon, Tokyo, Japan). The retinas were superfused in a chamber at a rate of 1-1.5 ml/min 

with Ringer’s solution. Electrodes were pulled to 5-7 MΩ resistance and backfilled with the 

internal solution. Spike trains were recorded digitally at a sampling rate of 10 kHz using 

Axoscope software. Internal solution: 120mM potassium gluconate, 12 mM KCl, 1 mM MgCl2, 

5 mM EGTA, 0.5 mM CaCl2, and 10 mM HEPES (adjusted to pH 7.4). This internal solution 

was used in experiments to avoid blockage of spiking. Ringer’s solution: 120mM NaCl, 5mM 

KCl, 25mM NaHCO3, 0.8mM Na2HPO4, 0.1mM NaH2PO4,10mM D-Glucose, 1mM MgSO2 

7H2O, 2mM CaCl2, 0.01mM L-Ascorbi (adjusted to pH 7.4)(Bloomfield & Miller, 1982).  

The loose patch was used for extracellular recordings, which recorded the spikes of RGCs. The 

whole-cell recording was used to record the postsynaptic currents of RGCs. In whole-cell 

recordings, to improve the space clamp, the internal solution contained cesium 

methanesulfonate (Sigma-Aldrich Cat#C1426) rather than potassium gluconate to block the 

potassium channel and increase cell impedance. Absolute voltage values were corrected for 
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11 mV liquid junction potential in the cesium-based intracellular solution. The excitatory and 

inhibitory current responses were recorded approximately at the chloride or cation equilibrium 

potentials. The cation currents were recorded when holding the membrane potential at the 

chloride equilibrium potential, which is -68 mV. This reflects the cation conductance, which is 

affected by glutamate released via BCs. Thus, the recorded EPSCs reflected the input of BCs 

to RGCs. Similarly, holding the membrane potential at the cation equilibrium potential, which 

is 0 mV, to record the chloride currents. The chloride conductance is gated by GABA or glycine 

released via ACs. The recorded IPSCs reflected the input from ACs.    

Data sorting and analysis 

Spikes recorded were sorted by an Offline Sorter (Plexon, Dallas, TX) and NeuroExplorer (Nex 

Technologies, Littleton, MA, USA) software. Rate histograms, PeriEent Histograms, Joint ISI 

Distribution, Crosscorrelograms functions in NeuroeExplorer were used to obtain spontaneous 

frequency, response polarity, inter-spike interval distribution, and synchrony patterns. The 

currents were measured and exported from Calmpfit 10.7 (pClamp, Molecular Device, USA).  

2.4 Data analysis 

Statistical significance (P <0.05) was determined using the t-test. The results shown are 

mean ± SEM.  
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Figure 3.1 Schematic diagram of experimented setup for patterned light stimulation 

recording. 

Patterned visual stimuli emitted from an OLED, projected onto the retina through a plano-

convex lens, a beam splitter, and a 40x water immersion objective. The OLED was connected 

to the screen of a computer, which generated light patterns to show the same images 

simultaneously. At the same time, the computer generated TTL (transistor-transistor logic) 

pulses at the onset of the stimulus, which was sent to an Analog-to-Digital converter to 

synchronize the signals from the light stimulus with the recording computer. It was previously 

described in (Pan, 2019). 
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Figure 3.2 Images of patch clamp recording.  

[A] 40x water-immersed objective and the recording electrode. 

[B] The retina visualized by infrared light.  

[C] The focused and defocused pattern stimuli projected on the retina. The image is size is 250 

µm in diameter, spatial frequency is 0.002 cycles/degree, light intensity is 5 ×104 Rh*/rod/s.     
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3. Results 

As this study was part of the collaborative work published by my teammate Seema Banerjee in 

2020 (Banerjee et al., 2020), only the data about current responses of RGCs were shown here. 

3.1 Defocus decreased the amplitude of light-evoked postsynaptic currents in the 

αRGCs 

The representative EPSCs and IPSCs of the three types of RGCs are shown in Fig3.3 A-C. The 

results showed that defocused image projection changed the kinetics of EPSCs and IPSCs of 

RGCs. Table 3.1 and Fig 3.3 D-E show the quantitative results of ON αRGCs (6 of 11), OFF 

αRGCs (7 of 9) and ON-OFF RGCs (10 of 13). Defocus stimuli decreased the EPSCs and 

IPSCs of ON αRGCs and IPSCs of OFF αRGCs. For ON-OFF RGCs, plus defocus decreased 

EPSCs and minus defocus decreased IPSCs of ON response, both the defocus image decreased 

EPSCs of OFF response. Defocus affected the ON and OFF response of ON-OFF RGCs in 

different manners.  
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Table 3.1 Effect of defocus on current response of RGCs 

**p<0.01, * 0.01<p<0.05 

Cell type n  Light Response type 
Response (pA) 

Focus -20D +20D 

ON αRGC 6 ON 
EPSC 142.6 ± 8.9 73.4 ± 1.9** 49.9 ± 5** 

IPSC 375.2 ± 14.5 327.3 ± 3.53** 120.1 ± 3.2** 

OFF αRGC 7 OFF 
EPSC 235 ± 3.8 197 ± 15 184.5 ± 16.5 

IPSC 346.7 ± 6.8 269.3 ± 8.3* 308.2 ± 8.5** 

ON-OFF RGC 10 

ON 
EPSC 43.7 ± 3 37.6 ± 4 11.7 ± 8.9* 

IPSC 61.3 ± 6.4 25 ± 3* 49.7 ± 0.9 

OFF 
EPSC 64.3 ± 2.3 37.9 ± 1.1** 30 ± 4.5** 

IPSC 97.1 ± 1.6 90 ± 5.2 99.3 ± 4.3 
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Figure 3.3 Varied responses of αRGCs to focused and defocused images.  

[A-C] Inhibitory(red) and excitatory (blue) currents measured in voltage-clamped ON αRGC, 

OFF αRGC and ON-OFF RGCs, with holding potentials -68mV and 0 mV, in response to 

focused and defocused images. Light stimuli of 1s, 0.002 cycles/degree light stimuli (light 

intensity=5.09*104 Rh*/rod/sec) were projected onto the outer segment of the photoreceptor 

layer. [D, E] Defocused images had significantly different effects on EPSCs and IPSCs 

responses in these cells. **p<0.01, * 0.01<p<0.05, n.s. p>0.05. 
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4. Discussion 

Defocus is an important factor that breaks the emmetropia progress and induces myopia. After 

characterization of the morphometry of RGCs, electrical activity changes under defocus 

conditions were observed. Previous studies had shown that both light-evoked spiking and the 

populations firing patterns of RGCs changed when defocused images were presented (Banerjee 

et al., 2020; Pan, 2019). This study aimed to further explore how excitation and inhibition 

changed in this process.  

4.1 RGCs could sense the defocused light stimulus  

The results showed that defocus decreased the excitatory input in the current response, except 

for the OFF αRGCs and ON response of ON-OFF RGCs. Defocus also decreased the inhibitory 

inputs in both ON and OFF αRGCs, and the ON response of ON-OFF RGCs. Therefore, the 

overall effect of defocus is to decrease either excitatory or inhibitory input. 

In an earlier study, the αRGC spike response to the defocus light stimuli was measured. 

Although some RGCs responded to minus and plus defocus differently, the overall tendency of 

change suggested that defocused images decreased the light-evoked spike response (Pan, 2019). 

This indicated that the decreased spike response may be attributable to the decrease of 

excitatory and inhibitory synaptic currents.   

It should be noted that the defocus in this study could change the light intensity. A prior study 

demonstrated that for 0.002 cycles/degree image, -20 D to +20 D defocus led to an increase of 

light intensity from 4.95 × 104 to 5.15 × 104 Rh*/rod/sec (Pan, 2019). Alpha RGCs were shown 

to be low-intermediate sensitivity RGCs whose light response was saturated by more than 103 

Rh*/rod/sec (Pan et al., 2016). Therefore, the change of light intensity by defocus should not 

interfere with the light response in αRGCs. 

Studies have been conducted to reveal the connection between myopia and the retina, including 
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retinal neurotransmitters and circuitry. Presence of dopamine (Stone et al., 1989), retinal 

vasoactive intestinal polypeptide (Stone et al., 1988), and retinoic acid (Mertz & Wallman, 

2000) in the retina have all been revealed to affect eye growth. It was indicated that ON and 

OFF retinal pathways were implicated with emmetropization in a sign-dependent manner 

(Crewther & Crewther, 2003), and ablation of the ON pathway leads to susceptibility of myopia 

(Chakraborty et al., 2015). These findings suggested the important effect of retinal signaling 

on myopia. In addition, RGCs were suggested to be useful to study the relationship between 

defocus and the etiology of myopia. ON-delayed RGCs were implicated as defocus detectors 

in the mouse retina (Baden et al., 2017; Mani & Schwartz, 2017). The current study has 

demonstrated that spikes and currents activity of both ON and OFF cells were changed under 

plus or minus defocus, with ON cells having a more obvious change in EPSCs. However, an 

obvious sign-dependent change was not observed. The ON response of ON-OFF RGCs showed 

diverse responses to plus and minus defocus. Previous MEA study found that ON-OFF RGCs 

showed diverse number of responded cells to plus and minus defocus, suggesting the potential 

role to differentiate focused and defocused image (Banerjee et al., 2020).    

In respect of the mechanism of how the RGCs decode the defocus stimulus, previous research 

has indicated that the retina senses the defocus by RGCs changing their polarities to light 

(Banerjee et al., 2020). Another intriguing study showed ON-delay RGC could decode the 

stimulus size and was shown to be the most sensitive type in elevating their response with 

increasing blur (Mani & Schwartz, 2017). The response changes were different from this study. 

Noticeably, half of the tested cells including OFF αRGC could not differentiate the blur in Mani 

et al’s study, and the method used to produce defocus was texture blur. It is well known that 

defocus results in blur images, affecting spatial frequency and edge sharpness. Projecting 

texture blur could study the effect from reduced spatial frequency with invariant light intensity. 

However, the retina not only encodes the blur, but also the sign of defocus. How the defocus is 
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detected by the retina is complicated and elusive (Burge & Geisler, 2011). Thus, imposing 

defocus images by microscope in this study aimed to mimic the lens-induced plus and minus 

defocus, providing access to study the sign-dependent manner.  

4.2 Defocus effect on RGCs in vivo and ex vivo study 

The effect of defocus to eye growth has been widely investigated in vivo, among animals and 

humans (Read et al., 2010; Smith Iii & Hung, 1999). Previous studies strived to clarify which 

factors take the roles in this process. One of the important questions is if the brain is required 

in emmetropization. Studies indicated that myopia could still be induced with optic nerve 

section (Troilo et al., 1987), and regional elongation of the eyeball could be induced by local blur 

(Rada et al., 2006). However, other studies also suggested intact optic nerve was required for 

normal bidirectional emmetropization (Wildsoet, 2003), and retinal ZENK expression became 

unrelated to sign of defocus in isolated eyes (Bitzer & Schaeffel, 2006). The other question 

underlies the alert conditions of subjects. The eye growth and ZENK expression did not change 

under general anesthesia in chicks, suggesting some factors except optic nerve in alert 

conditions were involved in myopia progression (Bitzer & Schaeffel, 2006). However, 

considerations about the variations among species should be raised when reviewing myopic 

mechanisms. The conclusions draw from chicks might not be applied to human.   

Retinal function under defocus were studied via ERG. In humans, sign-dependent changes of 

ERG were shown after short-term defocus (Ho et al., 2012), the inner retina seems to be less 

sensitive (Chin et al., 2015). In chicks, plus and minus defocus reduced the pattern ERG (Ostrin 

et al., 2016). A recent study reported unchanged ERG in form deprivation mouse model 

(Sridhar et al., 2020), but how ERG changes under defocus conditions is unclear in mice. 

RGCs are the output neurons of the retina, should reflect the retinal functional changes. 

However, the studies about the role of RGCs in defocus were not enough. It is still not clear 

that if RGCs electrical activity ex vivo could reflect the changes under defocus in vivo. Our 
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study investigated RGCs’ activities under defocus and found decreased electrical spiking 

activity. This matched part of the ERG results in human and chicks, and suggested that 

electrical activities of RGCs ex vivo might also reflect the changes under defocus in vivo. 

However, as there was no ERG recording under defocus in mice conducted before, more 

experiments should be performed to verify the validation between the defocus effect to RGCs 

ex vivo and in vivo.  

   

5. Conclusion and Further Study 

This study found that defocused stimuli decreased input currents of some ON α, OFF α, and 

ON-OFF RGCs. It partially explained the reason for decreased spiking activity of RGCs by 

defocus observed before (Pan, 2019), indicating retinal functional changes under defocus in ex 

vivo preparation.  

In the future, we would like to investigate the effect of defocus on specific type of RGCs, and 

the molecular changes involved in this process. ON-OFF RGCs may be the target cells. ON-

OFF RGCs have double stratified dendrites in IPL. They have advantages in anatomy to detect 

different defocus planes in the retina. EPSCs of ON responses in ON-OFF RGCs showed 

diverse changes to different powers of defocus in this study. ON-OFF RGCs also showed 

diverse cell numbers responded to plus and minus defocused images (Banerjee et al., 2020). In 

addition, ON-OFF RGCs have the property of direction selectivity (Weng et al., 2005). We 

hypothesized ON-OFF RGCs might have different responses in vertical directions, and they 

might relate to eye movement, which was suggested to be an important role in myopia 

formation (Bitzer & Schaeffel, 2006). Therefore, we would like to focus on the electrical 

activity of ON-OFF RGCs under focused and defocused conditions.     
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Chapter 4 The effect of low-dose atropine on αRGC signaling 

 

1. Introduction 

Myopia affects a large proportion of the population worldwide, and high myopia increases the 

risk of severe eye diseases. Atropine has been demonstrated to reduce myopia progression 

(Chua et al., 2006). Low-dose (0.01% - 1%) atropine has been used for myopia control in 

clinical trials.  

However, the mechanism of myopia control by topical atropine is not clear. Atropine is an 

antagonist for muscarinic acetylcholine (ACh) receptors. It was firstly used as a cycloplegic 

drug, which can block ciliary muscles contraction and reduce accommodation of the eye. 

However, the effect through accommodation to control myopia by atropine had been excluded 

by numerous animal studies. For example, myopia could still be developed in chicks with 

damaged accommodative pathway (Schaeffel et al., 1990; Wildsoet, 2003). Atropine could 

control myopia in chicks which accommodation is mediated by nicotinic ACh receptors rather 

than muscarinic receptors, and could be achieved via intravitreal injection (McBrien et al., 

1993). It was postulated that retinal and scleral muscarinic receptors were related to myopia 

prevention effect of atropine. Muscarinic and nicotinic receptors have been demonstrated to 

affect light-evoked responses of RGCs (Reed et al., 2002; Strang et al., 2010).  

However, it is not clear whether topical application of atropine would affect retinal function. A 

study reported topical application of atropine for two years did not change the mfERG in 

children (Luu et al., 2005). Myopic children have a longitudinal decrease of cone function, 

which was not affected by atropine (Chia et al., 2013). Another study demonstrated the effect 

of atropine on ERG of the peripheral retinal to defocus stimuli in humans (Khanal et al., 2019). 

A proteomics study in mice indicated that GABA receptors decreased after atropine application 
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(Barathi et al., 2014).  

As the previous study revealed that defocused images changed multineuronal firing patterns 

and signaling of RGCs in mice, suggesting that RGC-involved retinal circuitry has a close 

relationship with defocus. Therefore, it would be interesting to investigate whether atropine 

affects RGCs signaling, and if these changes have a relationship with myopia progress.  

It has been demonstrated that the concentration in the vitreous humor of rabbits 24h after 

application of 1% topical atropine is 0.4 µM (Wang et al., 2019). In the current study, 0.05-500 

µM atropine sulfate was applied to αRGCs, and light-evoked response, spontaneous spike, and 

concerted activity were tested. The results indicated that concentrations lower than 50 µM 

atropine did not have much effect on the electrical activity of RGCs. However, ON responses 

were induced from more than 25% of OFF αRGCs after application of atropine. This unmasked 

ON signals may be attributed to decrease of GABA via gap junctions by using exogenous 

GABA and Cx36-knockout mice. 
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2. Methods 

2.1 Animals 

Adult (4-8weeks) C57BL/6J (RRID: IMSR_JAX:000664) mice of either sex (n=56) and 

homozygous Cx36-knockout mice (RRID: MGI:3810172) (6-8weeks) were used. Cx36-

knockout mice first generated in Prof David Paul’s laboratory, Harvard Medical School, were 

a kind gift from Samuel M. Wu, Baylor College of Medicine. Cx36-knockout mice were tested 

by genotyping to select homozygous animals. 

2.2 Immunohistochemistry 

Primary antibodies used were choline acetyltransferase antibody (ChAT, goat anti-ChAT, 1:500; 

Millipore; Cat# AB144P, RRID: AB_2079751). Image acquisition and analysis were the same 

as mentioned above.  

2.3 Electrical recording 

Extracellular recordings and whole-cell recordings were obtained from single RGCs from the 

mid-peripheral retina. In wide-type C57BL retina, αRGCs were recognized as the cells with 

largest soma size (around 20 µm in diameter) in GCL.  

Spikes analysis 

Spikes recorded were sorted by an Offline Sorter (Plexon, Dallas, TX) software and transfer to 

NeuroExplorer software (Nex Technologies, Littleton, MA, USA). Peristimulus time 

histograms (PSTHs) were plotted through “PeriEvent Histogram” function of NeuroExplorer, 

which showed spike frequency (spike/second) of one single RGC to the time (second). Light 

was on at 0 second and lasted for 1 second (indicated by yellow bar in figures). Quantity of 

“Light-evoked spike response” was determined by the maximum spike frequency at 0 or 1 

second (onset or offset of light). “Joint inter-spike interval (ISI) distribution” was plotted via 

“Joint ISI Distribution” function of NeuroExplorer which showed the duration of preceding ISI 
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to the subsequent ISI. The ISI distribution threshold was determined by the edge of most 

clustering dots manually. “Synchrony patterns” between two neurons were plotted via “Cross-

correlograms” function which showed probability or frequency over the time. “Shift predictor” 

was applied to exclude effect from light stimuli. The probability of correlograms more than 

confidence line (95%) indicated the firing activities between two cells were significantly 

synchronized. “Mean spike frequency” was calculated in “Rate histogram” function.    

2.4 Pharmacological application of Atropine and GABA 

Atropine sulfate salt monohydrate (Sigma-Aldrich, St. Louis, MO; Cat# A-0257, molecular 

weight 694.83) was used for immersion and recording. Enucleated eyes were immersed with 

the cornea side down to the level of the ciliary body in atropine sulfate diluted in Ringer’s 

solution to 800uM (equal to 0.05% atropine) for 30 min. Control eyes were immersed in 

Ringer’s solution. Subsequently, the retinas of both groups were isolated for targeted mass 

spectrometry. For electrical recording, atropine sulfate was diluted in Ringer’s solution at 

concentrations ranging from 0.05 µM to 500 µM.   

1mM γ-Aminobutyric acid (GABA, Sigma-Aldrich Cat# A2129) was puffed using a 

Picospritzer III intracellular microinjection dispenser system connected to a patch pipette 

(resistance, 6–18 MΩ). Puff application of Ringer's solution did not evoke detectable responses 

in RGCs. 
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3. Results 

3.1 Atropine had no noticeable effects on the morphology of ON and OFF αRGCs  

Approximately 2μM atropine was detected in the mouse retina after applying 800μM (0.05%) 

atropine to the external ocular surface for 30 min. Considering that clinical application of 

0.05% atropine eye drops would be diluted over time due to tear flow, retinas were immersed 

in 1μM atropine for 30 minutes, and morphologies of ON and OFF αRGCs were revealed by 

Neurobiotin. 

The morphometry of ON and OFF αRGCs with and without atropine treatment is shown in 

Table 4.1; Fig 4.1. Application of atropine did not affect the stratification, soma diameter, or 

the dendritic field diameters of either ON or OFF αRGCs (Table 1.4; Fig 4.1 B-C). There was 

no statistically significant difference in the classes (Fig 4.1E) or numbers of dendrite branching 

(Fig 4.1 F) of ON or OFF αRGCs. In summary, the application of 1 μM atropine for 30 minutes 

had no noticeable effect on the morphologies of the ON and OFF αRGCs. 
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Table 4.1. Effects of 1 µM atropine on morphometry of ON and OFF αRGCs 

 

Cell type 

Dendritic field diameter (μm) Soma diameter (μm) Classes of dendrite branching Number of dendrite branching 

Atropine Control 

 

p Atropine 

 

Control 

 

p Atropine 

 

Control 

 

p Atropine 

 

Control p 

ON αRGCs 205.6 ± 10.6 

n=4 

203 ± 13.9 

n=6 

0.73 18.08 ± 0.62 

n = 4 

18.12 ± 0.49 

n = 6 

0.97 8.5 ± 1.2 

n = 4 

8.3 ± 0.7 

n = 6 

0.89 73.6 ± 5 

n = 4 

63.9 ± 5.2 

n = 6 

0.72 

OFF αRGCs 172.6 ± 16.6 

n = 4 

173.7 ± 8.8  

n = 4 

0.91 17.22 ± 0.3 

n =4 

17.1 ± 0.33 

n = 4 

0.79 10 ± 0.4 

n = 4 

9.8± 0.8 

n = 6 

0.88 73.6 ± 5 

n = 4 

85.6 ± 5.9 

n = 6 

0.15 

 



86 

 

 

Figure 4.1 Morphology of αRGCs with and without atropine 

[A] Aerial views and lateral views of the ON and OFF αRGCs filled by Neurobiotin (red). 
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ChAT (blue) was used to differentiate the ON and OFF layers of IPL.  

[B] Dendritic stratification of ON and OFF αRGCs with and without 1 µM atropine application.  

[C-F] Comparisons of dendritic field diameter, soma size, the classes of dendrite branching, 

and the number of terminal branches between atropine or control applications. Comparison 

between control and atropine groups, p > 0.05, Mann-Whitney U test, ON αRGCs: n=4, OFF 

αRGCs: n=6. 
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3.2 Dose-dependent inhibition of atropine on the light-evoked responses of ON and 

OFF αRGCs 

To investigate the effects of relatively high concentrations of atropine to mimic extreme clinical 

situations like broken corneal barrier, 100, 300, and 500 µM atropine were applied. The light-

evoked spike responses of ON or OFF αRGCs were measured as maximum spike frequency at 

“ON” or “OFF” of the light stimuli, respectively. The light-evoked spike responses did not 

significantly change after application of 100 µM atropine. However, 300 µM atropine 

significantly decreased light-evoked spike responses in ON cells. When the concentration was 

increased to 500 µM, the light-evoked spike responses almost disappeared in both ON and OFF 

cells. Washing for 5 min recovered the light-evoked spike responses of OFF cells but not ON 

cells (Table 4.1; Fig 4.2 A-K).    

 

Table 4.1 Dose-dependent Effect of Atropine on Light-evoked Spike Frequency 

 Spike Frequency after Normalization (mean ± SEM) 

Atropine Concentration  

Cell Type Vehicle 

Control 

100 µM 

 

300 µM 500 µM After washing 

(5 min) 

ON αRGCs 

n=5 

1 0.94± 0.18 

p = 0.76 

0.57 ± 0.1 

p = 0.048 

0.22 ± 0.08 

p = 0.001 

0.37 ± 0.02 

p = 0.001 

OFF αRGCs 

n=7 

1 1.01± 0.12 

p = 0.93 

0.81± 0.17 

p = 0.33 

0.34 ± 0.04 

p = 0.004 

1.05 ± 0.1 

p = 0.69 
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Figure 4.2 Dose-dependent effects of atropine on light responses of αRGCs  

[A-E] Peristimulus time histograms (PSTHs) of light-evoked responses of ON αRGCs in 

control, 100µM, 300µM, 500µM atropine and washing for 5 minutes, respectively. The yellow 

bar indicated the presence of full-field light stimulation. The dotted line represents 99% 

confidence of which correlations are above chance.  

[F-J] Light responses of OFF αRGCs in the same conditions as upper ON cell.  

[K] Quantitative summary of normalized spike frequency of ON and OFF αRGCs to increasing 

concentration of atropine. Comparison to control condition (0 µM), * p<0.05, Wilcoxon signed-

rank test; ON αRGC: n=5; OFF αRGC: n=7.  
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3.3 Time- and concentration-dependent effects of atropine on ON and OFF αRGCs 

The concentration of atropine eye drops used in clinical trials has ranged from 0.01% to 1%. 

As the previous experiment indicated there may be a three-log unit drop from the external to 

the retinal concentration, the tested concentration was as low as 0.05 µM, and increased to 0.5 

µM, 10 µM, and 100 µM, respectively.  

The time-dependent light-evoked spike responses were recorded in ON and OFF αRGCs. For 

concentrations of 100 µM and 10 µM, the light-evoked spike responses of αRGCs showed no 

significant difference over time. Interestingly, an ON response was induced in 78% (7 of 9) 

and 62.5% (5 of 8) OFF αRGC after 5 min exposure to 100 µM and 10 µM atropine, 

respectively (Fig. 4.3 and 4.4). Application of 0.5 µM and 0.05 µM atropine had even less 

effect on the spike frequency of the ON and OFF αRGCs over time. Once again some OFF 

αRGCs, 33% (2 of 6) and 28.6% (2 of 7), showed an ON response after exposure to 0.5 and 

0.05 µM atropine for 5 min, respectively (Fig. 4.5, 4.6, 4.7). The value of normalized light-

evoked spike frequency was listed in Table 4.2.  
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Table 4.2 Effect of Low-dose Atropine on Light-evoked Spike Responses 

Cell Type 

 

n Concentration (µM) 

Normalized Spike Frequency (spikes/s) 

1 min 3 min 5 min 

ON αRGC 

5 

0.05 

0.92 ± 0.05 

p = 0.27 

0.96 ± 0.05 

p = 0.39 

1.06 ± 0.1 

p = 0.58 

 

7 

0.5 

1.05± 0.05 

p = 0.27 

0.94 ± 0.07 

p = 0.42 

0.81 ± 0.1 

p = 0.11 

 

6 

10 

1.02 ± 0.15 

p = 0.9 

0.95 ± 0.06 

p = 0.47 

0.85 ± 0.06 

p = 0.06 

 

5 

100 

0.89 ± 0.12 

p = 0.42 

0.79 ± 0.03 

p = 0.10 

0.77 ± 0.02 

p = 0.09 

OFF αRGC 

7 

0.05 

1.07 ± 0.08 

p = 0.41 

0.98 ± 0.08 

p = 0.81 

0.9 ± 0.08 

p = 0.29* 

 

6 

0.5 

1.1 ± 0.07 

p = 0.19 

0.95 ± 0.03 

p = 0.1 

0.89 ± 0.05 

p = 0.28* 

 

8 

10 

0.95 ± 0.06 

p = 0.44 

0.88 ± 0.07 

p = 0.14 

0.88 ± 0.06 

p = 0.13* 

 

9 

100 

0.86 ± 0.06 

p = 0.06 

0.88 ± 0.06 

p = 0.06 

0.86 ± 0.08 

p = 0.06* 

*A percentage of cells displayed an ON response (see text)  
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Figure 4.3 Effects of 100 µM atropine on light-evoked spike responses of αRGCs 

[A-D] The light-evoked PSTHs of ON αRGCs in Ringer’s solution, 100µM atropine for 1, 3, 

5 minutes, respectively.  

[E-H] The light-evoked PSTHs of OFF αRGCs in the same condition described above.  

[I] A graph summarizing the normalized spikes of ON and OFF αRGCs to the time of 100µM 

atropine application.  
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Figure 4.4 Effects of 10 µM atropine on light-evoked spike responses of αRGCs 

[A-D] The light-evoked PSTHs of ON αRGCs in Ringer’s solution, 10µM atropine for 1, 3, 5 

minutes, respectively.  

[E-H] PSTHs of OFF αRGCs in the same conditions described above.  

[I] A graph summarizing the normalized spikes of ON and OFF αRGCs to the time of 10 µM 

atropine application. 
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Figure 4.5 Effects of 0.5 µM atropine on light-evoked spike responses of αRGCs  

[A-D] The light-evoked PSTHs of ON αRGCs in Ringer’s solution, 0.5µM atropine for 1, 3, 5 

minutes, respectively. 

[E-H] PSTHs of OFF αRGCs in the same condition described above.  

[I] A graph summarizing the normalized spikes of ON and OFF αRGCs to the time of 0.5 µM 

atropine application. 

 

 



95 

 

 

Figure 4.6 Application of 0.5 µM atropine induced ON responses in OFF αRGCs  

[A-D] Light-evoked PSTHs of an OFF αRGC in Ringer’s solution, 0.5 µM atropine for 1 

minute, 3 minutes, and 5 minutes, respectively.  
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Figure 4.7 Effects of 0.05 µM atropine on light-evoked light responses of αRGCs  

[A-D] The light-evoked PSTHs of ON αRGCs in Ringer’s solution, 0.05 µM atropine for 1, 3, 

5 minutes, respectively.  

[E-H] PSTHs of OFF αRGCs in the same condition described above.  

[I] A graph summarizing the normalized spikes of ON and OFF αRGCs to the time of 0.05 µM 

atropine application. 
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3.4 The effects of atropine on joint inter-spike interval (ISI) distribution and 

synchronized firing pattern 

The spike train pattern of RGCs is defined by the average time of successive ISI. Joint ISI 

distribution based on the spike train patterns represent basic physiological properties of RGCs, 

can be used to distinguish unidentified RGC types (Zeck & Masland, 2007). Therefore, we 

tested the ISI distribution among different concentrations of atropine. The ISI distribution 

threshold was determined manually and indicated by the black arrow. There was no change of 

ISI distribution threshold with time in Ringer’s solution (n=4) (Fig 4.8 A-C, J). After 

application of 0.5 µM atropine, there was no significant difference in ISI threshold (n=5) (Fig 

4.8 D-F). After application of 50 µM atropine, the threshold of joint ISI distribution had a 

significant increase (Fig 4.8 G-I). 

The synchronized firing was two cells fired synchronized more than chance. It is mediated 

through gap junctions and plays important role in encoding visual information in the retina. We 

examined the spontaneous spikes and light-evoked spike activity between two OFF αRGCs 

before and after atropine application (Fig 4.9A). Cross-correlogram profiles were generated to 

reveal activity-correlation exceeding chance at 99% confidence level. Data were time shuffled 

using a shift-predictor protocol, which was subtracted from the original cross-correlogram, to 

demonstrate spike correlations between two cells that were not time-locked to the light stimulus 

(Fig 4.9 B). A cross-correlation function (CCF) fit with a Gaussian function was used to analyze 

the spontaneous spikes. The unimodal CCFs showed the synchronized firing came from two 

RGCs. Application of 0.5 µM did not change the synchronized firing pattern (width=0.036ms 

before and after)(Fig 4.9 C, D).  



98 

 

 

Figure 4.8 Effect of atropine on ISI distributions of αRGCs 

For each spike, a point is plotted showing the duration of the preceding ISI and the duration of 

the subsequent ISI. The threshold is indicated by the arrowhead.  

[A-C] ISI distribution of one αRGC in Ringer’s solution for 0, 1, 3 minutes. 

[D-F] ISI distribution of one αRGC in 0.5 µM atropine for 0, 1, 3 minutes.  

[G-I] ISI distribution of one αRGC in 50 µM atropine for 0, 1, 3 minutes.  

[J] A graph summarizing the effect of the Ringer’s solution, 0.5 µM atropine, and 50 µM 

atropine on the threshold of ISI distribution.  
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Figure 4.9 Effect of 0.5 µM atropine on the synchronized firing pattern of αRGCs 

[A] PSTHs and perievent rasters showing light-evoked responses of 2 OFF αRGCs.  

[B] Shift predicted synchronized firing pattern showing the synchronization between the 2 OFF 

αRGCs were not time-locked to the light stimulus.  

[C, D] The synchronized firing between the spontaneous spikes of the 2 paired OFF αRGCs in 

Ringer’s solution and 0.5 µM atropine, respectively. The red line represents the frequency 

above which the confidence is 99% that correlations are above chance.  
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3.5 Application of atropine did not induce ON responses in OFF αRGCs in the 

Cx36-knockout mice  

Connexin36 is widely used by gap junctions in the inner retina. It was postulated the ON 

responses induced by atropine came from gap junction pathway. Thus, we tested the light 

responses of OFF αRGCs in Cx36-knockout mice, to investigate the mechanism behind the 

ON components inducement. Previous data showed atropine induced ON response in 78% OFF 

αRGCs. However, no ON response was induced after applying 100, 300, and 500 µM atropine 

in Cx36-knockout mice (Fig 4.10). It indicated that Cx36 was necessary for inducing the ON 

response.  

 

 

Figure 4.10 Application of atropine on αRGCs of the Cx36-knockout mice.  

[A-D] Light-evoked PSTHs of an OFF αRGC in Ringer’s (control), 100 µM, 300 µM, 500 µM 

atropine.  
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3.6 The role of GABA in inducing ON responses in OFF cells 

It was known that ACh was released by starburst ACs that is also expressed GABA. Besides, 

decrease of GABA inhibition was reported to underlie the similar crosstalk of ON responses in 

OFF αRGCs before (Farajian et al., 2011). Thus, to test whether GABA was involved in the 

mechanism of inducing ON response in OFF αRGCs by atropine, we puffed external 1 mM 

GABA to OFF αRGCs with atropine induced ON responses. The results showed that GABA 

abolished the induced ON responses in OFF αRGCs (7 of 7), recovered the OFF responses (Fig 

4.11). It indicated that a decrease of GABA may occur after atropine application, which 

contribute to unmasking the ON responses in OFF αRGCs. 

 

 

 

Figure 4.11 GABA inhibited the ON response induced by atropine in OFF αRGCs.  

[A] The light-evoked PSTH of an OFF αRGC in Ringer’s solution. [B] The light-evoked PSTH 

of the same RGC with 100µM atropine application. ON response was induced. [C] The light-

evoked PSTH of the same RGC with 1mM GABA application, the induced ON response was 

abolished.    
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3.7 The firing frequency of αRGCs was affected by atropine  

The mean spike frequency of RGCs with light stimulus involved the light-evoked spikes as 

well as the background spikes, which could also be seen as burst firing and tonic firing. Results 

above showed the changes of light-evoked spike responses. The changes of atropine on mean 

spike frequency were shown in Fig 4.12 A. The atropine less or equal to 100 µM did not show 

significant changes to mean spike frequency of αRGCs, only 200 µM atropine significantly 

elevated the firing rate. The representative αRGCs PSTHs were shown in Fig 4.12 C. However, 

an opposing phenomenon was observed when filtering the RGCs which have firing rates over 

20 spikes/s before atropine application. In these original noise RGCs, application of atropine 

decreased the firing rate in most cases. 100 µM atropine significantly decreased the spike rates 

compared with Ringer’s group. The representative PSTH was shown in Fig 4.12 D. It indicated 

that atropine application increased the firing frequency of originally quiet RGCs but decreased 

the initial noise RGCs. The compensation of the pulling mechanism and disproportionate 

sampling of noise and quiet RGCs may contribute to the insignificant changes under 100 µM 

atropine. 
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Figure 4.12 The effect of atropine on the average spike frequency of αRGCs.  

[A] Spike frequency ratio of all the tested αRGCs after and before application of Ringer’s (n=4), 

0.05 (n=19), 0.5 (n=10), 10 (n=12), 100 (n=21), 200 µM (n=11) solution. Ringer’s application 

was approximately equal to 1. Compared with Ringer’s group, 200 µM atropine significantly 

increased the mean spike frequency of αRGCs (p=0.0038). The overall tendency is ascending. 

[B] Spike frequency ratio of αRGCs which have firing rate over 20 spikes/s mentioned in A, 

Ringer’s (n=3), 0.05(n=6), 0.5(n=3), 10(n=2), 100(n=4), 200 µM (n=1). The overall tendency 

is descending. Compared with Ringer’s group, 100 µM atropine significantly decreased the 

mean spike frequency of the noise αRGCs (p=0.0111). [C] Representative PSTH of the quiet 

OFF αRGC before and after 200 µM atropine. [D] PSTH of the noise OFF αRGC before and 

after 200 µM atropine.  
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4. Discussion 

4.1 The low-dose atropine had a little effect on αRGCs 

In the clinic, low-dose atropine, maximum 1% (i.e., 16mM) atropine eye drop, was used to 

prevent myopia progression. Atropine reaches the retina via transcorneal or transconjunctival-

scleral pathway. However, the concentration reached the retina is much lower than topical 

administration because of the strong precorneal factors such as tear washing and resistance 

from layers of cornea, conjunctiva, and sclera (Gaudana et al., 2010). A previous study has 

demonstrated that 0.4 µM atropine was detected in vitreous humor after 24-hour topical 

exposure to 1% atropine in rabbits (Wang et al., 2019). In our study, after immersing the eyeball 

in 800 µM (i.e., 0.05%) atropine sulfate solution for 30 minutes, the tested concentration was 

2µM. However, as the tear fluid and resistance in the pathways, the concentration and duration 

of atropine in real topical application could not reach the tested number. Therefore, it was 

estimated a three-log unit decrease of the atropine concentration from the topical application 

to the retina. The lowest tested concentration in this study was 0.05 µM. However, if the barrier 

in drug delivery is broken as inflammation or trauma, the retina exposure concentration would 

be elevated. Therefore, the concentration tested in this study was from 0.05 to 500 µM.   

This study showed that low-dose atropine did not change the morphology of αRGCs. A 

previous study indicated AChR-mediated retina waves affect the dendritic morphology and 

synaptic connection of RGCs (Tian, 2011). However, chronic manipulation of AChR or genetic 

deletion was applied in these studies, which may underlie the different results from this study. 

In addition, a study also demonstrated that RGCs morphology did not change after blocking 

the synthetic enzyme for ACh (Stacy et al., 2005).  

In this study, atropine of more than 100 µM decreased the spike frequency of light-evoked 

response. However, atropine of 100µM or below did not change the light-evoked spike 
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frequency and time latency of the original response of ON and OFF αRGCs. Also, 0.5µM 

atropine did not affect the aspect of joint ISI distribution and correlated firing activity. The 

synchronized firing was thought to contribute to carrying more visual information (Pillow et 

al., 2008; Shlens et al., 2009; Shlens et al., 2008). The joint ISI distribution reflects RGCs 

properties used for cell-type characterization (Zeck & Masland, 2007). It confirmed that the 

atropine of low concentration did not alter the electrical activity of RGCs, thus it is reasonable 

to say that application of eye drops of 1% (i.e., 16 mM, decreasing three-log units to less than 

16 µM) atropine or below mainly are unlikely to affect the signaling of ON and OFF αRGCs. 

4.2 Relatively high concentration atropine decreased the light-evoked response of 

αRGCs 

Relatively high concentrations of atropine were tested on αRGCs to mimic the increase of 

barrier permeability in extreme conditions like trauma. Although the low-concentration 

atropine did not affect the αRGCs' electrical activity, concentration more or equal to 300 µM 

decreased the light-evoked spike frequency, 50 µM atropine increase the threshold of ISI 

distribution. An increase of spontaneous miniature release (tonic firing) was observed after 

atropine administration.  

Atropine is known as a nonselective muscarinic acetylcholine receptor (mAChR) antagonist. 

ACh is released by starburst ACs in the retina. There are 5 types of mACh receptors, all of 

them were present on subsets of BCs, ACs, and RGCs in rabbits (Strang et al., 2010). An early 

study indicated muscarine increased influx of Ca2+ of RGCs and 1 µM atropine eliminated the 

increase (Baldridge, 1996). Effect of 3 µM atropine on light response and firing rate of RGCs 

was also tested, but results are cell-specific (Strang et al., 2010). ACh tends to play the role as 

neuromodulator rather than directly excitatory or inhibitory effect in the CNS (Picciotto et al., 

2012). In this study, the high concentrations of atropine were postulated to block the mAChRs 

on GABAergic ACs, reducing tonic inhibition to αRGCs and resulting the increased tonic firing 
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(small spikes in Figure 4.2). This might also underline the decreased light-evoked response 

(burst firing). 

4.3 The ON response induced by atropine was mediated by GABAergic inhibition 

and gap junctions  

Another significant change after high concentration atropine is the widely observed induced 

ON response in OFF αRGCs. Percentage of 78%, 62.5%, 33.3%, and 28.6% OFF αRGCs had 

an ON response induced after concentration of 100, 10, 0.5, and 0.05uM atropine 

administration, respectively. 

This phenomenon might be attributed to decrease of GABA inhibition. ACh induced A17 ACs 

to release GABA via nAChR (Elgueta et al., 2015). Most mAChR-expressing ACs are indicated 

to be GABAergic, which produce GABA (Strang et al., 2010). Atropine, as a mAChR 

antagonist, would also inhibit GABA release. GABA is an inhibitory neurotransmitter, the 

decrease of GABA can disinhibit the function of the inner retina in previous studies (Farajian 

et al., 2011; Pan et al., 2016; Wang et al., 2020). In this study, an ON response was induced in 

OFF αRGCs after atropine application. Inhibition of the GABAergic receptor could also induce 

this similar crossover excitation in another study (Farajian et al., 2011). To verify this 

hypothesis, exogenous GABA was applied after atropine while recording. Results showed 

application of GABA diminished the ON responses induced by 100uM atropine. It verified our 

hypothesis that inducing ON response in OFF αRGCs by atropine was attribute to inhibition of 

GABA release. Previous study suggested the involvement of nitric oxide (NO) in atropine 

process, which may be attributed to the decrease of inhibition (Carr & Stell, 2016). The results 

of this study also suggested the decrease of the GABA inhibition by ACs.   

The OFF RGCs receive chemical synapses from OFF BCs in sublamina a of IPL anatomically. 

Gap junction was shown to mediate crossover excitation of RGCs (Farajian et al., 2011). Thus, 
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the ON signal induced in OFF RGCs was postulated to come from gap junction with ACs. We 

applied the relatively high concentration of atropine in the retina of Cx36-knockout mouse and 

did not observe the ON response. Therefore, it verified that gap junctions are required to induce 

the ON responses. It is known that RGCs are coupled with ACs with different coupling patterns, 

which may affect the unmasking ON response. The results also showed that not all OFF RGCs 

have the induced ON response in this study, which may attribute to different numbers of 

coupled ACs.   

Many studies suggested the retinal code is not fixed. It was observed similar changes of ON 

response in OFF cells with varied ambient luminance (Tikidji-Hamburyan et al., 2015). 

However, the luminance was consistent in this study. The other possible mechanism of the 

changed light response might underlie the effect of ACs. Wide-field ACs were indicated to 

switch the polarity of RGCs by periphery stimulus (Geffen et al., 2007). In this study, the ON 

responses induced in OFF cells by atropine may also indicate the decreased sign-inversing 

signals from the chemical synapses, and increase sign-preserving signaling from electrical 

synapses between RGC-AC, suggesting the bidirectional mediation effect of ACs to RGCs.    

It was suggested that ACh has the role to decrease tonic firing and promote burst firing 

(Picciotto et al., 2012). Our study also found that atropine could elevate the tonic firing with 

concentration increase, suggesting the effect may take through ACh receptors.  

Overall, the decrease of GABAergic inhibition may induce the crosstalk of ON response to 

OFF cells via gap junction pathway. It is noteworthy that GABAergic inhibition was 

demonstrated to mediate the light sensitivity of RGCs (Pan et al., 2016). Decrease of GABA 

caused by atropine could decrease the light sensitivity threshold of RGCs, which increases the 

whole retinal sensitivity. Besides, atropine suppresses the ACh effect, which may lead to 

increase in tonic firing. Thus, these mechanisms may underlie the side effect observed in topical 
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administration, such as photophobia, climbing with higher concentrations of atropine.   

 

5. Conclusion and Further Study 

This study assessed the effects of 0.05-500 µM atropine on physiological properties of RGCs 

in the mouse. We found that the low concentrations of atropine (0.05 -10µM, corresponding to 

around 0.003-0.6% topical administration) has no effects on morphology and physiological 

responses on αRGCs, but did induce ON response in more than 25% OFF RGCs. The 

mechanism might involve the decrease of GABA inhibition. This may indicate the potentials 

of affecting the retinal signaling and underlie the side effect brought by topical atropine. It 

gives reminders to the clinic that application of atropine should still be cautious, especially in 

children.     

There are several limitations in this study. Firstly, the mouse eye is tiny, it has a bigger lens and 

smaller vitreous space compared with humans. The concentration of topical atropine reaches 

to the retinas should be different between mice and humans. Therefore, the results got in mice 

may not be applied to humans directly. Secondly, although we tested the retinal concentration 

of atropine and mimic that concentration in retinal perfusion, the method of drug delivery was 

different from topical applications. Short-term application of low-dose atropine could hardly 

have effect on the morphology of RGCs especially. Longitudinal application should be more 

rational to reveal the clinic effect of atropine. Thirdly, the experiments only tested the 

spontaneous and light response in αRGC. We did not know the atropine effects on other RGC 

types and their different functions.  

Further experiments are needed to confirm the involvement of GABAergic pathway in the 

atropine process. The close relationship and mutual effect between GABA and acetylcholine 

have been suggested in numerous studies, especially in direction information coding (Massey 
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et al., 1997; Sethuramanujam et al., 2016). Combined with previous defocus study, it’s 

interesting to investigate what’s role atropine play in RGCs sensing the defocused stimuli, 

especially DS RGCs, which are mainly affected by acetylcholine and GABA.  

  



110 

 

Chapter 5 The Picrotoxin-unmasked signals prolongs neuronal 

function in the retinal degenerative mouse model  

 

1. Introduction 

Retinitis Pigmentosa (RP) is a blinding eye disease, which has a prevalence of approximately 

1:5000 among the world (Ferrari et al., 2011). The disease usually begins in young adults, with 

symptoms like night blindness. It progresses with periphery vision loss and ends in final vision 

loss. The length of the timeframe between the disease start and final vision loss varies among 

patients, but the progressive vision loss at a young age and the severe consequence bring 

tremendous burden to patients. However, except for Luxturna gene therapy for Leber 

congenital amaurosis (LCA), there is no approved and effective therapy for RP disease.      

Loss of photoreceptors, especially rods, is the main characteristic of RP disease. Cones 

degenerate after rods with a lower rate but leading to a severe loss of visual function 

(Campochiaro & Mir, 2018). The Rd model is a well-characterized animal model to study 

retinal degenerative disease(Chang et al., 2002). This kind of model has mutations on the beta-

subunit of cGMP phosphodiesterase (PDE), which leads to rod photoreceptors degeneration. 

Among the Rd model, the Rd10 mouse is the suitable model to study human RP because of the 

similar degenerative progress. Rd10 mouse has the rods which start to degenerate at postnatal 

day 18 (P18), reaching a peak wave at P25. Most of the rods were eliminated by around P35 

and cones were eliminated by P50 (Gargini et al., 2007). Since the cones are secondly 

eliminated, and responsible for the most severe consequence in humans, this study would focus 

on investigating the method of restoring cone function in the P38-P46 rd10 mouse, in which 

most of the rods are eliminated while cones are still retained functionally (Toychiev et al., 2013).  

The light-evoked responses of RGCs were decreased with age in rd10 mice (Telias et al., 2019), 
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with bursting or quiescent spontaneous activity aberrantly (Toychiev et al., 2013). 

Degeneration of photoreceptors damaged the input signals of RGCs. However, cones, which 

lost secondly, may provide remaining signals in early progress.  

Unmasking input signals was well demonstrated in the brain. Signals which does not show in 

physiological conditions could be unmasked by deafferentation (Dostrovsky et al., 1976; Rajan, 

2001) or decreasing inhibition (Barron et al., 2016; Jacobs & Donoghue, 1991). Retina, as part 

of the CNS, is also believed to have the same plasticity and unmasking phenomena. Blockage 

of GABA release unmasked the ON response in OFF RGCs (Farajian et al., 2011). In addition, 

the inhibitory mechanism manipulated light sensitivity (Pan et al., 2016), response latency 

(Tengölics et al., 2019), even the polarities of RGCs (Geffen et al., 2007). Removing inhibition 

increased light response sensitivity of RGCs (Pan et al., 2016).  

Therefore, the preexisting unmasking effect by removing inhibition was used to elevate the 

visual function in RP disease. Picrotoxin (PTX) is known as a non-specific antagonist for 

GABA and glycine ionotropic receptors. It blocks GABAA and GABAC receptors, and also 

inhibits homomeric glycine receptor. We used PTX to unmask the light-evoked signal derived 

from retained cones in rd10 mice.  
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2. Methods 

2.1 Animals 

Rd10 mice (P38-46) (RRID: MGI:2581193; B6.CxB1-Pde6b rd10/J; Jackson laboratory stock 

No: 004297) and (P38-46) C57BL/6J (RRID: IMSR_JAX:000664) wide-type (WT) mice were 

used. Rd10 mice are the mouse model of RP with mutations in the beta-subunit of rod-specific 

phosphodiesterase gene 6(PDE6β) in exon 13, which causes the degeneration of rod 

photoreceptors followed by the gradual degeneration of cones. The presence of the 

homozygous Pde6b mutation was tested periodically with PCR. P38-46 rd10 mice are used 

because all rods die after P38 and cones begin to be affected (Wang et al., 2014). During this 

stage, the cone light response is damaged (Gargini et al., 2007; Toychiev et al., 2013). P41 rd10 

mice were used in ERG, and behavioral measurements because the results of behavioral 

measurement were uncertain after P42. After P44-45, the effects of PTX on the ERG test were 

also inexplicit.  

Retina sections were cut with a Vibratome (model VT1200S; Leica Microsystems, 

Bannockburn, IL, USA). Retinas were fixed and embedded in 4% agarose gel and cut into 50-

80 µm thick sections.  

2.2 Immunohistochemistry and image acquisition 

Red/green opsins (rabbit anti-red/green opsin 1:500, Chemicon, Temecula, CA, Cat# AB5405) 

antibody was used to label the out segments of cones. 

Quantification of surviving cones stained with red/green opsins was conducted in whole 

mounts. For comparison, all retinal samples were obtained from the dorsal section of the mid-

peripheral retina in the naso-temporal plane.  
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2.3 Electrical recording  

Full-field green light stimulus was delivered by a light-emitting diode (λ = 525 nm) (HLMP-

CM3A-Z10DD, Broadcom Limited, San Jose, CA). The intensity of the square wave light 

stimuli was calibrated and expressed in terms of the time-averaged rate of photoisomerization 

per rod per second (Rh* per rod/sec). 

Retina preparation and recordings were performed in dark-adapted conditions. Eyes were 

enucleated. Anterior optics and vitreous humor were removed. Retinas were separated from the 

resultant eyecup and kept in bicarbonate buffered solution. A piece of retina was dissected and 

put on a translucent Millicell filter with GCL layer upwards. Neurons were visualized by 

infrared light. αRGCs were differentiated by the large soma size.  

The extracellular and whole-cell patch clamp was conducted to record light-evoked spikes and 

current responses, respectively. The amplitudes of excitatory postsynaptic currents (EPSCs) 

and inhibitory postsynaptic currents (IPSCs) were measured in Calmpfit 10.7 (pClamp, 

Molecular Device, USA).  

2.4 Pharmacological application 

For the electrical recording of rd10 mice retina (ex vivo), Picrotoxin (PTX, Sigma-Aldrich Cat# 

P1675-1G), strychnine (Cat# S8753-25G), SR95531 (Cat# S106-10MG), 1,2,5,6-

tetrahydropyridin-4-yl-methylphosphinic acid (TPMPA, Cat# T200-10MG), SCH 23390 (Cat# 

D054-10MG), and eticlopride (Cat# E101-25MG) obtained from SigmaAldrich (St Louis, MO, 

USA) were used and applied in the bathing of Ringer’s solution.  

In ERG and Optokinetic measurement experiments (in vivo), PTX was delivered to mice via 

subcutaneous MINI osmotic pumps (Alzet model 2001D; DURECT, CA). To implant the 

minipumps, mice were anesthetized under intraperitoneal anesthesia and placed on a heating 

pad. The minipumps were filled with PTX solution (Phosphate-buffered saline was loaded as 
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vehicle control) and inserted subcutaneously on the dorsum by an incision 1.5 times the 

diameter of the pump, and the wounds were closed with sutures (nylon 6-0). The LD50 (lethal 

dose causing death of 50% animals) of PTX via subcutaneous administration is 4.1 mg/kg. It 

was found that PTX at doses of 1 mM (0.015 mg/kg/d) had effectively induced ERG and 

behavioral responses of rd10 mice compared to control groups.  

2.5 Electroretinogram (ERG) recording 

A full-filed Ganzfeld (Q450; RETI Animal, Roland Consult, Brandenburg a der Havel, 

Germany) was used to measure the electrical signals. Mice were dark-adapted overnight and 

anesthetized with an intraperitoneal injection of 100 mg/kg ketamine and 20 mg/kg xylazine. 

Proxymetacaine (Provain-POS, Ursapharm, Saarbrücken), topicamide 1% (Mydriacyl, Alcon) 

and Carbomer gel (Lacryvisc, Alcon) were applied topically for anesthesia, pupil dilation and 

corneal hydration. The animal was placed on a water-bath platform to maintain the body 

temperature at 37°C. A pair of gold wire corneal electrodes (inner ring diameter: 3 mm; wire 

diameter: 0.5 mm) (Roland Consult) was used as the active electrode. Two needle electrodes 

inserted into the lateral canthi of each eye to serve as references; one needle electrode inserted 

into the base of the tail as a ground electrode. The impedance of the electrodes was maintained 

below 10 kΩ. White light-emitting diode light was chosen as a source for flash stimuli. The 

signals were amplified and band-pass filtered from 1 to 30 Hz and 0.1 to 1000 Hz for scotopic 

threshold response (STR) and scotopic ERG respectively. Stimuli were presented in multiple 

levels with increasing energy ranged from log −4.32 cd*s/m2 to log 1.30 cd*s/m2. To enhance 

the signal-to-noise ratio, individual ERG waveform was averaged from multiple sweeps for 

STR and scotopic ERG.  

2.6 Optokinetic measurements  

The optomotor responses of mice were measured using the OptoMotry System 
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(CerebralMechanics). 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 cycles per degree, c/d). The temporal frequency was set at 1.5 Hz 

for both tests. After a series of test episodes, the same computer program to determine the acuity 

or contrast sensitivity was applied to both eyes. 

2.7 Data analysis 

Statistical analyses were performed by using Origin (OriginLab, Northampton, MA, USA). 

Statistical significance (P <0.05) was determined by using the t-test.  
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3. Results 

3.1 The rd10 mice experiencing retinal degeneration still had surviving cones at 

P46 

Retinal degeneration 10 (rd10) mice carry a spontaneous mutation of rod-phosphodiesterase 

(PDE) gene, which leads to rod degeneration starts around the second week. In this study, P38-

P46 of rd10 mice were used, because all rods are lost and cones start to degenerate but still 

retain in this period (Gargini et al., 2007; Toychiev et al., 2013).   

The retina section of WT and P46 rd10 mice were stained with DAPI and compared. Rd10 

mouse retina had only 1-2 layers of photoreceptors (1.3±0.2, n=12), compared with 12-15 

layers of photoreceptors in WT mouse (12.9±0.4, n=12) (Fig 5.1 A-B). Cone outer segments 

were stained with red/green opsin (Fig 5.1 C D). There were significantly fewer cones in rd10 

mouse (6830±267, n=8) than in WT mouse (12969±307, n=8, p< 0.01), but more than half of 

cones were retained in the P46 rd10 mouse retina.  
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Figure 5.1 Morphology of photoreceptors in WT and the rd10 mouse retina  

[A, B] DAPI nuclear staining of vertical section of P46 WT and rd10 mouse. There were 12-

15 layers of photoreceptors nuclei in WT mouse, only 1-2 layers in rd10 mouse. Scale bar = 

20µm.  

[C, D] Cone outer segments labeled by red/green opsin in P46 WT and rd10 mouse. Opsin 

labeling showed that cones lost their morphology and indicated cell death. Scale bar=10µm. 

The picture was adapted from (Wang et al., 2020). 
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3.2 RGCs of P46 rd10 mouse maintained normal morphology as WT mouse  

In this study, αRGCs were targeted, as they are representative and easily identified. 

Morphology of αRGCs of P46 rd10 mice and WT mice were determined by injecting 

Neurobiotin. Fig 5.2 A showed the representative morphologies of ON α, OFF α, ON-OFF 

RGCs in the rd10 and WT mouse retinas. They shared similar dendritic stratification depth in 

the inner plexiform layer (IPL) (Fig 5.2 B). αRGCs in the rd10 mice had similar dendritic field 

diameter and soma size as WT mice (Table 5.1; Fig 5.2 C, D). Therefore, the three types of 

RGCs in the P46 rd10 mouse had similar morphologies to the WT mouse. These results showed 

the morphology of RGCs remained stable, consistent with other studies (Lin & Peng, 2013; 

Mazzoni et al., 2008a), indicating the RGCs’ potentials in functional restoring. 

 

 

Table 5.1 Morphometry of RGCs in rd10 and WT mice 

 Dendritic Field Diameter (µm) Soma Diameter (µm) 

Cell Type Rd10 WT P value Rd10 WT P value 

ON RGC 
207 ± 23.4 

n=5 

211.1 ± 6.9 

n = 18 
>0 .05 

17.9 ± 0.9 

n = 5 

17 ± 0.6 

n = 18 
>0 .05 

OFF RGC 
176.3 ± 7.1 

n = 6 

193.9 ± 7.2 

n=19 
>0 .05 

17.3 ± 0.8 

n = 6 

17.4 ± 0.3 

n = 19 
>0 .05 

ON-OFF RGC 
179 ± 7.3 

n = 4 

180.2 ± 12.7 

n = 6 
>0 .05 

15.5 ± 0.8 

n=4 

16.4 ± 0.6 

n = 6 
>0 .05 
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Figure 5.2 Morphology of αRGCs of the rd10 and WT mice.  

[A] Morphology of ON α, OFF α, ON-OFF RGCs of rd10 and WT mice, respectively. [B] 

Dendritic stratification of ON α, OFF α, ON-OFF RGCs RGCs in WT and Rd10 mice. [C] 

Dendritic field diameter of three types of αRGCs in WT and rd10 mice. [D] Soma diameter of 

three types of αRGCs in WT and rd10 mice. There was no significant difference between 

comparisons.  
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3.3 The Effect of PTX on Excitatory/ Inhibitory Postsynaptic Currents 

(EPSCs/IPSCs) of RGCs in P46 rd10 mouse  

There was no light-evoked spike response in P46 rd10 mice even when light stimulation was 

applied in the photopic range (525nm, 0-108.53 Rh*/rod/s). However, as shown above, more 

than half of the cones survived in P46 rd10 mouse, the downstream circuit appeared to be intact 

and αRGCs remained stable morphology. To measure the excitatory and inhibitory input of 

RGCs, light-evoked excitatory postsynaptic currents (EPSCs) and inhibitory postsynaptic 

currents (IPSCs) were recorded in P38-46 rd10 mice and WT mice.  

For ON αRGCs in rd10 (4 of 20 cells) and WT mice (4 of 10 cells), EPSCs increased and IPSCs 

decreased after PTX application in both groups. Similar changes were observed in OFF αRGCs 

of both rd10 (4 of 18 cells) and WT mice (4 of 12 cells). The responses of ON-OFF RGCs in 

rd10 (6 of 9) and WT mice (4 of 16) were also measured. EPSCs of ON response did not show 

significant changes, but IPSCs decreased in both rd10 and WT mice. EPSCs and IPSCs of OFF 

response increased and decreased in WT mice, respectively, while no changes were observed 

in rd10 mice (Table 5.2; Fig 5.3).  

As to the changes of PTX in EPSCs and IPSCs, there is no statistical difference between rd10 

and WT mice after PTX application (P> 0.05) (Fig 5.3 D), which indicated the similar effect 

of PTX on the excitatory and inhibitory input of RGCs in both WT and rd10 mouse.  
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Table 5.2 Effect of PTX on EPSCs and IPSCs of RGCs in WT and Rd10 mice 

Cell Type 
Mouse 

Type 
Response 

EPSC (pA) IPSC (pA) 

Control PTX Control PTX 

ONαRGC 
Rd10 

ON 
114 ± 7.1 221.7 ± 24.3* 180.3 ± 9.2 123 ± 4.7* 

WT 113. 7 ± 5.2 376.7 ± 16.5* 77.3 ± 6.4 39 ± 4* 

OFFαRGC 
Rd10 

OFF 
159 ± 3.5 438.7 ± 35.5* 71 ± 4.4 20 ± 5.5* 

WT 71 ± 1.5 123.7 ± 4.6 * 159 ± 3.5 109 ± 2.1* 

ON-OFF 

Rd10 
ON 247.1 ± 5.5 265.3 ± 1.5 300 ± 4.9 280 ± 2.6* 

OFF 52.3 ± 7 48 ± 1.7 92.7 ± 3.0 92.3 ± 8.6 

WT 
ON 74.8 ± 7 64.6 ± 4.4 252 ± 8 193.8 ± 5.9* 

OFF 614.5 ± 46.2 1234.3 ± 14.2* 266 ± 4.1 150.8 ± 5.3* 

   * Comparison between Control and PTX, p<0.05 
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Figure 5.3 Effect of PTX on EPSCs and IPSCs of αRGCs in WT and rd10 mice 

The EPSCs (blue) and IPSCs (red) of αRGCs had similar changing patterns before and after 

PTX (100µM) application in P46 WT and rd10 mice. The EPSCs and IPSCs were obtained by 

holding potential at -68 mV and 0 mV, respectively. [A] The EPSCs and IPSCs of ON αRGCs 

in WT and rd10 mice. Both ON αRGCs in WT and rd10 mice had a significant increase on 

EPSCs and decrease on IPSCs (p<0.05). [B] Both OFF αRGCs in WT and rd10 mice had a 

significant increase on EPSCs and decrease on IPSCs (p<0.05). [C] The ON responses of ON-

OFF RGCs in both WT and rd10 mice had decreased IPSCs, with no significant difference on 

EPSCs. The OFF response of ON-OFF RGCs in WT mice had increased EPSCs and decreased 

IPSCs, while there was no difference in OFF response of ON-OFF RGCs in rd10 mice. [D] 

Normalized changes of EPSCs/IPSCs of αRGCs in WT and rd10 mice. The changes of 

EPSCs/IPSCs were similar between rd10 and WT mice.   
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3.4 PTX increased light-evoked response of RGCs in P46 rd10 mouse retina 

The above results showed the excitatory and inhibitory input of RGCs still preserved in P38- 

P46 rd10 mouse. However, there was no light-evoked spike response observed. The reason 

may underlie that the relatively strong inhibition masked the excitation. We also found PTX 

increased the excitatory and decreased the inhibitory currents. Therefore, to explore whether 

PTX could unmask the spike signals, RGCs of P46 rd10 mice (n=40) were recorded before and 

after PTX application.  

It has been observed that spontaneous hyperactivity of RGCs in rd10 mice (Stasheff et al., 

2011a; Stasheff et al., 2011b; Toychiev et al., 2013) and the intrinsic bipolar cell oscillations 

were shown to be responsible (Borowska et al., 2011). In this study, silent RGCs, which are the 

quiescent RGCs defined by Dr. Sagdullaev (Toychiev et al., 2013), that produced spontaneous 

spikes occasionally were observed. These RGCs could be suspected of maintaining 

exacerbated masking inhibitory signals in the rd10 mouse.   

The response of a representative αRGC was shown in Figure 5.4. It did not have light-evoked 

spikes from the least to highest light intensity (0- 108.53 Rh*/rod/s) (Fig 5.4 A-C). After 

100µM PTX, light-evoked spike responses appeared from 13.69 Rh*/rod/s, and more obvious 

with the light intensity increase (Fig 5.4 D-M). The threshold sensitivity of the RGC was 

improved to 16 Rh*/rod/s (5% of the maximal response, Fig 5.4 N). Similar responses were 

also found in other RGCs. The application of PTX induced light-evoked responses in 47.5% 

(19/40) of the tested RGCs. The average results of these examinations showed that the 

threshold sensitivity was increased to 18.4 ±1.85 Rh*/rod/s (n=19 of 40) (Fig 5.4 O), which 

indicated that PTX application increase the light sensitivity. RGCs in P56 rd10 mouse were 

also recorded, but no light-evoked response was recorded before and after PTX application.    
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Figure 5.4 PTX induced light-evoked spike responses of αRGCs in P46 rd10 mice.  

[A-C] Raster plot shows there was no light-evoked response with light intensity increase in 

αRGCs in P46 rd10 mice. [D-H] After PTX application, there were significant light-evoked 

responses with light intensity increase. [I-M] PSTHs showed the same effect, that PTX could 

increase the threshold sensitivity of this αRGC to approximately 33Rh*/rod/s of the stimulus. 

[N] Intensity-response plot of an αRGC with data points fitted by a Hill equation. The threshold 

sensitivity of this αRGC was calculated as 5% of the maximal response, 16Rh*/rod/s, indicated 

by the red arrowhead. [O] Spikes had a significant increase after PTX application. [P-S] Raster 

plot of αRGCs in P56 rd10 mouse retina. 
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3.5 The unmasked light-evoked response in RGCs is subserved mainly by GABAA 

receptors in the rd10 mouse retina  

As a nonspecific GABA blocker, PTX blocked both GABAA and GABAC receptors, which 

locate differently at dendrites of RGC, ACs, and axons of BCs. To determine which receptor 

plays the main effect, GABAA-selective blocker gabazine (SR-95531) and GABAC-selective 

blocker TPMPA were applied by sequence.  

The response was not induced when TPMPA was applied first. When SR-95531 was applied, 

the light-revoked response was induced immediately (Fig 5.5 A-L). Quantification results 

showed that application of SR-95531 had significant effects on the light-evoked response after 

TPMPA (TPMPA: 0.14 ± 0.05; SR-95531: 0.86 ± 0.05; P< 0.01; n = 7), while application of 

TPMPA had little effects after SR-95531 (SR-95531: 1.09 ± 0.09; TPMPA: 1.00 ± 0.09; P> 

0.05; n=8) (Fig 5.5 N). Therefore, it indicated that the unmasked light-evoked response of 

αRGCs is mainly subserved by GABAA receptors. 
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Figure 5.5 The effect of a selective GABA receptor blocker on αRGCs in P43 rd10 mice.  

GABAA receptor blocker gabazine (SR-95531, 10µM) and GABAC receptor blocker 1,2,5,6-

tetrahydropyridin-4-yl-methylphosphinic acid (TPMPA, 100 µM) were applied in a different 

sequence. [A, E, I] Raster plots of light-evoked spike response with TPMPA firstly and SR-

95531 secondly applied. [B, F, J] PSTHs of the same responses showed that response appeared 

after SR-95531 application rather than TPMPA. [C, G, K] Raster plots of light-evoked spike 

with SR-95531 firstly and TPMPA secondly applied. PSTHs of the same response showed that 

response appeared once the SR-95531 was applied. [M] The spike plot of data in A-L shows 

SR-95531 is the effective component that induced light response in αRGCs. [N] Plots of 

normalized response after sequencing application of TPMPA and SR-95531. Application of 

SR-95531 had a significant effect on inducing the light response in the rd10 retina. *P < 0.05, 

(n.s.) not statistically P > 0.05. 
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3.6 Glycine does not contribute to unmasking of the light-evoked responses of 

αRGCs in the rd10 mouse  

Glycine is another important inhibitory source in the retina. Besides blocking GABA receptors, 

PTX has also been shown to inhibit glycine receptors (Wang & Slaughter, 2005). In addition, 

glycine receptors were found on RGCs, as well as AII ACs and BCs in mouse retina to 

contribute to the threshold of RGCs (Arman & Sampath, 2012; Majumdar et al., 2007). Thus, 

the effect of PTX on RGCs mentioned above should also reflect the blockage of glycine 

inhibition. To explore if removing glycine inhibition could also contribute to the unmasking 

light-evoked light response, glycine receptor antagonist strychnine (1µM) was applied to P46 

rd10 mouse RGCs (n=9). The application of strychnine increased the overall spike frequency, 

not the light-evoked spike response (Fig 5.6 A-D). Therefore, it suggested that removing 

glycine inhibition did not unmask the light-evoked signals. 

 

 

 



128 

 

 

Figure 5.6 The effect of glycine receptor blocker strychnine on the rd10 mouse retina 

[A, C] Raster plot with light stimuli of αRGCs before and after strychnine application.  

[B, D] Corresponding PSTHs of the same response. Rasters and PSTHs show strychnine 

increased the overall spike frequency, but not the light-evoked spike response. The red line is 

the 95% confidence line.  
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3.7 The unmasked light-evoked response is independent to a dopaminergic 

circuitry 

Application of PTX may cause a change of dopamine levels, perhaps through the activation of 

a dopaminergic circuitry, owing to removing the tonic inhibition. Dopamine affects the light 

sensitivity of retinal neurons, by suppressing rod-driven signals to a bright light and enhancing 

light sensitivity to a dim light (Herrmann et al., 2011; Li & Dowling, 2000). Besides, dopamine 

receptors were also found to regulate GABA release (Herrmann et al., 2011). Therefore, to test 

the hypothesis, it was examined whether blockage of dopamine receptors could also change 

the light response in RGCs or affect the process by PTX. Dopamine receptor 1(DR1) antagonist 

SCH23390 (5µM) or dopamine receptor 2 (DR2) antagonist Eticlopride (25µM) were applied 

to the rd10 retina.  

After the application of DR1 antagonists SCH23390, there was no light response. However, 

the subsequent addition of PTX induced the light-evoked response of αRGCs (7 of 22) (Fig 5.7 

A-F). After application of Eticlopride, no light response was induced. Similarly, the RGCs 

generated light-evoked spike responses after subsequent addition of PTX (5 of 19) (Fig 5.7 G-

L). Therefore, it indicated that blockage of dopamine did not induce the light response, also, it 

did not interfere with the inhibition of GABAA receptors by PTX.     
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Figure 5.7 Blocking dopaminergic circuitry did not interfere with the light response of 

αRGCs in the rd10 mice.  

[A-F] Raster plots and PTSHs of light-evoked spikes of an αRGC before, after SCH23390 

(DR1 antagonist), and after PTX application.  

[G-L] Raster plots and PTSHs of light-evoked spikes of an αRGC before, after Eticlopride 

(DR2 antagonist), and after PTX application.  

[M] Summary plot of A-L. The application of dopamine receptor antagonists could not induce 

the light-evoked response of αRGCs in the rd10 retina.    
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3.8 The effect of PTX elevates the ERG b-wave and improves the spatial vision in 

the rd10 mouse 

The effect of PTX could induce light-evoked spike response in the αRGCs in the rd10 mice. 

To determine whether the unmasking effect was predominantly from the outer or inner retinal 

origin, ERG was recorded in P41 rd10 mice with osmotic minipump delivered with PTX for 

24h.   

ERG results showed that no typical positive or negative scotopic threshold response 

(pSTR/nSTR) was observed in the control condition. STR originated from the inner retina, 

including the RGC layer. After PTX application, pSTR appeared at around 100ms (n=6), which 

reflected the function of RGCs (Fig 5.8 A). Compared with WT mice, P41 rd10 mice had 

smaller b wave amplitudes (P< 0.05, n=6). PTX significantly increased the amplitude of b wave 

(P< 0.05) in the rd10 mouse (Fig B-D). However, the amplitude of a-wave was not affected by 

PTX at almost all intensities (Fig 5.8 E F).  

Decrease of contrast sensitivity is one of the clinical hallmarks of RP. To explore if the 

unmasking effect had transferred to the CNS and contribute to the vision improvement. 

Optokinetic measurements were conducted. 

The visual acuity is determined as the highest spatial frequency to which the mouse regularly 

responded in 100% contrast. The contrast threshold was determined at the lowest contrast 

which elicited response with fixed spatial frequency. PTX at 0.015mg/kg/d was administrated 

via a minipump for 48h in P41 rd10 mice. Five rd10 mice loaded with PBS as vehicle control. 

The results showed that PTX significantly improved the spatial frequency (from 0.21 ± 0.02 to 

0.29 ± 0.016, n = 6) and decreased the contrast threshold (from 62.3 ± 6.6% to 32.6 ± 3.8%, 

n = 6) (Fig 5.9). Therefore, it suggested that the application of PTX could improve the visual 

acuity and contrast sensitivity, restoring part of the visual function in rd10 mice.     
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Figure 5.8 PTX induced pSTR and increased b wave in ERG from P41 rd10 mice. 

[A] The representative STR waveform of rd10 mouse, rd10 mouse with PTX, and negative 

control. The PTX treatment induced pSTR at 100ms. [B] Representative waveform of scotopic 

ERG. [C, D] The b-wave of WT, rd10, and PTX treated rd10 mice. Rd10 mice had a 

significantly lower amplitude of b-wave, while PTX treated rd10 mice had increased b-wave 

than rd10 mice. [E, F] The a-wave of WT, rd10, and rd10 mice with PTX treated. There was 

no much difference between PTX treated and control groups. Polynomial fitting was applied 

from C-F. D and F are enlargements of C and E, respectively. Error bar indicates SEM. * P< 

0.05.        
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Figure 5.9 PTX increased spatial frequency and contrast sensitivity in P41 rd10 mice. 

[A] Spatial frequency was tested at 100% contrast stimulation to the groups of rd10 mice, with 

and without PTX treatment (vehicle control). The PTX group had significantly higher visual 

acuity than the control and vehicle groups.  

[B] Contrast sensitivity was tested at 0.092 cycle/degree (1.5 Hz temporal frequency). The PTX 

group had higher contrast sensitivity than the other groups. Error bars represent SEM. * P< 

0.05.    
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4. Discussion 

4.1 Unmasking input signals in neuronal system 

Excitation and inhibition are two opposite forces, driving the neural system to work properly. 

The balance between them is crucial for physiological functions. There is a spatio-temporal 

equalization of the excitation/inhibition (E/I) ratio across cortical neurons in mice (Xue et al., 

2014). In humans, a high E/I ratio leads to Autism, epilepsy; in contrast, a low E/I ratio leads 

to Schizophrenia.  

Unmasking input signals has been well documented in the brain. It could be achieved by 

deafferentation and removing inhibition. One component for loss of afferent inhibition could 

unmask another afferent inhibition or excitatory response to keep the overall strength 

unchanged (Rajan, 2001). Deafferentation usually results in unmasking of normally ineffective 

connections (Dostrovsky et al., 1976). In addition, decreasing intracortical inhibition unmasked 

latency of intracortical connections and reshaped the cortical motor map (Jacobs & Donoghue, 

1991). The dormant cortical memories are unmasked with reducing GABA in the human brain 

(Barron et al., 2016).  

The retina, as a part of the CNS, is also believed to have the same plasticity and unmasking 

phenomena. Inhibition plays an important role in it. Blockage of GABA unmasked the ON 

response in OFF RGCs (Farajian et al., 2011). Inhibition controlled the light sensitivity of 

RGCs through the masking effect (Pan et al., 2016). Retinal circuits, particularly with the 

inhibitory mechanism, are tuning the response latency of RGCs (Tengölics et al., 2019). 

Inhibition also contributes to the modulation of the polarity of RGC response in the study 

(Geffen et al., 2007). It’s noteworthy that removing inhibition could increase the light response 

sensitivity of RGCs (Pan et al., 2016).  

In the rd10 mice, light input signals are lost due to photoreceptor degeneration, leading to the 
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damaged light responses in RGCs. In addition, a relatively strong inhibition may still exist in 

retinal degenerated retinas. Enhanced level of GABA was reported (Yazulla et al., 1997), and 

rod bipolar cells had a higher sensitivity to GABA in the Rd mouse (Varela et al., 2003). 

Therefore, this study applied the method to remove inhibition for unmasking the excitatory 

input signals to RGCs of the rd10 mice. It showed that application of PTX, a GABA antagonist, 

could unmask light responses of RGCs and restored a part of visual functions. Removing 

GABAergic inhibition might be one of the unmasking mechanisms in the rd10 retina.   

 

4.2 GABAergic inhibition contributed to the PTX-induced unmasking effect 

The rd10 mice carry a mutation of phosphodiesterase, which leads to rods lost, cones 

degenerate secondly. In this study, although a large number of photoreceptors were lost in 

section view, around half of cones were still retained in P46 rd10 mouse. We chose the date 

P38-P46, as it was supposed most of the rods died, but cones were still sustained in this 

timeframe. At the same time, the αRGCs in P46 rd10 mouse kept a relatively normal 

morphology as the WT mouse, which is consistent with the previous study indicating normal 

structure, survival and projections of RGCs in 3-9 months rd10 mouse (Mazzoni et al., 2008b). 

We recorded the light-evoked PSCs of αRGCs and found there are still excitatory and inhibitory 

current inputs. However, a large number of RGCs in the rd10 mouse did not have spike 

responses to light stimulus. It may be attributed to the excitatory postsynaptic potential did not 

reach the action potential threshold. 

PTX is known as a non-specific GABA antagonist that could diminish GABA inhibition. PTX 

application increased the excitatory current amplitude and decreased the inhibitory current 

amplitude in single RGCs, and the effects of PTX were similar in rd10 and WT mice. Meantime, 

PTX induced the light-evoke spike response of RGCs. Removing GABAergic inhibition by 

PTX, reducing the direct inhibitory input from ACs to RGCs (feedforwards). At the same time, 
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inhibitory input from ACs to BCs (feedback) also reduced, leading to the increase of excitatory 

input of BCs to RGCs. The overall increased excitatory input may lead the cell potential to 

reach the action potential threshold, resulting in the light-evoked spike response. 

The sustained cones suggested in results were hypothesized to provide the light signals for 

RGCs in rd10 mouse. However, the unmasked light-evoked spike responses might also come 

from melanopsin. Literature indicated that M4 intrinsically photosensitive RGC (ipRGC) is 

correspond to ON αRGC which have a larger soma than other types. PTX might induce the 

light-evoked spike responses on αRGCs by increasing sensitivity of melanopsin response.          

As PTX could evoke the spike response, GABAergic circuitry was indicated to be responsible 

for masking the light-evoked response of RGCs in rd10 mice. Our results showed that GABAA 

receptor plays the main role than GABAC receptor. GABAA receptor located on AC and RGC 

dendrites and BC axon terminals, GABAC receptors located on the BC axon terminal. Feedback 

inhibition is ACs give dendrites on BCs or ACs, while feedforwards inhibition is ACs give 

dendrites on RGCs. Thus, GABAC only mediated the feedback inhibition, while GABAA 

mediated both feedback and feedforwards inhibition.  

Feedback and feedforwards inhibition could also be reflected in synaptic currents recorded. 

The currents recorded when holding membrane potential at cation equilibrium potential (0mV) 

reflected the inhibitory input from ACs, which is the feedforwards inhibition. The currents 

recorded while holding at chloride equilibrium potential (-68mV) reflected the excitatory input 

from BCs. The current is the sum of bipolar cell excitation and AC inhibition, which is the 

feedback inhibition. As the study has shown the currents of 0 mv have decreased, reflecting the 

decrease of feedforwards inhibition. And the currents of -68 mv have increased, reflecting the 

decrease of feedback inhibition. Therefore, the involvement of GABAA receptor and the change 

of currents both indicated the role of feedback and feedforwards inhibition in masking signals.  
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Noticeably, not all tested cells showed the light response after PTX application. The reason 

may underlie the decrease of inhibition still could not reveal the signal from survived cones. In 

addition, the survived cones may not be distributed evenly in the retina. If all of the cones 

which one RGC received signals from have died, PTX could not induced the light responses 

on that RGC.   

4.3 Glycine and dopamine had a little effect on masking the signal 

Glycine was the inhibitory neurotransmitter released by small-field ACs. Glycine receptors are 

found on axons of BCs, dendrites of ACs, and RGCs. Blocking the glycinergic inhibition could 

not induce the light-evoked response in RGCs. It suggested that glycinergic inhibition which 

involves small-field ACs did not participate in the process of masking signal.  

Dopamine is an important neurotransmitter underlying light adaptation and circadian rhythm. 

It affects the gap junction between AII-AII and AII-cone BCs. In this study, blocking 

dopaminergic circuitry also did not induce the light-evoked response, and did not interfere with 

PTX response-inducing process. It was reported dopamine receptors affect the GABA release 

from HCs in dim light (Herrmann et al., 2011). However, any modification of rod pathway is 

not likely to affect the signal in rd10 mice as it has been damaged already. Moreover, the retinal 

degenerative disease has dopamine deficiency (Djamgoz et al., 1997). The dopamine 

production in the rd10 retina may be rare, as the photoreceptors could not activate the 

dopaminergic ACs (Qiao et al., 2016). Therefore, blocking dopamine receptors in this process 

of rd mice has little effect on the signal manipulations.       

4.4 PTX increased the results on ERG and behavior tests  

Subcutaneous PTX administration increased the pSTR and b wave of ERG. The origin of pSTR 

is not fully clear, but part of it could reflect function of RGCs (Saszik et al., 2002). B-wave 

originated from the connection between photoreceptors and ON BCs. GABA receptors were 
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found in all of the five types of retinal neurons including BCs. Ionotropic GABA receptors 

were present at dendrites and terminals of BCs and could provide presynaptic and postsynaptic 

inhibition (Shields et al., 2000). Therefore, PTX might increase the b-wave through inhibiting 

the GABA receptors on BCs. Also, optic nerve transection which mainly affect RGCs could 

decrease b wave (Smith et al., 2014). Thus, the increased RGCs electrical activity may also 

contribute to the b-wave.  

PTX increased visual acuity and contrast sensitivity of rd10 mice. These results showed that 

PTX could increase the function of the retina and elevate the vision in vivo. The application of 

PTX was through subcutaneous osmotic minipumps in ERG and behavior tests. It has pros that 

could take effect continuously without hurting the eye surrounding tissue. However, as a 

systematic administration, the pathways which took the effect may include multiple targets, 

which could not be directly attribute to the PTX effect on the retina. It only suggested the 

possibility that unmasking spikes code the effective information and transferred it to CNS.    
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5. Conclusion and Further Study 

This study focused on P38-P46 rd10 mice, the early retinal degenerative model, in which most 

of the rods lost at age P38-P46 but some cones still retained. Applying PTX unmasked light 

response of RGCs, possibly by blocking GABA inhibition. PTX application also increased 

ERG and optokinetic responses to restore part of visual function.   

However, there are limitations. The mechanism of PTX in increasing of visual function is not 

clear in this study. We only revealed the unmasking effect in a single RGCs level, but have not 

tested if the unmasking spikes could transfer to the CNS to increase the vision. Although the 

behavior test showed an increase of visual acuity, the targets were multiple and unclear. 

Therefore, further experiments should strive to reveal the activity in the visual cortex after 

topical or intravitreal injection of PTX.  

This study also suggested the translational potential of PTX as RP therapy. However, toxicity 

and side effects of PTX should be considered. PTX is poisonous to humans and other mammals, 

it could lead to seizures and respiratory paralysis in a high concentration. It was used to 

counteract depressants poisoning as the effect on GABA inhibition, but using in medication 

has been abandoned due to the toxic effects of the agent. Only the plant it derived from, 

cocculus, is used in traditional medicine. The LDLo (lethal dose low) of PTX in humans is 

0.357mg/kg. Whether the low concentration would have an effect on the eye is not clear. In 

addition, PTX as a non-specific GABA antagonist, might have similar side effects to other 

GABA receptor antagonists, which might cause anxiety, seizure, and other psychotic symptoms 

(Xu & Wong, 2018). Therefore, more experiments should be done with caution and discretion 

before clinical application of PTX in RP patients. 

  



140 

 

Chapter 6 RGCs changes by elevated IOP 

 

1. Introduction 

Glaucoma is the leading cause of vision loss, characterized by progressive neuron death. High 

IOP plays a major role in glaucoma, and lowing IOP becomes the key therapy for glaucoma 

patients nowadays (Jonas et al., 2017; Weinreb et al., 2014). RGCs cell death is responsible for 

vision loss during the glaucoma process. Exploring the method to protect the RGCs and 

decrease the RGCs’ vulnerability is a feasible way to prevent and treat glaucoma. 

Although inherited glaucoma was reported in DBA/2J mice, the variety in expression and the 

substantial pathological changes make it unsuitable to study the effect of high IOP (Turner et 

al., 2017). Increasing IOP experimentally is still the routine used to make glaucoma animal 

models. Episcleral vein injection or ablation could increase the IOP by reducing aqueous humor 

drainage, however, the extent and duration of IOP elevation varied. Translimbal laser 

photocoagulation could also reduce aqueous humor outflow to increase IOP. This technique 

requires multiple retreatments to maintain the IOP elevation and may cause corneal 

decompensation. Microbeads injection is recently used to increase IOP by obstructing the 

aqueous humor outflow. Simplicity and low cost of this technique make it widely used to study 

glaucoma (Johnson & Tomarev, 2016). In this study, microbeads injection method was adopted 

to elevate the IOP of the mouse.  

In the previous study, the morphology, coupling patterns, and electrical signaling of ON and 

OFF RGCs were studied in normal conditions. The effects of high IOP on ON and OFF RGCs 

would be investigated in this study.  

Retinal function was affected in glaucoma or ocular hypertension patients. Studies showed 

decreased amplitude of pattern ERG (Bach et al., 2006; Falsini et al., 2008) and multifocal 
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ERG (Chan & Brown, 1999), selective loss of oscillatory feature (Fortune et al., 2002), 

decreased PhNRs, d-wave and i-wave at offset (Horn et al., 2011), decreased amplitudes of 

cone ERG (North et al., 2010). Experimental glaucoma in animal models also brought 

reduction in amplitude in both positive and negative potentials in ERG (Bayer et al., 2001a; 

Bayer et al., 2001b; Bui et al., 2005; Holcombe et al., 2008; Lakshmanan et al., 2019; 

Viswanathan et al., 2000), with two studies reported increase b waves (Frankfort et al., 2013; 

Khan et al., 2015).  

The RGCs’ signaling was also changed in IOP elevation, including decreased spontaneous 

spikes, sensitivity, and ISI variance were showed before RGCs death (Della Santina et al., 2013; 

Ou et al., 2016; Pang et al., 2015). Gap junction blocker was shown to protect the RGCs in the 

high IOP. However, the detailed electrophysiological changes of ON and OFF RGCs including 

the synchronous firing were not clarified in the early stage of the IOP elevation. 

This study aims to figure out signaling changes of RGCs in elevated IOP mouse models. 

Microbeads were injected into the anterior chamber to elevate the IOP of mice for 4 weeks. 

Retinal function was compared by ERG between normal and high IOP. RGC spontaneous 

activity and light response were tested by single-cell patch recording. Here we only showed 

the very preliminary data. Four-week elevation of IOP decreased the number of RGCs. Light 

sensitivity of OFF RGCs significantly increased in IOP elevation. Further experiments are 

needed to verify the changes. In addition, we also would like to test the possibility of recovering 

effects by blocking gap junction. We hypothesized that the IOP elevation could change the 

electrical signaling of RGCs, and the changing may favor increased excitable status, such as 

increased spontaneous activity, light sensitivity, ratio of excitation and inhibition currents, as 

well as concerted activity. Blocking gap junction might recover these responses. 
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2. Methods 

2.1Animals 

The KCNG-YFP (6-8 weeks) mice (Duan et al., 2015) of either sex were used in the 

experiments. 

2.2 Induction of elevated IOP by microbeads injection 

The elevated IOP was generated by injection of polystyrene microbeads into the anterior 

chamber. This method was used in other studies to successfully induce IOP elevation (Au - Ito 

et al., 2016; Sappington et al., 2010). In this study, a mixture of 6µm microbeads (Polybead 

dyed blue 6 micro microsphere, Polysciences, Cat# 15715) and 1µm microbeads (Polybead 

dyed yellow 1 micro microsphere, Polysciences, Cat#15713-15) were used. The solution of 

blue beads was concentrated 15-20 fold to reach the final concentration, which contains 

approximately 2.4*107 yellow microbeads, and 4.7*106 blue microbeads per 1.5-2 µl. Mice 

were anesthetized with an intraperitoneal injection of 100mg/kg ketamine and 20 mg/kg 

xylazine mixture. Pupils were dilated with 1% tropicamide ophthalmic solution (Mydriacyl, 

Alcon). Anesthetic drop lidocaine was applied to each eye. The sharp micropipettes were pulled 

from borosilicate glass capillaries (World Precision Instruments Cat#1B20F-4). The 1ml 

syringe connected to the micropipette by polyethylene tubing was used for injection. The 

cornea was punctured by a microsurgical stab knife (Sharpoint, Surgical Specialties REF 72-

1501) 3mm central to the ora serrata. The micropipette was inserted into anterior chamber 

avoiding contact with the lens, inner cornea, and iris. A 1.5-2µl mixed microbeads solution was 

injected into the anterior chamber of right eye of the mouse. Left eye was left with no treatment 

as control. After injection, the animals were allowed to recover for 24 hours before resumption 

of IOP measurements. 

Measurement of IOP was made using a tonometer (Tonolab). The mice were given a little 
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inhaled isoflurane to free constrain and tested IOP. As general anesthesia decreased IOP with 

time, IOP was tested immediately after the mouse losing moving ability to minimize 

differences from anesthesia. Subsequent measurements were performed at 9-10 am twice a 

week. The tonometer averages 6 tests as one reading. For each measurement, 3 readings were 

averaged. The measurement was conducted until 4 weeks after beads injection.  

2.3 ERG recording 

A full-filed Ganzfeld (Q450; RETI Animal, Roland Consult, Germany) was used to measure 

the electrical signals. A pair of gold wire corneal electrodes (Roland Consult) was used as the 

active electrode. Two needle electrodes inserted into the lateral canthi to serve as references; 

one needle electrode inserted into the base of the tail as a ground electrode. The impedance of 

the electrodes was maintained below 10 kΩ. Stimuli were presented in multiple levels with 

increasing energy ranged from log −4.32 cd*s/m2 to log 1.30 cd*s/m2. Subsequently, 10-min 

light adaptation was given and photopic responses were recorded. The Positive scotopic 

threshold response (pSTR) and negative scotopic threshold response (nSTR) reflected the 

function of RGCs. pSTR usually formed at 100-120ms, nSTR appears around 150-250ms. The 

wave reflected photoreceptor’s function, and the b wave reflected the inner retina function. 

RGCs function could also be implicated in photopic negative response (PhNR).  

2.4 Immunohistochemistry and cell counting  

Anti-Brn-3a mouse antibody (1:500; Santa Cruz; Cat#sc8426), DAPI (Sigma-Aldrich Cat# 

D9542) were used.  

To count the cell number, all the cells in GCL were labeled with DAPI (blue), RGCs were 

double stained with Brn3a (red). The images were analyzed by Image J (Bethesda, MD, 1.52i, 

RRID: nif-0000-30467). Briefly, use “color split” to split blue and red channel, which is DPAI 

and Brn3a-stained, respectively. Adjust the threshold to make the stained cells clearly show. 
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For DAPI channel, “Watershed” was used to split the connected clusters which should be two 

or more cells. “Analyze pixel” was used to count the numbers of clusters pixels and the results 

were the numbers of DAPI-stained cells. For the Brn3a channel, because it also stained the 

blood vessels in mouse retina, the automatic counting methods were not suitable. The Brn3a-

stained cell numbers were counted manually.  

2.5 Electrical recording 

Green full-field light (λ = 525 nm) delivered by diode was used as light stimulus. Loose patch 

was used to record the spike activity of RGCs.  

Intensity-response profiles for individual cells were generated by plotting spike frequency of 

the response with stimulus intensities ranged from 0.15 to 131 Rh*/rod/s. The frequency of 

light-evoked ON and OFF response of RGCs was calculated by subtraction of the background 

frequency from those evoked by the light stimulus onset and offset, respectively. Averaged 

response data were then normalized and plotted against the intensity of the light stimuli using 

Origin software (OriginLab, Northampton, MA, USA). Data points were fitted by the classic 

Hill equation(Thibos & Werblin, 1978) as follows:   

R(I) =
Rmax  𝐼𝑛

(𝑘𝑛 + 𝐼𝑛)
 

where R is the measured response, Rmax is the maximal response, I is the stimulus intensity, n 

is the slope factor, k is the light intensity that produces a response of 0.5 Rmax. Response 

thresholds for individual cells were taken as 5% of the maximal spike frequency.  
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3. Results 

3.1 Beads injection leads to IOP increase  

We used the microbeads injection method to induce the elevation of IOP in the mouse eye. The 

beads injected were stuck in corner of the iris-cornea and Schlemm’s canal (Fig 6.1 A). The 

IOP was increased 3.28±1.41 mmHg 7 days after injection (Fig 6.1 B: 7 days Control eye: 

15.37±0.82, Beads eye: 18.65±1.44; p=0.033, n=18), and could last to 28d after injection. The 

mice of which IOP increased over 30 mmHg or did not reach 15 mmHg during the 4 weeks 

were excluded, as the mice with IOP over 30 mmHg usually had chances to develop corneal 

pathologies like edema and inflammation. The mice with cornea edema, hemorrhage, 

inflammation of anterior segment, or eyeball atrophy were also excluded to eliminate the effect 

rather than IOP elevation.   

Figure 6.1 Microbeads injection induced IOP elevation in the mouse 

[A] The microbeads injected were obstructed at the corner of iris-cornea, Schlemm’s canal.  

[B] IOP of microbeads-injected eyes (n=18) and control eye (n=18) in 28 days after injection. 

Day 0 is the injected day. The elevation was statistically significant from 7d to 28d.  

* p<0.05 (paired t-test).  
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3.2 The RGCs number decreased after 4-week elevation of IOP 

The retinas of the microbeads-injected eyes and control eyes were removed after 4 weeks and 

stained with Brn3a and DAPI for cell counting. All the cells in GCL were stained with DAPI, 

RGCs were labeled with Brn3a, ACs were indicated as DAPI-positive but Brn3a-negative cells 

(Fig 6.2 A-C). Two areas in 4 quadrants were taken by confocal and averaged in each retina 

(Fig 6.2 D). The peripheral number of RGCs in the bead retina showed significant decrease 

compared with the control retina (Bead: 18.96±4.06, Control: 21.05±3.53; p=0.01). The RGCs’ 

number also decreased in central areas in IOP elevation (Bead: 23.03±4.88, Control: 

25.75±4.50; p=0.03). ACs did not show a statistical decrease in central and peripheral retinas 

(Fig 6.2 E-F).        
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Figure 6.2 Number of RGCs and ACs under IOP elevation.  

[A-C] Cells in GCL were stained with Brn-3a (red) and DAPI (blue). Brn3a-positive cells were 

indicated as RGCs. DAPI-positive and Brn3a-negative cells were indicated as ACs. Scale bar: 

20µm.  

[D] Two areas in 4 quadrants of the retina were taken by confocal. The central 4 areas were 

averaged as Center in F, peripheral 4 areas were averaged as Periphery in G.  

[E] RGCs in central area showed significant decreased under IOP elevation (RGC: 

p=0.03<0.05, AC: p=0.73; Wilcoxon matched-pairs signed rank test).  

[F] Peripheral RGCs showed significant decreased under IOP elevation (RGC: p=0.01<0.05, 

AC: p=0.57). 

 

 



148 

 

Scotopic and photopic ERG was conducted after 4 weeks. The scotopic threshold response 

(STR) reflected the responses of RGCs. The positive STR (pSTR) and negative STR (nSTR) 

usually elicited at around 120ms and 220ms, respectively (Bui & Fortune, 2004). Photopic 

negative response (PhNR) could also reflect the RGCs activity (Chrysostomou & Crowston, 

2013). Photoreceptor function could be reflected by a wave, and b wave mainly indicated BCs 

function. The results showed no significant difference in amplitude of pSTR, nSTR (Fig 6.3 A, 

light intensity -4.32 cd*s/m2), a wave, b wave (Fig 6.3 B, light intensity -0.29 cd*s/m2), and 

PhNR (Fig 6.3 C) (p>0.05, n=5). Only the induce time of a wave was delayed in Beads eyes 

(Fig 6.3 D). 
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Figure 6.3 ERG results from the microbeads injected and control eyes.  

[A-C] Amplitude of response of STR, PhNR, a wave, and b wave in Beads and Control eyes. 

There was no significant difference between the two groups.  

[D] Only the elicit time of a-wave in Bead eyes was delayed compared with control eye (a 

wave time: 20.3±0.37 in Control, 21.5±0.31 in Bead; * p=0.03, paired t-test, n=5).   
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3.3 IOP elevated of 4 weeks increased light sensitivity of OFF RGCs  

The spontaneous spike activity of single αRGC was recorded. The RGCs under IOP elevation 

had more frequent firing rates, but no statistical difference (Fig 6.4 A). Concerning the 

synchronous activity, among 31 pairs of αRGCs recorded in Bead retinas, 8 pairs spiking 

activity were synchronized. The percentage number in IOP elevation 26% (8/31) is higher than 

the number 22% (2/9) in control condition, but there was no significant difference (Fig 6.4 B, 

p=0.21). 

According to the light sensitivity, the light response of a total of 26 αRGCs in the control group, 

24 αRGCs in the IOP elevation group, and 6 αRGCs in the Cx36-knockout group were measure 

from low to high light intensity and fitted with the Hill equation. The light sensitivity threshold 

was calculated as 5% of the light intensity inducing the maximum light response. There was 

no significant difference in light sensitivity threshold of all the cells among the three groups 

(Fig 6.4 C). However, after separating the ON and OFF αRGCs, the OFF αRGCs in the Bead 

group had a significantly lower light sensitivity threshold than the control group (Fig 6.4 D), 

which suggested the higher sensitivity under IOP elevation.   
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Figure 6.4 The electrical activity of αRGCs in the beads injected and control retinas  

[A] The spontaneous spike frequency of αRGCs did not show significant difference between 

Bead and Control eyes (Bead: 7.73±1.57 spikes/s, n=45; Control: 4.88±0.77 spikes/s, n=24; 

p=0.20; unpaired t-test).  

[B] The synchronous percentage of the αRGCs recorded in Control and Bead eyes were 22% 

(2/9) and 26% (8/31), respectively. There was no significant difference (p=0.21; chi-squared 

test).  

[C] The light sensitivity threshold of αRGCs in Control eye (n=26), Beads eye (n=24), and 

Cx36-knockout mouse eye (n=6). No statistical difference among the groups (One-way 

ANOVA).  

[D] Left: OFF αRGCs in the Bead eye had significantly lower light sensitivity threshold 

compared with the Control eye (Control: 4.56±1.4 Rh*/rod/s, n=16, Bead: 1.39±0.39 Rh*/rod/s, 

n=16; * p=0.032, t-test). Right: No significant differences were observed among the Control, 

Bead and Cx36-/- groups. 
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4. Discussion 

The preliminary data showed the method of microbeads injection significantly increased the 

IOP of mouse eye in 7 days. This increase could last for at least 21 days. Results showed that 

4-week mild IOP elevation induced overall 11% RGCs lost. Other studies also reported the 

RGCs and ACs loss after IOP elevation in mouse, but the lost percentage and time varied. One 

study reported the RGCs and ACs did not show a significant decrease until 4 weeks after IOP 

elevation (Akopian et al., 2016). While the other study reported 25% RGC loss at 2 weeks after 

IOP elevation (Chen et al., 2011). The ACs, especially ACs coupled to RGCs, were also 

reported to lost under IOP elevation (Akopian et al., 2016). However, we did not observe a 

significant loss of ACs in beads-injected retina, which may be due to relative low amplitude of 

the IOP elevated.  

The ERG was demonstrated to have the potential to predict glaucoma. One study reported the 

increased b-wave and decreased pSTR before RGCs loss (Frankfort et al., 2013). The other 

studies reported decreased oscillatory potential amplitudes or STR in IOP elevated animals 

(Bayer et al., 2001a). The ERG also showed decreased amplitude in patients of glaucoma or 

ocular hypertension (Falsini et al., 2008; Horn et al., 2011; North et al., 2010). In this study, 

the ERG result at 4 weeks did not show any significant changes in the amplitude between high 

IOP and control group. The insignificant results may be due to the small samples or IOP 

elevated amplitude. Meantime, the fluorescent microbeads injected may affect the normal light 

reflection and absorption through ocular components, varying the accuracy of ERG to assess 

the retinal function. 

There are discrepancies about the electrical activity of single RGCs under IOP elevation in 

other studies. It was reported increased (Ward et al., 2014) or decreased (Della Santina et al., 

2013) spontaneous activity of RGCs in mice, decreased light sensitivity (Pang et al., 2015), 

and faster temporal kinetics of receptive field (Tao et al., 2019). In cortical neurodegenerative 
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diseases such as Alzheimer’s disease and Parkinson’s disease, a hyperexcitable status of 

neurons was usually observed (Branch et al., 2016; Busche & Konnerth, 2016; Saxena & 

Caroni, 2011; Wainger et al., 2014). Glaucoma shares lots of similarities with the cortical 

neurodegenerative diseases in the etiological and pathological processes. Thus, in the high IOP 

condition, we postulated the status of RGCs should have a similar process before the final 

degeneration. 

The preliminary data showed that light sensitivity threshold of OFF αRGCs was lower than 

control group, indicating a hyper-excitable condition of OFF αRGCs. The other study also 

reported paradoxical enhanced excitability of RGCs. RGCs increased resting potential and 

firing rate after IOP elevation for 2 weeks and decreased subsequently at 4 weeks (Risner et 

al., 2018). The hyper-excitability only observed in OFF cells may underlie different sensitivity 

of ON and OFF cells. OFF cells may have higher sensitivity to detect IOP elevation and enter 

the hyper-excitable condition, or alternatively OFF cells keep a longer time in hyper-

excitability than ON cells.  

Previous literature suggested gap junction blockers provided neuroprotective effect to RGCs 

under high IOP, and RGCs of Cx36-knockout mouse had more resistance to IOP elevation.  

RGCs of Cx36-knockout mice are postulated to have lower light sensitivity than the wide type 

mice. Deficiency of rod pathway of Cx36-knockout mouse led to decrease of light sensitivity 

of ON RGCs (Deans et al., 2002), and substantial decreased glycinergic input affected light 

sensitivity of OFF RGCs (van Wyk et al., 2009). The 6 ON RGCs of Cx36-knockout mice had 

lower but insignificant light sensitivity than control group in this study. We suspected that 

elevated IOP increased the light sensitivity of RGCs at the beginning, and lower light 

sensitivity of RGCs in Cx36-knockout mice may underlie the protective effects.    
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5. Future work 

Some of the preliminary data did not show statistically different results. The reason may 

underlie the relatively low amplitude of IOP elevation and small sample size. Therefore, the 

following experiments should be performed in the future study.  

The first step is to improve and stabilize the IOP elevation in the microbeads mouse model. 

The mouse model in the preliminary data only showed an increase IOP of 3 mmHg at day 7 

after beads injection. The amount of elevation might be not high enough to induce insults on 

the RGCs effectively. Meantime, the IOP showed unstable elevation which led to a high 

percentage of exclusion and high variation among the samples, which might be the major 

reason for the insignificant results. Thus, we need to modify the microbeads injecting procedure 

to increase and stabilize IOP elevation. Secondly, increase the sample size to verify the 

quantitative changes and insignificant differences in preliminary data. Thirdly, gap junction 

antagonists will be applied to RGCs in IOP elevation group. Gap junction blockers were 

demonstrated to protect the neuron under IOP elevation. We would like to investigate the 

mechanism by measuring electrical activity of RGCs. 

Need to mention that, the mouse is shown to lack the lamina cribrosa, which is an important 

target of human glaucoma disease. The conclusions got from mice need to deal with caution 

when applying to humans in ocular hypertension disease.  
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Chapter 7 Overall conclusions   

RGCs are the output neurons in the vertebrate retina to the brain. There are more than 40 types 

of RGCs in the mouse retina to detect and encode distinctive aspects of visual information. 

This thesis firstly characterized the morphology of ACs coupled to RGCs, specifically the most 

studied ON and OFF αRGCs. ACs provide feedback inhibition to shape the visual signals such 

as computing local contrast in the circuit formed around RGCs. Wide-field or polyaxonal ACs 

are coupled to the ON and OFF αRGCs to different coupling extents. After the basic 

characterization of αRGCs and their circuitry with ACs, the signaling of RGCs was investigated 

under the pathological conditions, including myopia, retinitis pigmentosa, and glaucoma.  

Defocus is an important factor of myopic etiology. As evidence shows that the retina could 

detect defocus during the visually guided refractive development period, RGC therefore 

becomes a strong candidate for mediating the retina to sclera signaling pathway leading to 

myopia. Both excitatory and inhibitory conductance of ON and OFF αRGCs decreased in 

defocused stimuli.  

As atropine is used to control myopia progression in clinical trials, the effect of atropine on 

αRGCs was tested. Low-dose atropine did not change the morphological and firing patterns of 

most αRGCs. However, atropine unmasked ON response in certain OFF αRGCs possibly via 

the GABAergic pathway. This effect might disturb the accuracy of visual signaling transport 

to the CNS.  

These two studies investigated the etiology and pharmaceutical therapy of myopia. We found 

that RGCs could sense the defocus in electrical activity. In addition, atropine also changed the 

RGCs spiking activities. The GABAergic pathway may involve in this process, probably via 

mACh receptors. Our further study will focus on a specific RGCs type, ON-OFF RGCs, as 
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their dendritic stratification and direction-selective function. We postulated to observe spiking 

activities responded to defocus in ON-OFF RGCs, probably in the function of directive 

selection. Since ACh and GABA are important neurotransmitters to modulate the directive 

selection of RGCs, it would be interesting to observe the defocus effect on ON-OFF RGCs and 

whether atropine would affect the process via ACh and GABA pathways. 

Retinitis pigmentosa is a group of blinding eye diseases characterized by photoreceptors lost. 

Unmasking input signals under physiologic conditions is well documented in the brain and the 

retina. To take advantage of this pre-existing physiologic masking of input signals in the rd10 

mouse retina, PTX was applied to unmask the signals of αRGCs to light stimuli from surviving 

cones. Behavioral measurement of visual acuity and ERG of rd10 mice showed vision 

improvement with PTX application. Thus, unmasking signals might provide a cost-effective 

method to limit the deterioration of the neurodegenerative disease.  

Glaucoma is a leading cause of blindness worldwide. Electrical activities of αRGCs in IOP 

elevation were also investigated via microbeads injection. Preliminary data showed that 4-week 

elevation of IOP led to reduction of RGCs numbers and increased light sensitivity on certain 

RGCs. Changes in electrical activities of RGCs were postulated in an early stage of IOP 

elevation. However, some biophysical parameters did not show significant changes in 

preliminary data, suggesting further experiments are needed to optimize the animal models.  

Overall, the observations of signaling of RGCs in different physiological and pathological 

conditions have important consequences for understanding neural information processing in 

the retina. Signaling of RGCs reflects very early pathological changes, provides biophysical 

mechanisms for exploring preventive strategies for eye diseases in early stage.    
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