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Abstract 

 

Purpose 

Retinal ganglion cells (RGCs) serve as the final output neurons of the retina and as essential 

conduits for transmitting visual information to the brain. Given RGCs' inability to regenerate, any 

loss of RGCs results in permanent visual deficits, underscoring the need to understand how 

pathological insults compromise their survival to develop effective therapeutic strategies. This 

thesis investigates dysfunction and degeneration of alpha retinal ganglion cells (αRGCs) under 

two clinically essential conditions: chemical injury from corneal alkali burns and elevated 

intraocular pressure (IOP), which is relevant to glaucoma. Corneal alkali burn can cause 

irreversible damage to both the ocular anterior segment and posterior segment. Our first study aims 

to investigate the role of the gap junction subunit connexin 36 (Cx36) in mediating secondary cell 

death and its impact on the apoptosis of RGCs following ocular alkali burns. Since glaucoma is 

the most common cause of irreversible blindness, our second aim was to explore the effect on 

RGCs under different levels of high ocular hypertension and mechanical stress.  

Methods 

Wild-type C57BL/6J (WT) mice, KCNG-YFP, and homozygous connexin36-knockout (Cx36 KO 

HOMO) mice were used in the study. TUNEL staining and confocal microscopy were used to 

detect apoptotic cells. Intracellular dye injection was performed to confirm the neuronal 

morphology in the mouse retina. The light-evoked spikes, excitatory postsynaptic currents 

(EPSCs), and inhibitory postsynaptic currents (IPSCs) of RGCs were recorded using 525nm full-

field light as the stimulus to assess the RGC function.  
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Study 1: Corneal alkali burn models were established in WT and Cx36 KO HOMO mice by 

applying 2µl of 1 M sodium hydroxide solution to the cornea.  The gap junction blocker 

meclofenamic acid (MFA; 200 μM) was administered via intravitreal injection immediately after 

the corneal alkali burn.  

Study 2: Pressure-related injury was modeled using acute and sustained ocular hypertension to 

approximate glaucomatous stress. A sustained ocular hypertension (SOH) model was established 

in WT mice through 2 µl silicone oil injection into the anterior chamber. An acute ocular 

hypertension (AOH) model was induced in WT mice by inserting a homemade micropipette 

connected to a saline-filled container into the anterior chamber for 50 minutes. The container 

height was calibrated to induce an intraocular pressure of 75 mmHg. Two direct mechanical 

pressure methods were applied to isolate immediate effects on RGC physiology: one using a 

pressure controller and another using direct homemade micropipette compression. Behavioral 

visual performance was evaluated using the optomotor response (OMR) assay, and retinal function 

was assessed with electroretinography (ERG). 

Results 

Study 1: Corneal alkali burn produced rapid damage in RGC number and function in WT mice. 

The RGC loss was characterized by time-dependent progression, peaking at 24 hours, spreading 

from peripheral to central retinal regions. Six hours post-injury was determined to be the 

appropriate time point to assess RGC functional deficits in the corneal alkali burn mouse model. 

Within 6 hours, transient αRGCs showed significantly reduced light sensitivity, EPSCs, and IPSCs 

(all p < 0.05). We identified Cx36 gap junctions as key mediators of secondary RGC death in this 
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setting. Both genetic ablation of Cx36 and pharmacological blockade with MFA significantly 

improved RGC survival after injury.  

Study 2: In the SOH mice model, ERG recording showed significant decreases in positive scotopic 

threshold response (pSTR) and negative scotopic threshold response (nSTR), while there were no 

statistical changes in a-wave and b-wave after 4-week injury. The number of αRGCs was 

significantly reduced, whereas AII amacrine cell populations remained stable following 4-week 

injury. All types of αRGCs in 4-week SOH mice exhibited significantly reduced light sensitivities. 

In the AOH mice model, visual contrast sensitivity started to decline in 2 weeks but was 

significantly reduced by 4 weeks. There were significant decreases in αRGCs after 2-week and 4-

week AOH injury, but no significant difference in morphology. All types of αRGCs in 4-week 

AOH mice exhibited significantly reduced light sensitivities. To test whether pressure directly 

perturbs RGC signaling, we applied controlled mechanical pressure to RGCs. Following sequential 

pressure application to αRGCs via a pressure controller, αRGC light sensitivity decreased. 

Moreover, micropipette-induced mechanical pressure decreased current amplitudes at various 

potentials without affecting reversal potentials. 

Conclusions  

This work elucidates how two major insults—corneal alkali burns and elevated IOP—compromise 

RGCs through distinct yet converging mechanisms. Following corneal alkali injury, RGCs 

underwent rapid early-stage decline involving Cx36 gap junction-mediated secondary death. The 

gap junction antagonist MFA demonstrated neuroprotective potential by blocking this secondary 

cell death process. Following IOP elevation, early behavioral deficits could be masked by 

compensatory mechanisms. However, damage to synaptic function and cell survival could be 
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detected, providing new insights for early diagnosis. Direct pressure manipulation experiments 

provide a mechanistic link between elevated IOP and visual dysfunction by revealing immediate 

reductions in light sensitivity and synaptic transmission, potentially due to spurious spiking and 

baseline fluctuations that mask genuine visual signals.  
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Chapter1 Introduction 
 

1.1 The anatomy of the eye 
 

Eyes are organs of the visual system, including the spheroidal eyeball containing sense receptors 

for vision, protective accessory visual structures, and visual pathways integrated with the cerebral 

cortex. The eyeball is typically divided into anterior and posterior segments in mammals. The 

former consists of the cornea, iris, anterior chamber, and lens, while the latter constitutes the 

vitreous body, retina, choroid, and sclera. Due to different embryonic origins, the cornea from the 

surface ectoderm and the retina from the anterior neural plate, and different developmental signals 

are mediated, the anterior segment and posterior segment are not synchronous in the process of 

development.  
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1.1.1 Cornea 
The human cornea holds five layers:  cornea epithelium, Bowman’s layer, corneal stroma, 

Descemet’s membrane, and corneal endothelium. 

The mouse cornea has five layers as well: epithelium, anterior limiting lamina, stroma, posterior 

limiting lamina, and endothelium. 

 

1.1.2 Retina 
The retina is the starting point of human vision formation and an indispensable part of the visual 

system. Any damage to the retina affects the transmission of light signals, thereby altering human 

perception of the external environment. As a common site for ocular diseases, the retina is 

susceptible to various pathologies, including macular degeneration, glaucoma, diabetic retinopathy, 

and retinal detachment. These retinal diseases not only severely impact patients' quality of life but 

also place an enormous burden on healthcare systems. 
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1.2 Retina structure and neurons 

The retina consists of ten distinct layers organized from outer to inner, with five principal neuronal 

cell types (photoreceptors, horizontal cells, bipolar cells, amacrine cells, and ganglion cells) and 

their synaptic connections interspersed throughout, as shown in Fig. 1.1 (Yang et al., 2021). This 

sophisticated architecture establishes the foundation for the precise capture and transmission of 

visual information. 

The neurons in the retina involved in processing visual information are arranged like a sandwich: 

photoreceptors capture the initial light signals and pass the information to bipolar cells, which are 

ultimately collected by retinal ganglion cells (RGCs) and transmitted to the brain, as shown in Fig. 

1.2 (Sanes & Masland, 2015). 

 

 

 

Figure 1.1 The structure of the retina, modified from (Yang et al., 2021). The mammalian retina 

exhibits a highly organized laminar structure comprising 10 distinct layers that house five principal 

neuronal cell types responsible for the initial stages of visual information processing. These layers 

include the inner limiting membrane, nerve fiber layer, ganglion cell layer, inner plexiform layer, 
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inner nuclear layer, outer plexiform layer, outer nuclear layer, outer limiting membrane, 

photoreceptor layer, and retinal pigment epithelium. Five neurons include the photoreceptor (cone 

and rod), horizontal cell, bipolar cell, amacrine cell, and ganglion cell. 

 

 

 

Figure 1.2 The main cell classes in the mouse retina, modified from (Sanes & Masland, 2015). 

The retina has a sandwich-like structure: photoreceptors capture the initial light signals and pass 

the information to bipolar cells. Horizontal cells and amacrine cells provide lateral inhibition and 

signal modulation. While retinal ganglion cells ultimately collect all the processed information and 

transmit the decoded signals to the central nervous system.  
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1.2.1 Photoreceptors 

1.2.1.1 Rod and cone cells 

All mammals have photoreceptors in their retinas. Despite being located in the outer layer of the 

retina, photoreceptors are actually the first structures to detect light and are responsible for 

converting light signals into electrochemical signals.  

Photoreceptors are categorized into two types: rods and cones. When viewed in vertical retinal 

sections, these two cell types can be clearly distinguished from one another based on their 

distinctive morphological characteristics. This is because, although both cell types contain four 

structural components (outer segment, inner segment, nucleus, and synaptic terminal), the 

morphology of their outer segments differs significantly. Rod outer segments are cylindrical in 

shape with numerous discrete membranous discs, whereas cone outer segments exhibit a 

distinctive conical structure. The differences between rods and cones are reflected in their 

responses to light stimuli as well. Rods, with their extraordinary sensitivity to light and ability to 

respond to a single photon, are highly specialized for scotopic vision under low-light conditions. 

Cones are responsible for photopic vision with relatively lower light sensitivity but faster light 

response. Moreover, rods exhibit a delay in response after the cessation of light, whereas cones do 

not. For this reason, our eyes are better able to detect moving objects during daylight, while it 

becomes much more difficult under low-light conditions (Kawamura & Tachibanaki, 2008). Gap 

junctions were observed in mammalian photoreceptors, contributing to an improved signal-to-

noise ratio. 

In general, rods outnumber cones. Mice are typical rod-dominated animals, accounting for 

approximately 97% of rods in the retina (Jeon et al., 1998). The substantial numerical difference 



 

24 
 

has positioned cones in a relatively less understood role compared to rods. For humans, cones 

concentrate in the fovea and provide the high visual acuity necessary for detailed central vision. In 

contrast, mice lack a fovea structure, so their cones are not concentrated in any specific region but 

are distributed differently across the retina. In mice, there is only one type of rod photoreceptor, 

while cones exist in two kinds. The former contains rhodopsin, while the latter contains cone 

opsins: short wavelength–sensitive opsins (S-opsins) and middle wavelength-sensitive opsins (M-

opsins). Mouse is unusual in that the majority of cones co-express both S- and M-opsins in the 

same cone (Applebury et al., 2000; Lyubarsky et al., 1999), while the remaining cones exclusively 

express M-opsins in the far dorsal retina, which is, however, overall expressed at lower levels 

compared to S-opsins (Applebury et al., 2000). Due to mice lacking long-wavelength cones, 

laboratories commonly utilize red light to maintain dark adaptation during experiments. However, 

when the light intensity becomes sufficiently bright, mice will still exhibit responses to this 

illumination (Peirson et al., 2018). The peak sensitivity of rhodopsin is near 500 nm, while the 

peak sensitivities of S- and M-cone pigments are at 360 nm and 508 nm in mice, respectively 

(Jacobs et al., 1991; Lyubarsky et al., 1999; Sun et al., 1997). 

The details of phototransduction in rods are well-established, with a similar process occurring in 

cones (Fu & Yau, 2007). Rod photoreceptors convert photons into electrochemical signals through 

a process called phototransduction, which is the first step in visual information processing, as 

shown in Fig. 1.3 (Kawamura & Tachibanaki, 2008). When photons are absorbed by rhodopsin, 

they trigger the isomerization of the chromophore 11-cis-retinal to all-trans-retinal. This 

photoexcited rhodopsin interacts with the G protein transducin, which in turn activates 

phosphodiesterase (PDE). PDE then hydrolyzes cyclic GMP (cGMP) to GMP, resulting in 

decreased cytoplasmic cGMP concentration. Since cGMP keeps the opening of cation channels, 
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the reduction in cGMP levels causes these channels to close, thereby reducing the influx of Na+ 

and Ca2+ ions. This cascade leads to hyperpolarization of the photoreceptor cell. The resulting 

voltage signal spreads to the synaptic terminal, modulating glutamate release and ultimately 

transmitting visual information to downstream retinal neurons, including the bipolar and horizontal 

cells.  

In darkness, photoreceptor cells, including rods and cones, exhibit a steady inward current, 

commonly referred to as the "dark current," which is mediated by a cation conductance located on 

the outer segment membrane. This current depolarizes the membrane potential and facilitates the 

continuous release of glutamate at the synapse. Upon exposure to light, the cation conductance, 

which is composed of cGMP-gated channels termed the "light-sensitive" conductance, closes, 

resulting in the cessation of the dark current. This results in a hyperpolarization of the membrane, 

which subsequently reduces or terminates the release of glutamate. The resulting changes in 

glutamate release are then processed by downstream neurons in the retina before being transmitted 

to higher visual centers in the brain for further interpretation and integration (Fu & Yau, 2007). 
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Figure 1.3 Phototransduction cascade in carp rods and cones, modified from (Kawamura & 

Tachibanaki, 2008). Photoreceptor outer segments utilize a cGMP hydrolysis cascade to initiate 

cellular responses to light stimulation. See details in the text. 

 

1.2.1.2 Rod and cone pathway 

There are three rod pathways proven in the mouse retina: the primary rod pathway, the alternative 

rod pathway, and the third rod pathway (Grimes et al., 2018; Pan et al., 2016), as shown in Fig. 

1.4 (Pan et al., 2016). 

In the primary rod pathway, rods synapse with a class of rod bipolar cells, and the latter sequentially 

synapse with AII amacrine cells. Whereafter, AII amacrine cells transmit the ON streams to the 
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ON cone bipolar cells via excitatory gap junctions, meanwhile transmitting the OFF signals to the 

OFF cone bipolar cells by inhibitory glycinergic synapses, finally reaching ON RGCs and OFF 

RGCs, respectively.  

In an alternative rod pathway, the signal can directly pass from rods to cones via gap junctions. 

This rod excitation can convey to the ON cone bipolar cells and the OFF cone bipolar cells, 

followed by the corresponding ON RGCs and OFF RGCs. 

In the third rod pathway, a rare and unique pathway is formed between the rod and a specialized 

OFF cone bipolar cell. It is speculated that the rod also synapses with a type of ON cone bipolar 

cell. 

The cone pathways in mammalian retina demonstrate greater directness and spatial specificity 

compared to rod pathways in Fig. 1.4 (Kolb, 1995). Unlike rod circuits that require intermediate 

amacrine cell processing, cone bipolar cells synapse directly onto ganglion cell dendrites. ON cone 

bipolar cells connect with ON RGCs, while OFF cone bipolar cells establish synapses with OFF 

RGCs. This architectural difference results in more narrow-field and convergent cone pathways 

(Kolb, 1995). 
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Figure 1.4 The three rod pathways in the mammalian retina, modified from (Pan et al., 2016). 

The primary rod pathway follows a circuit: rods → RB → AII → CB → GC. The secondary 

pathway involves: rods → cones → CB → GC. The tertiary pathway represents a more direct route: 

rods → CB → GC. AC, amacrine cell; AII, AII amacrine cell; CB, cone bipolar cell; RB, rod 

bipolar cell; ON RGC, ON retinal ganglion cell; OFF RGC, OFF retinal ganglion cell; gj, gap 

junction. 
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Figure 1.5 The cone pathway, modified from (Kolb, 1995). Cones form synapses with both 

depolarized bipolar cells and hyperpolarized bipolar cells, which subsequently connect to ON and 

OFF retinal ganglion cells, respectively. 
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1.2.2 Bipolar cell 

The morphology of retinal bipolar cells (BCs) features two protrusions extending from the neuron 

in opposite directions, with one upward and one downward when viewed in cross-section. In the 

vertebrate retina, the soma of the BC is situated in the inner nuclear layer (INL), with its two 

protrusions going up to reach photoreceptors and down to reach the inner plexiform layer (IPL), 

thus relaying signals from the photoreceptors to the IPL, where it provides input to RGCs and ACs. 

All major BCs in the mouse retina seem to have been discovered: there are 12 types of cone 

inputting BCs, and only 1 type of rod-driven BC, which is mainly differentiated based on their IPL 

stratification level (Euler et al., 2014; Helmstaedter et al., 2013), as shown in Fig. 1.6 (Euler et al., 

2014). Each cone pedicle establishes synaptic connections with a minimum of 10 distinct BCs 

(Wässle et al., 2009). These distinct types of BCs contribute to transforming the photoreceptor 

signals into different channels, which encode specific stimulus properties, such as response 

polarity (ON and OFF), speed (transient and sustained responses), chromatic sensitivity, and 

spatial receptive field (Breuninger et al., 2011; Chalupa & Günhan, 2004; DeVries et al., 2006; 

Mataruga et al., 2007; Roska & Werblin, 2001). Therefore, BCs are considered the first step in 

diverging visual information and visual pathways. 

In light, the glutamates released from photoreceptors are reduced, which excites the depolarizing 

BC and inhibits the hyperpolarizing BC. We typically refer to these two types of cells as ON and 

OFF BCs as well. In general, ON BCs outnumber OFF BCs in most mammals. This polarity of 

their light response is primarily caused by the different glutamate receptors present on these two 

types of BCs. ON BCs form invaginating contact with cone pedicles by inhibitory metabotropic 

glutamate receptors (mGluR), especially mGluR6. Glutamate closes cation channels in ON BCs 

via the mGluR6 receptor cascade, which induces the closure of transient receptor potential cation 
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channel subfamily M member 1(TRPM1) (Koike et al., 2010). Finally, it implements the 

conversion of hyperpolarization signals transmitted from photoreceptors into depolarization in 

BCs. By contrast, OFF BCs form flat contact with the cone pedicle base via excitatory ionotropic 

glutamate receptors (iGluR). Glutamate opens cation channels in OFF BCs via AMPA/KA 

receptors (DeVries, 2000; DeVries et al., 2006). When the light is on, reduced glutamate closes 

cation channels, leading to membrane hyperpolarization of OFF BCs. This is the only location 

where membrane polarity is reversed, with downstream cells following this polarity further.  

OFF BCs stratify their axonal terminals in the outer sublamina of IPL, while ON BCs 

predominantly stratify in the inner sublamina (Wu, 2010). In the mammalian retina, the IPL is 

subdivided into five distinct strata of approximately equal thickness, with the outer strata 

corresponding to the OFF sublamina (strata 1 and 2) and the inner strata to the ON sublamina 

(strata 3-5) (Famiglietti & Kolb, 1976). BC types that exhibit more transient light responses tend 

to stratify near the middle of the IPL, whereas those with more sustained responses are typically 

located closer to the IPL borders (Baden et al., 2013; Borghuis et al., 2013). This distinct 

stratification pattern reflects the functional organization of the retina, in which the ON and OFF 

pathways are anatomically and functionally segregated to process visual signals.  

BCs exhibit center-surround antagonistic receptive fields (CSARF), a key feature that allows them 

to encode spatial information effectively. In this arrangement, the receptive field is divided into a 

central region (center) and a surrounding region (surround), with the two regions responding 

oppositely to light stimuli. The central part of the receptive field directly responds to light, while 

the surrounding region exhibits an opposite response to the center, corresponding to ON-

center/OFF-surround (depolarized) BCs and OFF-center/ON-surround (hyperpolarized) BCs, 
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respectively. The surround's inhibitory effect is achieved through lateral inhibition mediated by 

horizontal cells and ACs, which sharpens contrast, detects edges, and filters out noise. 

 

 

 

Figure 1.6 Illustration of the organization of the bipolar cells in the mouse retina, modified 

from (Euler et al., 2014). Thirteen bipolar cell types have been identified, with their dendrites 

distributed in different layers of the IPL and exhibiting different characteristics, including: ON or 

OFF responses, rod contacts, cone-type contacts, response transience, and spike generation. 
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1.2.3 Horizontal cell 

Retinal horizontal cells (HCs) occupy positions within the inner nuclear layer (INL). In the human 

retina, there are three types of HCs being observed: HI type, HII type, and HIII type (Kolb et al., 

1994). Zebrafish retinal HCs comprise three distinct types that can be unequivocally identified: 

H1/2 and H3 cells, which connect to cones, and a third type that connects to rods (Connaughton et 

al., 2004). The rabbit retinal HC system consists of A-HCs and B-HCs (Hack & Peichl, 1999). 

Only one kind of B-type (axon-bearing type) of HC has been found in some rodent retina, which 

is in the INL (Masland, 2001; Peichl & González-Soriano, 1994; Peichl et al., 1998).  

In addition to having a soma and dendritic structure, a distinctive structural feature of mouse retinal 

HC is the axonal terminal. In axon-bearing HCs, the axons do not transmit neural signals but 

instead provide metabolic support to a functionally independent "axon terminal system." In mice, 

this system is involved explicitly in mediating lateral inhibition among rod photoreceptors. 

Meanwhile, the dendritic arbor of the HC serves the same role exclusively for cone photoreceptors. 

Therefore, HCs modulate information from photoreceptors, rather than transmitting the signal.  

HCs are strongly homocellularely coupled together through connexin57 (Cx57) homotypic gap 

junctions, forming an extensive network with large receptive fields to integrate visual signals 

(Kaneko, 1971; Shelley et al., 2006). Electrical synapses are likely involved in the transmission of 

feedforward antagonistic surround signals from horizontal cells to depolarizing bipolar cells 

(Zhang et al., 2006). 

HCs are the basis for the formation of center-surround antagonistic receptive fields. When light 

suppresses glutamate release from photoreceptors, AMPA receptors on HCs are modulated, 

allowing the HCs to hyperpolarize. Three possible mechanisms suggest that HCs provide sign-

inverting feedback to cones: gamma-aminobutyric acid (GABA) release, ephaptic modulation, and 
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cone calcium currents modulation (Thoreson & Mangel, 2012). Additionally, feedback and 

feedforward pathways exist between HCs and BCs. Experimental evidence demonstrates that 

depletion of HCs disrupts the formation of antagonistic center-surround receptive fields in RGCs 

and diminishes the diversity of both ON and OFF responses in RGCs (Chaya et al., 2017). These 

feedback and feedforward mechanisms from the HCs indicate that HCs play essential roles in the 

retinal circuits and visual processing. 
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1.2.4 Amacrine cell 

Cajal first discovered and named the amacrine cell (AC) in the avian retina. After this, these 

neurons with unique morphology have been extensively studied and confirmed in multiple species. 

ACs are positioned in the inner nuclear layer as a kind of interneuron receiving visual signals from 

BCs and neighboring ACs, thus transferring the processed information to the retinal ganglion cells.  

More than 60 types of distinct ACs have been discovered in the mouse retina, which could be 

classified using multiple criteria. According to the dendritic field size, ACs are divided into narrow 

field (30-150 µm), medium field (150-500 µm), and wide field (˃500 µm) (Kolb et al., 1981; Lin 

& Masland, 2006; Masland, 2012b; Pang et al., 2012), as shown in Fig. 1.7 (Masland, 2012b). 

Based on dendritic stratification patterns in IPL, they are categorized as monostratified, bistratified, 

multistratified, etc. (Lee et al., 2015).  

Neurochemically, ACs utilize a diverse range of neurotransmitters to regulate retinal circuitry, 

including glycine, GABA, dopamine, acetylcholine, and nitric oxide. The majority of retinal ACs 

are divided into two categories: GABAergic ACs with wide dendritic fields, and glycinergic ACs 

with narrow dendritic fields (de Vries et al., 2011; Menger et al., 1998). Among these, GABAergic 

cells not only express GABA but also generally emit one or more other types of transmitters, 

including dopamine, acetylcholine, nitric oxide, and others. In addition to neurotransmitters, many 

ACs communicate with RGCs and other ACs via gap junctions, and the transmission speed of gap 

junctions is considered faster than that of neurotransmitters (Connors & Long, 2004). 

ACs are one of the primary neuron types in the retina, receiving excitatory signals from BCs and 

inhibitory signals from other ACs (Marc & Liu, 2000). Meanwhile, ACs deliver inhibitory synaptic 

input to the terminals of BCs, the dendrites of RGCs, and other ACs (Diamond, 2017). In the 

vertebrate retina, ACs are classically regarded as having an inhibitory role in modulating the 
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receptive field surrounding, which enables shaping both spatial and temporal features (Diamond, 

2017). Currently, two major pathways have been studied: on one hand, feedback inhibition on BCs, 

and on the other hand, feedforward inhibition on RGCs (Flores-Herr et al., 2001; Lee et al., 2016; 

Tachibana & Kaneko, 1988). This inhibitory function is primarily due to the neurotransmitter 

expression patterns in ACs (Eggers & Lukasiewicz, 2006). Notably, inhibiting one of the subtypes 

of inhibitory receptors can lead to an overall increase in inhibitory signaling. Glycine receptor 

blockade results in the enhancement of GABAergic signaling in both feedforward and feedback 

pathways (Zhang et al., 1997), indicating that disinhibition occurs in ACs. Therefore, ACs are 

involved in the visual pathway, greatly contributing to deciphering retinal computation. 

 

 

 

Figure 1.7 Illustration of narrow-and medium-field amacrine cells (Masland, 2012b). See 

details in the text. 

 

1.2.4.1 AII amacrine cell 

AII amacrine cells (AII ACs) are highly characteristic glycinergic amacrine cells with narrow 

fields in the mammalian retina, functioning in both photopic and scotopic conditions (Diamond, 

2017; Kolb & Famiglietti, 1974; Pourcho & Goebel, 1985). Among glycinergic ACs, the AII 
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subtype is predominant, representing approximately one-fifth to one-third of this neuronal 

population in the rat retina (Menger et al., 1998). AII ACs are located in the inner nuclear layer, 

which could be labeled by Prox1 and Disabled1 immunostaining (Lee et al., 2006; Rice & Curran, 

2000). Prox1-labeled amacrine cells were found in the whole area of the retina, including the 

inferior, superior, temporal, and nasal regions.  There are 3887 ± 160 cells/mm2 AII ACs 

immunostained in the region adjacent to the optic nerve, which represents the area of highest 

density (Pérez de Sevilla Müller et al., 2017).   

AII ACs play an essential role in the primary rod pathway, receiving signals from rod BCs and 

subsequently transmitting this information to the cone pathway. As a result, it is also called a rod-

AC. AII ACs serve as critical intermediaries in the visual system, establishing essential neural 

bridges between rod and cone signaling pathways. Additionally, they segregate the visual signals 

into ON and OFF components through distinct synaptic mechanisms in scotopic conditions: 

forming electrical synapses (gap junctions) with ON cone BCs while communicating with OFF 

BCs and OFF RGCs via inhibitory glycinergic synapses (Dacheux & Raviola, 1986; Famiglietti 

& Kolb, 1975; Kolb & Famiglietti, 1974; Manookin et al., 2008; Murphy & Rieke, 2008). This 

character is likely to be strongly linked to the morphology of AII ACs, presenting arboreal 

dendrites on both the ON sublamina and the OFF sublamina of the IPL (Famiglietti & Kolb, 1975). 

Notably, ON inhibitory signals would be relayed from AII ACs to ganglion cells through gap 

junction-mediated pathways in photopic condition (Münch et al., 2009). 

The light-sensing capabilities of AII ACs exhibit exceptional sensitivity. Furthermore, AII ACs 

establish homotypic coupling with neighboring AII ACs via gap junctions containing connexin 36 

(Cx36), creating a functional network that enhances signal processing. Interestingly, AII ACs 

exhibit minimal coupling under conditions of complete darkness, but their coupling strength 
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increases significantly within scotopic light levels (Bloomfield & Völgyi, 2004). When 

illumination reaches photopic levels, AII ACs undergo decoupling once more through the 

dephosphorylation of Cx36 by phosphatases that are activated via dopamine receptors (Kothmann 

et al., 2009). 

 

1.2.4.2 Dopaminergic amacrine cell 

Dopaminergic amacrine cells (DACs) are located in the innermost part of the INL, whose dendrites 

and axons are distributed within sublamina 1 of the IPL (Ballesta et al., 1984; Keeley & Reese, 

2010; Wang et al., 1990). Dopaminergic cells represent one of the most sparsely distributed cell 

populations in the retina, comprising fewer than 0.01% of the total retinal neuronal population, 

which were labeled by tyrosine hydroxylase (TH) (Zhang et al., 2004; Zhang et al., 2024). 

DACs in the retina release dopamine according to a circadian pattern, with elevated concentrations 

during daytime and reduced levels throughout the night (Doyle et al., 2002). Dopamine in the 

retina functions both as a circadian clock resetting mechanism and as a key modulator that governs 

high-acuity vision, light-adapted visual processing, and photoreceptor cell coupling (Besharse & 

McMahon, 2016; Jackson et al., 2012; Jin et al., 2015; Ribelayga et al., 2008). Through its 

interaction with five distinct G-protein-coupled dopamine receptors, dopamine modulates voltage-

gated ion channels and modifies both chemical and electrical forms of synaptic transmission. These 

five dopamine G-protein-coupled receptors segregate into two functional subfamilies 

distinguished by their opposite effects on adenylyl cyclase - the stimulatory D1-like subfamily (D1, 

D5) and the inhibitory D2-like subfamily (D2, D3, D4) (Jackson et al., 2012). D1 dopamine 

receptors are present on horizontal cells and subsets of BCs, ACs, and RGCs, while the D2 receptor 
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subfamily shows D2 expression on DACs and D4 expression predominantly on photoreceptors 

(Cohen et al., 1992; Derouiche & Asan, 1999; Farshi et al., 2016; Flood & Eggers, 2021; Klitten 

et al., 2008; Veruki & Wässle, 1996). 

Light responses in DACs occur via both the rod and cone pathways, with the rod pathway playing 

a documented role in dopamine regulation (Zhang et al., 2008; Zhao et al., 2017). DACs display a 

diverse range of firing patterns: two forms of intrinsic bursting during darkness that are influenced 

by inhibitory synapses, two types of light responses (transient and sustained ON responses), and 

activity that occurs independently of light stimulation, with each pattern tailored for specific visual 

dopaminergic roles (Zhang et al., 2007). Transient dopamine neurons receive their light-evoked 

responses via ON BCs circuits that are activated by either rod or cone photoreceptors (Zhang et 

al., 2007). The melanopsin-mediated phototransduction pathway in intrinsically photosensitive 

RGCs appears to generate sustained light responses in dopaminergic neurons, which constitute the 

primary neuromodulatory network of the vertebrate retina (Barnard et al., 2006; Brainard & 

Morgan, 1987; Godley & Wurtman, 1988; Zhang et al., 2008). 
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1.2.5 Retinal ganglion cell 

The retinal ganglion cell (RGC) collects visual signals from the upstream pathway and parallel 

channels through its abundant dendrites, thus delivering this coded vision information to the visual 

cortex in the brain by forming an axon. RGCs, which are critical as the final step in transmitting 

visual information from the retina, can lead to vision loss, reduced visual function, or even 

blindness when damaged. 

 

1.2.5.1 Classification of retinal ganglion cells 

Structurally, a retinal ganglion cell consists of three parts: the soma, which is located in the 

ganglion cell layer (GCL); the dendritic structure, which branches and forms flattened arbors in 

different layers of the IPL to connect with upstream neurons; and the axon, which forms the optic 

nerve, serving as the only pathway through which the brain receives external visual information. 

Different types of retinal ganglion cells respond to distinct visual features, providing the brain's 

visual system with a set of parallel, highly processed visual information, which highlights the 

significance of ganglion cell classification studies.  

Through extensive investigation using dye injections, genetic techniques, immunofluorescence 

labeling, and light response analysis, mammalian RGCs have been roughly classified based on 

morphology, gene expression, spacing, and physiological properties. Neuronal tracers with cell 

injections to distinguish 22 subtypes of RGCs in the wild-type mice based on the somatic and 

dendritic morphology of different subtypes (Völgyi et al., 2009). Retinal ganglion cells are 

classified into 15 types based on genetic definitions and dendritic length distributions, revealing 
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the correspondence between genetic and structural cell types. Approximately 40 distinct RGC 

types could be categorized based on their functional response features, as shown in Fig. 1.8 (Baden 

et al., 2016). There are around 40 different subtypes of RGCs classified by the single-cell 

transcriptome profiling in the mouse retina (Rheaume et al., 2018).  

In the mammalian retina, RGC functional diversity emerges from multiple regulations, with the 

main contribution coming from the parallel processing of photoreceptor signals by distinct bipolar 

cell subtypes (Masland, 2012a; Wässle, 2004). Furthermore, diversity is shaped by the specific 

dendritic and receptor characteristics of individual RGCs (Bae et al., 2018; Brandstätter et al., 1998; 

Poleg-Polsky & Diamond, 2011; Schachter et al., 2010), as well as by inhibitory modulation from 

amacrine cell networks (Oltedal et al., 2007). Although multielectrode arrays can capture electrical 

activity from many RGCs concurrently, they provide limited research value because researchers 

cannot identify the molecular composition or structural characteristics of the individual cells being 

recorded. Consequently, patch clamp techniques have gained broader application, while two-

photon calcium imaging has similarly garnered significant research interest (Baden et al., 2013). 

Previous studies have shown that some RGCs can not only detect light-on and light-off signals but 

also recognize different attributes of images, including spatial contrast, motion, and textures (Kim 

et al., 2021; Sanes & Masland, 2015). Four types of ON-OFF directionally selective ganglion cells 

were described in mice and rabbits, characterized by their special responses to stimuli of a selective 

direction, including ON and OFF responses (Barlow et al., 1964; Barlow & Levick, 1965). 

Directional selectivity manifests even when stimuli are considerably smaller than the entire 

receptive field, indicating that directional reporting occurs regardless of stimulus position within 

the receptive field (Barlow & Levick, 1965). While mechanistic details continue to emerge, the 

core machinery underlying this directional discrimination appears to involve selective synaptic 
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input from the directionally tuned processes of starburst amacrine cells (Masland, 2012a; Vaney et 

al., 2012). Different features were described in three types of ON Directionally Selective Ganglion 

Cells (ON DSGCs), which only respond at the ON set. In addition, lacking OFF responses causes 

these cells to be responsive to much slower-moving stimuli than ON-OFF cells. The synaptic 

organization reveals another key distinction: these cells restrict their single dendritic layer to 

interactions with ON starburst cells in the IPL, whereas ON-OFF DSGCs employ a two-tiered 

dendritic strategy that enables connections with both ON and OFF starburst cell networks. In recent 

years, intrinsically photosensitive melanopsin-containing retinal ganglion cells (ipRGCs) have 

attracted considerable interest in research due to their expression of melanopsin and their intrinsic 

photosensitivity. ipRGCs represent a unique class of RGCs capable of direct light detection 

independent of conventional rod and cone photoreceptor signaling. These cells contribute to retinal 

function through two distinct pathways: they provide excitatory input to dopaminergic amacrine 

cells and form electrical synapses with GABAergic ACs through gap junctions. These unique 

properties are believed to play a crucial role in synchronizing the circadian oscillator (Pickard & 

Sollars, 2012; Qiu et al., 2005). 
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Figure 1.8 Exemplary morphologies of RGCs. Scale bars, 50ௗμm (Baden et al., 2016). 

Representative morphologies of RGCs labeled following electrophysiological recording or 

calcium imaging, then classified into distinct RGC subtypes or excluded based on light response 

signal-to-noise ratios. Scale bars: 50 μm. 
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1.2.5.2 Alpha retinal ganglion cells 

Among them, Alpha ganglion cells (αRGCs) represent one of the most well-characterized retinal 

ganglion cell types. Initially identified in the cat retina, these cells are distinguished by their large 

cell bodies in the RGC layer, large mono-stratified dendritic branches in the IPL, and a robust axon 

(Boycott & Wässle, 1974; Cleland & Levick, 1974). Based on the response to light, it could also 

be mainly divided into two kinds of αRGCs (Nelson et al., 1978). There is an ON response in ON 

αRGC, accompanied by the light on, while an OFF response will appear in OFF αRGC when the 

light turns off. This property is related to their stratification of dendrites. The dendrites of the ON 

RGC are close to the ganglion cell bodies. Nevertheless, the dendrites of the OFF RGC are close 

to the amacrine cell bodies, as shown in Fig. 1.9 (Krieger et al., 2017).  

 

 

Figure 1.9 A summary of morphological, physiological, and molecular features for the four 

types of αRGCs (Krieger et al., 2017). Four αRGC variants show distinct IPL dendritic 

stratification and molecular feature profiles. 
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A well-established method for objectively evaluating the retinal function is RGC recording.  

Kuffler was the first person to utilize a microelectrode to detect retinal ganglion cell responses 

after light stimulation in cats (Kuffler, 1953). Following that, thousands of researchers used and 

developed RGC recording systems to improve their understanding of retinal circuitry(Takao et al., 

2000). Based on the firing characteristics of αRGCs in response to light stimuli, they can be further 

classified into four types: ON transient, ON sustained, OFF transient, and OFF sustained (Gallego-

Ortega et al., 2022; Krieger et al., 2017). A comprehensive electrophysiological characterization 

of αRGCs in adult mice was conducted, identifying three primary response types: OFF-sustained 

αRGCs, OFF-transient αRGCs, and ON-αRGCs, with ON responses not further subdivided into 

sustained or transient categories (Pang et al., 2003). Alpha retinal ganglion cells have been 

identified in many mammalian species and are commonly labeled by the monoclonal antibody 

SMI-32 due to their abundance of neurofilaments (Lee & Schmidt, 2018; Tan et al., 2022). 

Physiological and morphological analyses conducted in C57BL/6J transgenic mice demonstrated 

that SMI-32+ RGCs exhibit diverse response patterns, including ON-transient, ON-sustained, 

OFF-transient, and OFF-sustained responses (Krieger et al., 2017). Specifically, mini-alpha RGCs 

in adult mice display both morphological and immunochemical distinctions from typical αRGCs, 

featuring smaller soma and dendritic territories while producing transient OFF or ON responses 

(Baden et al., 2016; Goetz et al., 2022; Ran et al., 2020). However, these cells remain undetectable 

by SMI-32 antibody labeling (Baden et al., 2016). The choline acetyltransferase (ChAT)-

expressing two bands of amacrine cells can be used to distinguish the stratification of four types 

of αRGCs, which are located in different sublamina of the IPL in the following order from inner 

to outer: OFF sustained, OFF transient, ON transient, and ON sustained. Anti-osteopontin (OPN) 
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antibodies enable immunohistochemical identification of αRGCs by targeting this secreted 

phosphoprotein expressed in these cells (Duan et al., 2015). 

ON transient αRGCs exhibit a brief burst of spike activity when the light is turned on, whereas ON 

sustained αRGCs show maintained spikes throughout the light stimulus period. OFF transient 

αRGCs are only activated with a brief burst of firing at the end of light exposure, which then 

quickly diminishes to a minimal level or disappears. OFF sustained αRGCs, also known as noise 

cells, exhibit maintained spikes in darkness, which decrease or disappear under illumination. The 

distinct transient and sustained light responses observed in retinal ganglion cells originate from 

the differential light response properties of their presynaptic transient and sustained bipolar cells. 

Excitatory drive to two subtypes of OFF cells involves two bipolar cell streams: a sustained bipolar 

cell pathway dominated by M-cone signals and a transient bipolar cell pathway carrying S-cone-

dominated signals (Pang et al., 2003). OFF-transient αRGCs encode looming object size and 

provide the necessary and sufficient neural signal for looming-evoked fear responses, which 

represent particularly effective danger-indicating stimuli for animals (Peek & Card, 2016; Wang 

et al., 2021). 

 

1.2.5.2.1 Inputs of αRGCs 

Light-evoked input signals of each type of αGCs are transmitted through distinct combinations of 

bipolar cells and amacrine cells. the inputs to αGCs in mammals were investigated by recording 

the light-evoked postsynaptic currents (PSCs) through whole-cell patch-clamp techniques. The 

PSCs of αRGCs are categorized into excitatory postsynaptic currents (EPSCs) and inhibitory 

postsynaptic currents (IPSCs), which are recorded by clamping the membrane potential at the 
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chloride equilibrium potential (ECl) and the cation equilibrium potential (Ec), respectively. The 

chloride equilibrium potential (ECl) is the voltage at which there is no net movement of chloride 

ions (Cl⁻) across the membrane, as the driving force for chloride is zero. By clamping the 

membrane potential at ECl, the inhibitory chloride currents are effectively eliminated, which 

isolates the EPSCs. IPSCs were recorded at the cation equilibrium potential (Ec) because this 

cancels excitatory cation currents, leaving only inhibitory chloride currents. 

ON αRGCs in the mammalian retina received glutamatergic inputs from depolarized bipolar cells 

and GABAergic–glycinergic inputs from amacrine cells. The differences between transient and 

sustained ON αRGCs are likely since they are mediated by excitatory inputs to depolarized bipolar 

cells, which are connected to different types of photoreceptors. Two types of OFF αRGCs exhibit 

different light responses, which are correlated with different types of hyperpolarized bipolar cells: 

transient hyperpolarized bipolar cells and sustained hyperpolarized bipolar cells, respectively. 

 

1.2.5.2.2 Outputs of αRGCs 

The output signals of RGCs are typically studied by focusing on spikes, which are recorded using 

the loose-patch technique. Different from the graded potential of photoreceptor and bipolar cells, 

a spike of a retinal ganglion cell is essentially an action potential, which is subject to the 

postsynaptic membrane potential. The frequency and pattern of the light-evoked spikes of RGCs 

carrying abundant visual information were ultimately transmitted to brain nuclei, which encode 

the light intensity, visual contrast, and RGCs' receptive fields. Short response latencies and fast 

conducting axons characterize the physiological profile of alpha RGCs (Cleland et al., 1975; Peichl 

& Wässle, 1981; Wang et al., 2021). Through these properties, αRGCs achieve rapid stimulus 
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transmission to the brain, positioning them as essential early components of visual processing 

circuits. 

Nearby retinal ganglion cells frequently exhibit concerted activity—the synchronized firing of 

action potentials at rates significantly above chance levels between two or more neurons 

(Brivanlou et al., 1998). These cells utilize three distinct correlation mechanisms: broad 

correlations through shared photoreceptor inputs transmitted via interneuronal chemical synapses, 

medium-range correlations from amacrine cell excitation through electrical junctions, and narrow 

correlations from direct electrical coupling between ganglion cells (Brivanlou et al., 1998; Sakai 

& Naka, 1990; Xin & Bloomfield, 1997). Therefore, electrical coupling in the inner retina emerges 

as the dominant factor shaping optic nerve firing patterns. 
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1.3 Synapse in the retina 

Retinal synapses can be broadly categorized into two fundamental types—chemical synapses and 

electrical synapses—which are strategically distributed within two distinct synaptic regions, with 

different functions in transmission mechanisms. 

 

1.3.1 Chemical synapse 

Chemical synapses play an indispensable role in the retina, enabling visual signals to transmit and 

undergo processing in three distinct pathways originating from photoreceptors. As Samuel Wu 

effectively summarized, these pathways can be categorized into three functional circuits: the radial 

pathways, the lateral pathways, and the feedback pathways (Wu, 2010). The retinal network 

employs a diverse array of neurotransmitters to mediate signal transmission across its complex 

synaptic architecture. In the radial pathways, glutamate serves as the primary excitatory 

neurotransmitter, released by photoreceptors and bipolar cells. The lateral pathways utilize 

inhibitory neurotransmission, with amacrine cells releasing either GABA or glycine to modulate 

signal spread and feature detection. Horizontal cells employ complex signaling pathways, with 

GABAergic transmission identified in certain vertebrate species. In the feedback pathways, 

multiple neurotransmitter systems contribute to diverse synaptic mechanisms, including 

GABAergic/glycinergic inhibition and dopaminergic modulation. 
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1.3.2 Electrical synapses 

1.3.2.1 Gap junction structure, function, and regulation 

Although neuronal communication predominantly occurs through chemical synaptic transmission, 

the central nervous system (CNS) also utilizes electrical synapses. known as gap junctions, to 

achieve direct and rapid interneuronal signaling. Gap junctions are intercellular channels formed 

by two hemichannels in the appositional cell membranes of adjacent cells, which occupy over a 2-

4 nm extracellular space. It allows the exchange of ions, molecules, and metabolites between two 

touched cells.  Each hemichannel, also called connexon, comprises six protein subunit connexins, 

providing conductive channels for membrane-neighboring cells. Gap junction is made of connexin 

in vertebrates, while formed by innexin in invertebrates (Beyer & Berthoud, 2018). According to 

the mouse and human gene database, there are 19 kinds of connexin genes in mice and 20 types in 

humans (Willecke et al., 2002). Connexin protein naming conventions typically combine the "Cx" 

prefix with numerical values representing the predicted molecular mass of the polypeptide chain 

in kilodaltons (Beyer et al., 1987). Despite various combinations, only specific connexins are able 

to form functional hemichannels. Based on the same principle of hemichannel and connexin, a gap 

junction can also be made of two same hemichannels named “homotypic” and two different 

hemichannels named “heterotypic”, as shown in Fig. 1.10 (Bloomfield & Völgyi, 2009). 
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Figure 1.10 Illustration of Gap junctions (a) and connexin subunits (b) (Bloomfield & Völgyi, 

2009). (a) Gap junctions are intercellular channels, formed from two HCs on two adjacent cells 

docking with each other. Each hemichannel comprises six connexin protein subunits, with an 

aqueous pore in the center. (b) Each connexin subunit consists of four transmembrane segments, 

two extracellular loops designated E1 and E2, one cytoplasmic loop, and both N- and C-terminal 

domains located within the cytoplasm. 
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Early studies assumed that gap junctions are nonspecific passive pores, allowing all ions and 

molecules up to 1.5 kDa flow (Kirichenko et al., 2021; Simpson et al., 1977). However, recent 

research proposed the discovery of selective permeability (per selectively), similar to ion channels, 

indicating that channels are distinct in their conductive function, gating, and permeability 

(Goldberg et al., 2004). A variety of physiological conditions and substances can influence the 

conductance of gap junctions (Bloomfield & Völgyi, 2009). Meanwhile, the linkage between 

diseases and certain connexins has highlighted the uniqueness of each channel, as there is a limited 

compensation mechanism for the absence of one isoform, which finally results in a 

pathophysiological deficiency (Bedner et al., 2012; Theis et al., 2003). However, the ion 

permeability of gap junctions constructed of different connexins shows a slight difference 

(Nicholson et al., 2000). Gap junctions participate in the transmission of ions and metabolic 

substances. The former is electrical coupling, producing synchronized and prompt responses in 

excitable cells such as neurons and the heart, and the latter is metabolic coupling, generating 

coordinated responses. Therefore, connexins of different intercellular channels have different 

properties so as to meet the functional requirements of different tissues and organs (Söhl et al., 

2004). 

Indeed, abundant protein kinases target connexins, and the resulting phosphorylation has been 

linked to follow-up modulation steps, including trafficking, assembly, and disassembly, and 

conductive gating of gap junctions (Lampe & Lau, 2000). A variety of variables, including Ca2+-

calmodulin, cyclic AMP, cyclic GMP, and neuromodulators, influence these protein kinases. 

Dopamine (Popova, 1995) and nitric oxide (NO) (Koistinaho et al., 1993) are light-activated 

neuromodulators generated by amacrine cells, stimulating massive intracellular pathways 

involving cAMP- and cGMP-dependent protein kinases. This resulting phosphorylation or 



 

53 
 

dephosphorylation of gap junction connexins modifies their conductance to ionic currents. This 

modulation in the population of retinal interneurons is controversial: light increases the 

conductance of some gap junctions while reducing the conductance of others (Bloomfield & 

Völgyi, 2004; Xin & Bloomfield, 2000). What is more, relying on the light intensity, there is an 

enhancement or reduction in the gap junction conductance through the same neuron (Bloomfield 

et al., 1997; Xin & Bloomfield, 1999). 

It was reported that the change in intracellular pH probably influences neuronal electrical coupling 

(Church & Baimbridge, 1991). In general, the conductance of some gap junctions reduces in acidic 

conditions while increasing in alkaline intracellular conditions. However, the conductance of gap 

junction connexin36 shows a tendency to increase in alkalinization rather than acidification 

(González-Nieto et al., 2008). As neural activity shifts the extracellular and intracellular pH, a gap 

junction between two adjacent cells plays a regulatory role in the generation of activity-dependent 

pH changes (Chesler, 2003). Besides participating in pH-altering regulated by neural activity, gap 

junctions appear to be sensitive to voltage differences in the membrane, with the parameters 

varying depending on the connexin expressed (Srinivas et al., 1999). On the other hand, both 

voltage-dependent and voltage-independent currents are recorded from single gap junctions 

(Moreno et al., 1991), which suggests the junctional activity is determined by the cooperation of 

several conductance sub-states. It also explains why gap junction, unlike action potential, opens 

and closes in are graded rather than all-or-nothing (D'Souza & Lang, 2020). 
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1.3.2.2 Neuronal gap junctions in the retina 

In the retina, gap junctions serve critical functions in neural signal processing, including noise 

reduction, signal averaging, neuronal synchronization, and electrical coupling between neurons 

(Deans et al., 2001; Deans et al., 2002; DeVries et al., 2002). Retinal neural circuits exhibit eight 

different forms of gap junction-mediated electrical coupling between neurons: Rod-Rod, Rod-

Cone, Cone-Cone, Horizontal cell-Horizontal cell, AII amacrine cell-AII amacrine cell, AII 

amacrine cell-bipolar cell, Retinal ganglion cell-Retinal ganglion cell and Retinal ganglion cell-

Amacrine cell, as shown in Fig. 1.11 (O'Brien & Bloomfield, 2018). 

Cx36 is expressed in both hemichannels of gap junctions that mediate electrical coupling between 

coupled cones and coupled rods (Lee et al., 2003; O'Brien, 2014; Völgyi et al., 2004). 

Heterocellular coupling occurs between cone-rod pairs, which demonstrates significantly lower 

strength compared to homocellular rod-rod and cone-cone coupling (Attwell et al., 1984).  

Cx57 has been described as being abundantly expressed in the retina, weakly expressed in the 

thymus, and absent in other tissues of mice (Hombach et al., 2004). In addition, Cx57 is exclusively 

expressed in mice horizontal cells. Different connexins were expressed in different horizontal cells 

in the rabbit retina, among which Cx57 is observed in the B-type horizontal cell axon terminal 

matrix (Pan et al., 2012). Several studies have evidenced that the deficit of Cx57 contributed to the 

reduced horizontal cell receptive field (Shelley et al., 2006). Notably, Connexin50 (Cx50) is 

expressed on axonless horizontal cells in the rabbit (O'Brien et al., 2006).  

Cx36-mediated coupling between AII amacrine cells involves homologous gap junction proteins, 

with most homocellular gap junctions displaying linear and symmetrical organization (Deans et 

al., 2002; Zhang & Wu, 2004). Despite almost 20 connexin proteins capable of forming gap 
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junctions in mice, IPL neurons selectively express only Cx36, connexin45 (Cx45), and 

connexin30.2 (Cx30.2) (Güldenagel et al., 2000; Müller et al., 2010). Cx36 localizes to alpha 

ganglion cell subtypes, while specific bistratified ganglion cells express Cx45 (Hidaka et al., 2004; 

Pan et al., 2010; Schubert, Maxeiner, et al., 2005; Völgyi et al., 2005). In addition, certain retinal 

neurons coexpress both proteins, and ultrastructural examination demonstrates that although Cx45 

occurs in only 9% of IPL gap junction hemiplaques, these structures consistently colocalize with 

Cx36 (Li et al., 2008). Gap junction connections between RGCs involve both ACs and other RGCs. 

Retrograde labeling studies in mice revealed coupling frequencies of 11% for displaced ACs and 

4% for conventional ACs with RGCs (Pang et al., 2013). Interestingly, ON αRGCs exclusively 

couple with displaced ACs, whereas OFF αRGCs establish connections with both conventional 

ACs and homologous OFF RGCs (Schubert, Degen, et al., 2005; Völgyi et al., 2009). Current 

evidence suggests that Cx36 forms the gap junction connections between OFF αRGCs and ACs, 

but the connexin composition of gap junctions in homologous OFF RGC networks and ON RGC 

coupling systems has not been established (Schubert, Maxeiner, et al., 2005; Völgyi et al., 2005; 

Völgyi et al., 2013). 

 



 

56 
 

 

Figure 1.11 Schematic of the electrical synaptic circuitry of the retina (O'Brien & Bloomfield, 

2018). See details in the text. 
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1.3.2.3 Connexin36  

1.3.2.1.1 Connexin36 involved in the visual pathway 

Among approximately 20 kinds of connexins in mice, gap junctions in neurons consist of Cx36, 

Cx45, or Cx57 (Söhl et al., 2005), with Cx36 standing out because of its role in visual pathways. 

It is considered that retinal Cx36 can achieve noise reduction (Bloomfield & Völgyi, 2009),  signal  

averaging (Söhl et al., 2005),  alternative  pathways,  and  a  dominant  component  in the rod 

pathway, as shown in Fig. 1.12 (Bloomfield & Völgyi, 2009). 

Taking advantage of neuron tracer and punctate immunolabel in the retina, multiple retinal neurons 

express Cx36 in the cell membrane, including rod photoreceptor, cone bipolar cell, and AII 

amacrine cell. Taken together, gap junctions are involved between AII amacrine cells and ON cone 

bipolar cells in the primary rod pathway and between rod and cone cells in the secondary rod 

pathway, which coincides with the distribution of Cx36 in the retina. Double-label 

immunofluorescence demonstrated that Cx36 clusters overlap with the matrix of AII amacrine cell 

dendrites (Feigenspan et al., 2001; Mills et al., 2001). In the Cx36 ablation mice, there is no 

connection between the AII amacrine cell and the bipolar cell, and all rod signals to ON RGCs are 

inhibited, with no effect on other ON RGCs' responses (Deans et al., 2002). Both in terms of 

location and function, it is strongly confirmed that Cx36 plays an essential role in the primary rod 

pathway. What is more, Cx36 in cone telodendrion is reported to connect with rod spherules 

(Massey et al., 2003), which implicated the Cx36 gap junction, might be the coupling between 

cone and rod. 
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Figure 1.12 Connexin36 in the three rod pathways, modified from (Bloomfield & Völgyi, 2009). 

See details in the text. 
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1.3.2.1.2 Connexin36 involved in secondary retinal cell death 

In CNS research, ischemic stroke patients without prompt therapeutic intervention experience a 

series of deleterious biochemical events termed the "ischemic cascade," which leads to rapid 

neuronal death not only in the core infarct region but also endangers neurons in a much larger area 

(Schaller et al., 2003; Schaller et al., 2005). This "secondary degeneration" phenomenon can lead 

to tissue loss that is more extensive than the primary injury and has also been observed in retinal 

pathologies (Brunet et al., 2022; Schwartz & Yoles, 1999). 

Recently, accumulating evidence demonstrated that Cx36 mediates bystander cell death in the 

retina. Following the cytochrome C injection into a single RGC, coupled cells show a TUNEL+ 

reaction, which suggests gap junctions mediate secondary cell death in the retina (Akopian et al., 

2014). Compared with wild-type excitotoxic mice, cell survival was enhanced by 50% in Cx36 

knock-out mice, which indicated that Cx36 might be involved in regulating secondary cell death 

(Akopian et al., 2014). Therefore, Cx36 could potentially be involved in neuronal degeneration 

and regeneration processes. The significance of Cx36 has been highlighted in the secondary cell 

death rather than primary injury, confirmed by the deletion of the Cx36 protein (Akopian et al., 

2017). Previous research suggested that Cx36 deletion and gap junction blockers provided 

neuroprotective effects to RGCs. The application of MFA (a pharmacological gap junction blocker) 

or Cx36 gene-deleted mice significantly attenuated the loss of retinal neurons, indicating that 

connexin36 transfers toxic molecules from apoptotic cells to coupled cells (Akopian et al., 2014; 

Akopian et al., 2017). 

In retinal injury induced by myopia, there is a significant increase in the expression level of the 

Cx36 protein and phosphorylation (Banerjee et al., 2020; Yang et al., 2019). However, it seems 
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that Cx36-mediated death only appears in the retina, mainly referring to retinal neurodegeneration 

diseases. Compared with mice retaining Cx36, Cx36 knock-out mice exhibited no difference in 

the timing of cone degeneration and the morphological changes in second-order neurons (Kranz 

et al., 2013), which elucidates that secondary cone death is not altered by the deletion of 

connexin36 from cones. Research based on glaucoma suggested that up-regulation of retinal Cx36 

expression could amplify the degeneration of RGCs, which contributes to further visual function 

deterioration (Akopian et al., 2017). 
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1.4 Ocular alkali burn 

1.4.1 Pathophysiology and mechanism of anterior segment 

damage after ocular alkali burn 

Alkali burns on the eye could cause permanent, extensive injuries to the ocular anterior segment, 

mainly the cornea, in unilateral or bilateral vision. Ballen first proposed a grading scheme 

regarding classifying the severity of the pathophysiology condition after chemical injury (Ballen, 

1964), which was adapted by Roper-Hall (Roper-Hall, 1965), which might contribute to the 

damage level grade and visual prognosis. It was followed by a new grading scheme that involved 

the combined assessment of limbus, cornea, and conjunctiva (Dua et al., 2001). 
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Table 1.1 Roper-Hall classification for ocular chemical injury (Roper-Hall, 1965) 

 

 

Table 1.2 Dua classification for ocular chemical injury (Dua et al., 2001) 

 

Grade Clock Hours of 

Limbal 

Involvement 

Conjunctival 

Involvement  

Analog Scale Prognosis 

I 0 0% 0/0% Very good 

II <3 <30% 0.1–3/1–29.9% Good 

III >3–6 >30–50% 3.1–6/31–50% Good 

IV >6–9 >50–75% 6.1–9/51–75% Good to guarded 

V >9-<12 >75-<100% 9.1–11.9/75.1–99.9% Guarded to poor 

VI 12 (total) 100% (total) 12/100% Very poor 

Grade Cornea Conjunctiva Prognosis 

I Corneal epithelial damage No limbal ischemia Good 

II Corneal haze with visible iris details <1/3 limbal ischemia Good 

III Total epithelial loss, stromal haze, with 

obscured iris details 

1/3 to 1/2 limbal ischemia Guarded 

IV Opaque cornea, with obscured iris and pupil >1/2 limbal ischemia Poor 
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Lipophilic alkali compounds permeate cell membranes by saponifying membrane lipids. Hydroxyl 

ion, which is widely found in alkali compounds, denatures the collagen matrix in the cornea, 

accelerating more chemicals to penetrate (Soleimani & Naderan, 2020). Liquid necrosis occurs in 

injured tissues, while proteolytic enzymes will be triggered in response to inflammation, producing 

a cascade of destruction.  In contrast to alkaline substances, acids are generally less destructive as 

they denature, coagulate, and precipitate corneal proteins on contact, forming a protective barrier 

against deeper penetration. Strong alkalis can reach the anterior chamber within 15 seconds, 

injuring the corneal, conjunctival epithelium, basement membrane, stromal keratocytes, 

endothelium, lens epithelium, episclera, iris, and ciliary body with different degrees of penetration. 

Penetration might have a sustained effect on the ocular anterior segment after the initial exposure. 

Direct alkaline exposure of the conjunctiva results in scarring, cicatricial ectropion or entropion, 

and may lead to dry eye syndrome (Li et al., 2012). Limbal stem cell deficiency caused by chemical 

injury might tend to generate corneal opacity and neovascularization. Therefore, due to irreversible 

damage to the cornea or even the entire anterior chamber, patients after alkali burn will experience 

severe loss of vision and finally lead to blindness. Aimed to rescue vision deterioration brought on 

by corneal opacity and neovascularization, an abundant number of therapeutic options are utilized 

in the clinic, mainly concentrating on inflammatory removal and corneal transplantation. 
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1.4.2 Pathophysiology and mechanism of posterior segment 

damage after ocular alkali burn 

In recent years, increasing cases have been reported in which, despite the cornea recovering 

transparency after surgery, patients have achieved extremely limited or fruitless improvement in 

visual parameters, particularly visual acuity. This clinical phenomenon demonstrated that, in 

addition to the anterior segment, the posterior segment may participate in the progression of 

impairment following alkali burn. Meanwhile, a significant number of patients experiencing 

chemical injury suffer glaucomatous complications, with similar results proven in mice and rabbits 

as well (Paschalis et al., 2018), prompting ophthalmologists and researchers to investigate retinal 

degeneration following alkali burn injury. 

However, the mechanism of ocular posterior segment damage after ocular alkali burn is still 

unclear. Previous researchers hypothesized that sustained elevated intraocular pressure (IOP) was 

detected in ocular chemical injury patients with neurodegenerative glaucoma, which might be due 

to the destruction of the trabecular meshwork and blockade of outflow channels (Lin et al., 2012; 

Sotozono et al., 1997). Apart from the increased IOP, penetration of chemical components into the 

anterior and posterior chambers is also a possible trigger for damage. The pH of the aqueous humor 

had only elevated for 45 minutes, while the measurement by the pH probe of the vitreous was 

maintained at a normal level (Paschalis et al., 2017). This suggests that there is another pathway 

to trigger progressive retinal degeneration rather than direct exposure to alkaline substances. 

Massive research suggested that most alkali-burnt corneal samples included transcripts for IL-1, 

TNF-α, and TGF-1 (Planck et al., 1997). Similar experiments on mice also reported that the up-

regulated expression of inflammatory cytokines in the iris, ciliary body, and retina, including was 



 

66 
 

found after 24 hours of burning; the first two including in TNF-α, TNFR-1, TNFR-2, IL-1b, and 

MMP9, final consisting of TNF-α, IL-1β, and INFγ (Paschalis et al., 2017). The current perspective 

also recognizes that retinal neuron damage after alkali burn, featured as retinal ganglion cell 

apoptosis, which heavily depends on immunological processes that are predominantly mediated 

by retinal cytokines. Among abundant inflammatory cytokines regulated in the anterior chamber 

and the posterior segment, TNF-α stands out. The TNF-α function in the physiological condition 

and pathophysiology of ocular alkali burn is discussed in the following sections. 

 

1.4.3 Cell apoptosis 

1.4.3.1 Morphology and significance of cell apoptosis 

Morphologically, cellular apoptosis is characterized by a series of sequential changes, including 

chromatin condensation, DNA fragmentation, membrane blebbing, and culminating in apoptotic 

body formation. 

Following that, macrophages, parenchymal cells, or neoplastic cells phagocytose these bodies. 

Apoptosis has long been identified as programmed cell death that is normally divided into four 

phases, from receiving an apoptosis trigger signal to forming an apoptotic body (Elmore, 2007). 

On the one hand, apoptosis acts as a homeostatic mechanism to maintain cell development and 

aging. On the other hand, it emerges as a defense mechanism in response to noxious agents evoking 

immune activity. 
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Figure 1.13 Schematic representation of apoptosis, modified from (Elmore, 2007). See details 

in the text. 

 

1.4.3.2 Role of TNF-α in the cell apoptosis pathway 

TNF-α is a type of pro-inflammatory cytokine generated by innate immune cells, like macrophages, 

microglia, and T-cells, which appear to play a vital role in the inflammatory response and 

neurodegenerative disorders in the eye (McDermott, 2001; Sharp, 1995; Theodossiadis et al., 

2007). 

The extrinsic apoptosis pathway is triggered by the ligand of tumor necrosis factor-family death 

receptors at the cell surface. In classical caspase-dependent extrinsic apoptosis, the TNF-α receptor 

could recruit the Fas-associated death domain protein in the extracellular environment, which 
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assembles with pro-caspase-8, thus forming activated caspase-8. Once caspase-8 is activated, it 

will activate downstream caspase-3 via proteolytic cleavage, finally reaching cell apoptosis (Jan 

& Chaudhry, 2019). 

 

1.4.4 Apoptosis of retinal ganglion cells in the ocular alkali 

burn 

1.4.4.1 The changes of TNF-α in neurodegenerative diseases 

Profound up-modulated expressions of TNF-α and TNF-receptors have been detected in the serum 

of uveitis patients (Rodrigues et al., 2009). Moreover, the pharmacological blocking of TNF-α 

contributes to attenuating the progression of retinal cell degeneration (Joussen et al., 2009). In the 

research based on a 24-hour corneal alkali-burnt animal model, there is a surprising coincidence 

that the highest point of RGC is accompanied by a remarkable elevation of the level of TNF-α 

(Cade et al., 2011). What is more, the administration of TNF-α blockers, utilizing a polymer-based 

drug delivery system, achieved a 4.3% mean reduction of RGCs apoptosis in the rabbit retina after 

alkali burn (Zhou et al., 2017). Similar results proved that the ablation of TNF-α receptor 1 and 2 

contributes to a significant decrease in retinal cell apoptosis in transgenic mice subjected to 

chemical injury (Paschalis et al., 2017). 

Therefore, regardless of directly participating in the caspase-dependent apoptotic pathway or being 

mediated by an inflammatory response, TNF-α plays a vital role in retinal neurodegeneration after 

ocular alkali burn. 

 



 

69 
 

1.4.4.2 The generation of TNF-α from microglia 

TNF-α, a pro-inflammatory cytokine, is rapidly secreted by microglia after CNS and retina injury. 

It was reported that acutely activated microglia gather primarily in the retinal ganglion cell layer 

corresponding to the observed retinal damage region in the cornea alkali burn mice mode (Cade et 

al., 2014). On the one hand, microglia, as a kind of glia cell, play an essential role in maintaining 

homeostasis away from inflammation out of control via constantly monitoring the environment, 

searching for tissue injury, or invading microbes. On the other hand, microglia have been identified 

as a key contributor to retinal degenerative illnesses such as glaucoma and age-related macular 

degeneration (AMD) (Silverman & Wong, 2018). From a morphological point of view, the 

homeostatic microglia are predominantly distributed in the retinal outer plexiform layer (OPL), 

the IPL, and the GCL with ramified shape and small cell bodies, whereas the activated microglia 

are hard to maintain a branched morphology and can migrate to other layers. 

Several lines of evidence showed that microglia play a controversial role in neurodegenerative 

diseases. For example, the retinal microglia can either offer neurotrophic support to photoreceptors 

or worsen neuroinflammation and promote the progressive death of neuronal cells. In addition, 

extensive up-regulated TNF-α and IL-6 produced by microglia reacting to various neuron 

inflammations are considered as dangerous signals (Ransohoff & Brown, 2012). Recent research 

declared that the deficiency of retinal gap junctions could    inhibit     the    activation     of    retinal    

microglia, ultimately acting as retinal neuroprotection (Kumar et al., 2023). 
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1.4.4.3 Therapeutic option for retinal ganglion cell apoptosis 

Infliximab, a TNF-α inhibitor, is a chimeric IgG1 murine-human antibody. The basic principle of 

blocking TNF-α is that infliximab can deactivate the biological activity of TNF-α with the 

combination of strong affinity to the soluble and transmembrane TNF-α, thus inhibiting receptor 

binding. Consecutive research has demonstrated that the systemic administration of infliximab is 

widely utilized in rheumatoid arthritis and other autoimmune diseases (Maini & Feldmann, 2002). 

In addition to systemic administration, topical administration is also widely applied in clinics. 

There was a remarkable increase in chronic skin ulcers after local treatment with infliximab (Streit 

et al., 2006). Although the application of infliximab is a viable and feasible therapy, accumulated 

cases have reported that patients with infliximab appear to be at risk of severe complications, 

including autoimmune diseases and infections (Lin et al., 2008). Vermeire et al. reported that there 

were 2 out of 71 Crohn’s disease patients who developed lupus erythematosus after infliximab 

application (Vermeire et al., 2003). 

Recently, the multifaceted roles of infliximab in blocking the TNF-α status of the retina have 

started to be elucidated. Murphy et al. reported that 83.3% of ocular inflammatory disease patients 

with uveitis, scleritis, idiopathic retinal vasculitis, and ulcerative keratitis achieved clinical 

remission and significant improvement in immunosuppression during 12 months of  mean follow-

up with one delayed hypersensitivity reaction (Murphy et al., 2004). Furthermore, in one 7-year 

follow-up research, symptom remission after infliximab administration, including vitreous haze 

and retinal vasculitis, was observed in all cases, with almost 50% of eye samples showing visual 

acuity improvement, and no infliximab-induced complications were reported (Lopez-Gonzalez et 

al., 2009). Besides being applied in inflammatory diseases, symptoms of neurodegenerative 

diseases, such as glaucoma, have also improved. The application of TNF-α inhibitor is beneficial 
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for the protection of retinal ganglion cells in the glaucoma rat model (Roh et al., 2012). It is worth 

mentioning that, in the treatment of ophthalmological disease patients, infliximab therapy was 

widely used at the corneal level, such as keratoprosthesis surgery and ocular surface scarring 

(Ferrari et al., 2013; Robert et al., 2017). In the first mouse ocular alkali burn experiment with 

infliximab treatment, not only was there a significant decrease in corneal cell apoptosis, but also a 

remarkable reduction in RGC TUNEL+ cells (Cade et al., 2014), indicating that infliximab plays 

a protective role in retinal degeneration. This result corresponds with the findings of a subsequent 

study on alkali burns in rabbits, which showed that systemic administration of infliximab 

contributes to retinal neuroprotection (Paschalis et al., 2017). Therefore, regardless of corneal or 

retinal degeneration, prompt administration of infliximab appears to be a feasible therapeutic 

option, despite potential side effects. 
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1.5 Glaucoma 

Glaucoma is the most common cause of irreversible blindness and will affect more than 100 

million individuals by 2040 (Tham et al., 2014). The neurodegenerative disease is characterized 

by the progressive loss of RGCs and axons, and by degeneration of the optic nerve, ultimately 

resulting in visual field deficits. Due to the etiologic diversity, the underlying pathophysiological 

mechanism of glaucoma remains poorly understood. Multiple risk factors contribute to disease 

development, including gender, myopia, genes, race, and so on (Doucette et al., 2015). Persistent 

elevation of IOP is the most common risk factor for retinal damage in glaucoma (Asrani et al., 

2024). Clinically, reducing IOP is currently also considered the primary therapeutic approach for 

glaucoma treatment. 

Based on the anatomical anterior chamber angle, we can broadly classify glaucoma into two main 

types: Open-Angle Glaucoma and Angle-Closure Glaucoma. Among them, Primary Open-Angle 

Glaucoma (POAG) and Primary Angle-Closure Glaucoma (PACG) represent the predominant 

forms of glaucoma. Since the anterior chamber angle remains open in the former, some glaucoma 

patients present with normal intraocular pressure symptoms. Genome-wide association 

studies have confirmed the genomic regions linked with different glaucoma subtypes, including 

POAG (e.g., ABCA1, AFAP1), PACG (e.g., EPDR1, CHAT) (Wiggs & Pasquale, 2017).  
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1.5.1 Rodent glaucomatous model 

Inducible ocular hypertension in experimental animals remains a routine method for deciphering 

the pathological mechanisms of glaucoma and further exploring novel neuroprotective therapies, 

with rodents standing out due to their ocular anatomical structure and aqueous humor dynamics 

closely resembling those of the human eye (Pang & Clark, 2020).  

Glaucoma animal models can be broadly categorized into pressure-independent and pressure-

dependent models. Pressure-independent models maintain IOP within the normal range, aiming to 

simulate normal-tension glaucoma while highlighting the contribution of non-IOP-related factors 

to glaucomatous damage. Representative pressure-independent models include optic nerve crush, 

retinal ischemia injury, intravitreal injection of excitotoxic amino acids, and intravitreal injection 

of TNF-α, all of which provide valuable insights into the pathogenesis of glaucoma beyond 

elevated IOP.  

For pressure-dependent models, aside from genetic models that induce varying degrees of IOP 

elevation, the principle of inducible ocular hypertension models primarily relies on manipulating 

aqueous humor inflow and outflow. Among these, intracameral injections of various microbeads 

have been a widely utilized approach, as they reduce aqueous outflow to achieve elevated IOP. In 

addition, blocking the outflow pathway can also be achieved by inducing damage to the trabecular 

meshwork (TM) or through anterior chamber cannulation. In recent years, the intracameral 

injection of silicone oil, as a method to block aqueous inflow via pupillary occlusion, has gained 

increasing attention from researchers for its application in studies of glaucomatous degeneration 

(Zhang & Hu, 2020). These approaches provide versatile tools for understanding the underlying 
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mechanisms of glaucoma and for testing potential therapeutic interventions targeting elevated IOP 

(Crowston et al., 2015; Kim et al., 2013).  

 

1.5.2 Controversy over the primary site of retinal damage in 

glaucoma 

Although retinal neuron damage is heavily implicated in vision loss in glaucoma, it remains 

controversial whether the primary injury occurs at the optic nerve head (ONH) or in retinal neurons. 

ONH damage has been observed in both the ocular hypertensive mouse model and humans, which 

was regarded as the primary site of glaucoma damage. In the clinic, this damage is characterized 

by the appearance of optic disc cupping, resulting in the compression of optic nerve axons, which 

disrupts the retrograde transport of neurotrophic factors to RGCs, ultimately leading to their death. 

The different structure of the ONH between acute angle-closure glaucoma and open-angle 

glaucoma reflects the varying effects of acute IOP elevation and chronic IOP elevation (Kong et 

al., 2023).  

The extensive remodeling of the ONH in human and experimental glaucoma is closely associated 

with the involvement of activated astrocytes, which are the key cell type at the ONH in most 

mammalian species. Increased expression of MMPs, TNF-α, and TNF-α receptors has been 

reported in the glaucomatous ONH, which affects extracellular matrix remodeling (Yan et al., 

2000). The total neurite length and axon length of primary RGCs decreased after 72 consecutive 

hours in an in vitro pressure model set at 50 mmHg, indicating a direct relationship between the 

elevated IOP and RGCs degeneration (Yan et al., 2000). No significant changes in RGC cell body 
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area were observed in the three-day in vitro pressure experiment. However, studies conducted in 

glaucoma rodent models have reported a notable increase in RGC soma area (Ahmed et al., 2001; 

Kalesnykas et al., 2012). Consistently, similar morphological changes have been identified in 

glaucoma patients, with an approximately 20% increase in RGC soma diameter compared to 

control subjects (Liu et al., 2021).  

 

1.5.3 Retinal function in glaucoma 

The electroretinogram is an objective, noninvasive tool that sums the responses of all retinal 

neurons to reflect retinal function. The loss of vision in glaucoma patients has been closely 

associated with impaired retinal function. Salinas-Navarro et al. investigated retinal function in 

laser-induced ocular hypertension albino Swiss mice and reported diminished amplitudes of the 

scotopic threshold response (STR) and a- and b-waves of the flash electroretinogram at the 24-

hour time point (Salinas-Navarro et al., 2009). 

In addition, Frankfort et al. demonstrated that the decline in normalized positive scotopic threshold 

response (pSTR) occurred prior to RGC loss, indicating that functional changes in RGCs preceded 

apoptosis during the early stages of IOP elevation (mean IOP: 15.3 mmHg) (Frankfort et al., 2013). 

Patch-clamp studies have shown that the lower light sensitivity was recorded in AII ACs, ON and 

OFF RGCs in elevated IOP mice (15–24 mmHg), not in ON and OFF bipolar cells (Pang et al., 

2015). Multielectrode array (MEA) recording performed that the spontaneous activity and 

receptive field size of OFF transient RGCs decrease after IOP elevation in CD-1 train albino mice 

and reported that the OFF sublamina are particularly susceptible (Ou et al., 2016). Previous studies 
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indicate that total synapse loss occurs following IOP elevation; however, there may be 

compensatory efforts to regenerate immature synapses in the inner retinal layers (Park et al., 2014).  

Due to both axons and dendrites being affected by neurodegeneration, the signal transmission from 

RGCs to the brain might also be altered. It was reported that the resting potential and firing rate of 

RGCs show a significant increase in glaucoma mice (Risner et al., 2018). The difference in 

sensitivity between ON and OFF cells can explain why hyper-excitability is found only in OFF 

cells. Electrophysiological recordings of single RGCs revealed increased spontaneous activity in 

glaucomatous mice (Ward et al., 2014), although reduced spontaneous activity responses were also 

recorded. Moreover, the significantly decreased light sensitivity of RGCs occurred after glaucoma 

induction (Pang et al., 2015). 

 

1.5.4 Piezo channel in glaucoma 

Piezo channels are cation-selective, mechanically gated channels consisting of approximately 

2,100 amino acids and 24 to 36 transmembrane regions, which are active by mechanical stimuli. 

There are two subtypes of piezo ion channels: one is Piezo 1 with non-sensory tissues; another is 

Piezo 2 with sensory tissue. Histology of the mouse eyeball demonstrated that Piezo 1 was 

expressed on the anterior segment, like the cornea and trabecular meshwork, but also on the 

posterior segment, especially the RGC and ONH.  

The mechanical strain induced by increased IOP has been hypothesized to play an essential role in 

the pathophysiology of glaucoma, leading to structural and functional damage in RGCs.  It has 

been reported that the upregulated expression of retinal Piezo 1 was found in high IOP retina 

(Morozumi et al., 2020; Sripinun et al., 2024).  
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The modulation of Piezo1 activity has been shown to significantly influence neurite outgrowth in 

RGCs. MEA and patch clamp experiments further demonstrated pressure-sensitive currents and 

increased spiking activity in RGCs under mechanical pressure, consistent with the effects of Yoda1, 

an antagonist of Piezo1. 
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Chapter 2 Retinal Response to Chemical Injury in 

the Anterior Segment 

2.1 Introduction 

Ocular alkali burn is a severe emergency that could rapidly cause damage to the ocular surface 

epithelium, cornea, and anterior segment (Wagoner, 1997). Most ocular chemical burn cases 

happen in the workplace, especially among young male employees (Quesada et al., 2020). Without 

prompt assessment and sufficient treatment, the ocular tissues of patients might be likely to 

continuously suffer from this chemical injury, even leading to severe complications and ultimately 

blindness (Schrage et al., 2000), which has driven ophthalmologists and researchers to explore the 

therapy of ocular after alkali burn. 

Acid injuries tend to be less severe than alkali injuries. The abundant hydroxyl ion in an alkali 

solution could deposit into the eyeball surface tissues, thus saponifying the fatty acid of the 

membrane, causing epithelial cell disruption and death (Ibarguren et al., 2014; Singh et al., 2013). 

Besides the cornea, alkali compounds can penetrate into the anterior chamber, including the 

conjunctiva, episclera, iris, and ciliary body. As a result, both short– and long-term therapies are 

mainly aimed at augmenting the suppression of inflammation and promoting ocular surface re-

epithelialization and repair (Baradaran-Rafii et al., 2017). Despite restoring corneal clarity after 

corneal transplantation, improvement in visual acuity was still disappointing in almost 60% of 

cases (Westekemper et al., 2017). Meanwhile, one of the common complications found in patients 

experiencing ocular alkali burn is glaucoma, which contributes to progressive retinal 
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neurodegeneration (Cade et al., 2011). It has been implied that the retina is involved in the ocular 

alkali burn damage process. Accumulating evidence suggests retinal neuron damage, characterized 

as RGC apoptosis, exists in the pathophysiology of ocular alkali burn, which heavily relies on 

inflammatory responses that are predominantly mediated by retinal cytokine (Miyamoto et al., 

1998; Paschalis et al., 2017). Thus, the protection of the retina serves as an undeniably crucial part 

of ocular alkali burn therapy. 

It was reported that the retinal damage induced by corneal alkali burn was not directly mediated 

by alkali components reaching the posterior segment (Paschalis et al., 2017). Rather, it resulted 

from the diffusion of massive up-regulation of TNF-α to the ocular posterior segment, finally 

causing RGC apoptosis (Paschalis et al., 2018). Similar results proved that the peak of RGC 

apoptosis coincided with a significant elevation of the expression of TNF-α after 24h of ocular 

alkali burns in mice (Cade et al., 2014), indicating TNF-α as an unignorable player in retinal 

neurodegeneration after alkali burn. An emerging therapy is infliximab administration, a TNF-α 

inhibitor, which significantly minimizes retina ganglion cell apoptosis in rabbit models after alkali 

burn (Zhou et al., 2017). However, this therapeutic option is accompanied by the risk of severe 

systemic complications (Wong et al., 2008).  

Gap junctions are intercellular channels formed by two hemichannels located in the appositional 

cell membranes of adjacent cells. There are several connexins widely distributed in human and 

animal retinas, forming conduits to maintain intercellular communication, retinal circuitry, and 

visual processing, including Cx36, Cx43, Cx45, etc. (Güldenagel et al., 2000; Söhl et al., 2010). 

Cx36, as a major gap junction protein in the retina, is expressed in most RGC subtypes, especially 

the αRGC population (Hidaka et al., 2004). 
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The significance of Cx36 has been highlighted in the secondary cell death rather than primary 

injury, confirmed by the deletion of the Cx36 protein (Akopian et al., 2017). The application of 

MFA (a pharmacological gap junction blocker) or Cx36 gene-deleted mice significantly attenuated 

the loss of retinal neurons, indicating that connexin36 transfers toxic molecules from apoptotic 

cells to coupled cells (Akopian et al., 2014; Akopian et al., 2017). Research based on glaucoma 

suggested that upregulation of retinal Cx36 expression could amplify the degeneration of RGCs, 

contributing to further visual function deterioration (Kumar et al., 2023). These lines of evidence 

implicate the critical role of Cx36 in the neuroprotection against progressive cell death. 

Despite clearer knowledge of Cx36 over the years, there is still limited understanding about the 

function of Cx36 and its relationship with neurodegenerative diseases in the retina. Considering 

the neuroprotection function of Cx36 in the progression of glaucoma, we hypothesize that Cx36 

also has a similar effect on the pathophysiology of ocular alkali burn. Our findings reveal that 

Cx36-mediated secondary cell death significantly contributes to the apoptotic degeneration of 

RGCs following alkali-induced ocular trauma. 
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2.2 Methodology 

2.2.1 Ethics approval 

All animal procedures, including feeding, anesthesia, model establishment, and sacrifice, were 

approved by the Animal Subjects Ethics Sub-Committee of the Hong Kong Polytechnic University 

(Approval No. 23-24/937-SO-R-GRF). All experiments were followed with the Guide for the Care 

and Use of Laboratory Animals published by the National Institutes of Health. 

 

2.2.2 Animal preparation 

2.2.2.1 Mice 

All animals were maintained in a 12-h light/12-h dark cycle in the Centralised Animal Facilities in 

The Hong Kong Polytechnic University. To ensure consistency in the experiment, all mouse 

enucleation procedures were conducted around 10 a.m. after overnight dark adaptation, and then 

the retinal tissues were collected immediately following enucleation. 

Wild-type C57BL/6J (RRID: IMSR_JAX:000664) (WT) mice of either sex (postnatal days 6–8 

weeks old, n = 93, 57 male and 36 female mice), weighing (15–25 g) and homozygous Cx36 KO 

(Cx36 KO HOMO) mice (Cx36−/−) (RRID: MGI: 3,810,172) (n = 16, 11 male and 5 female mice, 

6–8 weeks old, weight 15–25 g. were used in the experiment. Cx36 KO HOMO mice were 

identified through genotyping and used for breeding purposes. 
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2.2.2.2 Genotyping 

Tissue from the tip of the mouse tail was collected using scissors between postnatal days 14 and 

21 for genotyping. The tail tip was cut into small pieces, placed into a tube, and mixed with 100 

µl of prepared bulk lysis solution (88 µl dH2O, 10 µl KAPA buffer, and 2 µl enzyme as the 

sequence). The tubes were placed in a PCR machine (MJ Research PTC-200 Peltier Thermal 

Cycler) for 15 minutes, and DNA was extracted using the DNA-EX program (75 °C for 10 minutes, 

95 °C for 5 minutes, followed by 12 °C hold). 

After DNA extraction, the tubes were centrifuged at 10,000 rpm for 2 minutes to collect the 

supernatant, which was used as the DNA sample, and a 25 µl reaction mixture was then prepared 

by sequentially combining 12.5 µl of Taq polymerase (Taq DNA polymerase, hot start, Talara 

Cat#R028A), 8.5 µl of dH2O, 0.5 µl of each primer, and 2 µl of the DNA sample. After thoroughly 

mixing the solution by shaking, the tubes were placed into the PCR machine to run the designated 

PCR program for 2 hours. 

To prepare the agarose gel, 2.7 g of agarose was added to 150 ml of 1×TAE buffer, and the mixture 

was microwaved in 30-second intervals until the agarose was completely dissolved in the TAE 

solution. Once dissolved, the solution was allowed to cool to approximately 60°C, after which 7.5 

µl of 20,000× dye was gently added to the bottle and mixed carefully to avoid the formation of 

bubbles. Finally, the solution was poured into a gel caster with the comb properly positioned, 

ensuring the gel was as even as possible. 

A 5 µl DNA ladder was added to both sides of the gel, and 20 µl of PCR products were mixed with 

5 µl of loading buffer at a ratio of 1:5 before being carefully loaded into the wells of the gel. After 

ensuring the samples were properly placed, the lid of the electrophoresis chamber was closed, 
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paying attention to the orientation of the positive and negative poles. Finally, the power supply 

was turned on, and the voltage (90V) and runtime (1h) were set for the electrophoresis process. 

The results of genotyping were obtained by exposing the gel to UV light for visualization. 

 

2.2.2.3 Cornea alkali burn mouse model 

The cornea alkali burn mouse model was established according to the method. Mice were deeply 

anesthetized via intraperitoneal injection of the mixture of ketamine (80 mg/kg) and xylazine (10 

mg/k). Subsequently, a drop of lidocaine (20 mg/ml) was applied locally to the surface of the 

eyeballs, including the cornea, eyelids, and surrounding tissues to provide topical analgesia and 

anesthesia. A toe pinch test will be used to confirm whether the mice are in deep anesthesia before 

proceeding with the next step of the experiment. In this experiment, only the right eye of each 

mouse was used. A 2-mm-diameter filter paper would be prepared in advance, soaked in 1 mol/L 

sodium hydroxide solution for 10 seconds, and then placed on the mouse central cornea. 

Subsequently, 2 μl of 1 mol/L sodium hydroxide solution was applied to the filter paper using a 

micropipette and maintained for 30 seconds. After removing the filter paper, the cornea was 

promptly irrigated with sterile saline for 20 seconds. The mouse was then placed laterally on a 

37 °C heating pad and monitored until fully awake. 
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Figure 2.2.2.3 Illustration of mouse cornea following alkali-induced injury. 
 

2.2.3 Intravitreal injection 

The mice were deeply anesthetized for systemic anesthesia using an intraperitoneal injection of a 

ketamine/xylazine mixed solution at a dose of 80 mg/kg:10 mg/kg body weight. Lidocaine 

hydrochloride (20 mg/ml) eye drops were applied to anesthetize the cornea and surrounding tissues 

of the mice.  

A disposable intravenous infusion tube was used to connect a homemade borosilicate glass 

capillary micropipette to a medical syringe. Prior to the procedure, 2 µl of the gap junction blocker 

meclofenamic acid (MFA) at a concentration of 200 µM was carefully filled into the homemade 

micropipette. A surgical blade was used to create an initial incision below the ora serrata, after 

which the tip of the micropipette was quickly inserted into the incision. The syringe was then 

gently pressed to allow the MFA in the micropipette tip to be injected into the vitreous cavity of 
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the mouse eye. After the injection was completed, the micropipette tip was left in the eyeball for 

30 seconds before being carefully withdrawn. After the procedure, the mice were placed on a 37°C 

heating pad to recover from anesthesia. 

The same procedure was applied for the intravitreal injection of HEPES solution at a dosage of 1.5 

µl with a concentration of 0.1 M. 

 

2.2.4 Retina preparation 

The experiment was conducted under dim red illumination to maximally preserve the light 

sensitivity of dark-adapted tissues. Following enucleation, intact eyeballs were immediately 

transferred to fresh bicarb solution to maintain cellular viability. A surgical blade was used to create 

an initial incision along the ora serrata, after which ophthalmic scissors were employed to separate 

the anterior segment from the posterior segment of the whole eye. The retina was subsequently 

extracted from the posterior segment for experimental use, and the vitreous humor was carefully 

removed using ophthalmic surgical forceps to prevent interference with microscopic observation 

of retinal neurons. 

The cup-shaped retina was cut into small pieces using ophthalmic scissors. These pieces were then 

placed on a specialized filter, where negative pressure from a suction device was applied to secure 

them firmly in place. The filter containing the retinal pieces was subsequently transferred into a 

pre-prepared chamber. The chamber was filled with continuously perfused Ringer's solution. This 

setup simultaneously provided the retinal pieces with 32 ºC and 95% O2/5% CO2 to maintain 

cellular viability.  
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Mouse bicarb solution is prepared by combining NaCl (3.656 g), KCl (0.093 g), NaH2PO4 (0.075 

g), D-glucose (1.801 g), and NaHCO3 (1.902 g), which are weighed out and completely dissolved 

in 500 ml of ddH2O through continuous stirring for 15 minutes. Following complete dissolution, 

the solution is bubbled with 95% O2/5% CO2 for 10 minutes at room temperature to establish 

proper oxygenation and carbonic acid buffering. Pre-prepared MgCl2 solution (500 μl) and CaCl2 

solution (1000 μl) are then added sequentially, followed by an additional 10-minute dissolution 

period with continuous stirring to ensure complete ionic integration. The pH is subsequently 

adjusted to 7.4 using a calibrated pH meter, and the final bicarb solution is ready for experimental 

use. To maintain optimal physiological conditions and prevent degradation of buffer components, 

a fresh bicarb solution should be prepared every three days and stored under appropriate conditions 

between uses. 

Mouse Ringer's solution preparation begins by weighing NaCl (7.013 g), KCl (0.373 g), NaHCO3 

(2.1 g), Na2HPO4 (0.114 g), NaH2PO4 (0.012 g), and D-glucose (1.802 g), which are then 

completely dissolved in 1000ml of dH2O through continuous stirring for 15 minutes at room 

temperature. The solution is subsequently oxygenated by bubbling with 95% O2/5% CO2 for 10 

minutes to establish proper gas equilibration and buffering capacity. Following oxygenation, 

MgSO4 (0.247 g), CaCl2 (0.294 g), and L-ascorbic acid (0.018 g) are weighed and added to the 

solution, requiring an additional 15 minutes of stirring to achieve complete dissolution and uniform 

distribution of all ionic components. The final pH adjustment to 7.4 is performed using a calibrated 

pH meter to ensure physiological compatibility. To maintain optimal neuronal viability and prevent 

degradation of sensitive components, particularly L-ascorbic acid, fresh Ringer's solution should 

be prepared twice weekly, ensuring that experimental conditions consistently support maximal 
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preservation of neuronal cell integrity and functionality throughout electrophysiological 

recordings. 

 

2.2.5 Patch clamp 

2.2.5.1 Intracellular dye injections 

A mixture of 4% Neurobiotin tracer (Vector Laboratories, Burlingame, CA, USA) and 0.5% 

Lucifer Yellow-CH (Molecular Probes, Eugene) was filled from the back end of the microelectrode 

while observing it gradually spread the entire sharp pipette tip under 10× microscopic 

magnification. After double-filtering the intracellular solution, the micropipette was filled with the 

intracellular solution. The electrode tip is positioned close to the target neuron, and the membrane 

is gently punctured to minimize cellular damage, allowing the dye to diffuse into the cell. When 

necessary, pulse or turning modes can be used to improve diffusion efficiency and accelerate dye 

entry into the cell. The mixed tracer was injected iontophoretically using a sinusoidal current (5 

Hz, 5 nA p-p). The fluorescence can be activated to verify successful cellular injections by 

visualizing the Lucifer Yellow fluorescence within the neuron under 40× microscopic 

magnification. 

After completing the dye injection, quickly withdraw the sharp electrode from the cell. During this 

process, be careful not to damage the cell structure and avoid a situation where the electrode pulls 

the cell away. Then, remove the filter with the retina piece from the workstation and place it in 

freshly prepared 4% PFA for fixation. To obtain coupled cells, the filter with the retina piece needs 

to be placed in an environment maintained at 32 ºC with 95% O₂ /5% CO₂ for 15 minutes, followed 

by 4% PFA fixation. To protect the fluorescence, the fixation process should be carried out in the 
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dark. For neuronal identification, Brn3a immunostaining will be employed to specifically identify 

RGCs, while SMI32 labeling will serve to distinguish αRGCs. 

 

2.2.5.2 Patch-clamp recording  

Following cellular seal and configuration, the minute cellular signals were amplified and detected 

through a MultiClamp 700B amplifier. The amplified signals were then digitized by the Digidata 

1550B interface, converting the electrical signals into digital signals (A/D conversion). In 

experiments, converting digital signals back into electrical signals is also commonly employed 

(D/A conversion). A computer was connected to the interface to record and process real-time 

digital signals. The pCLAMP 10 software (Molecular Devices) package includes Clampex for data 

acquisition and Clampfit for analysis. Microelectrodes were pulled to 3-7Ω resistance and filled 

with internal solutions.  

In patch clamp recording, the loose patch technique and the whole cell technique are performed as 

follows: 

Loose patch technique: The microelectrode is gently positioned near the targeted cell surface. Mild 

negative pressure is applied on the surface of the cell membrane, forming a low-resistance (several 

MΩ) seal. Throughout the experiment, the cell membrane remains intact, with the cell maintaining 

its complete morphology. 

Whole cell technique: Relatively strong negative pressure is applied to the target cell membrane 

to form a high resistance gigaohm seal, followed by applying brief electrical pulses to break the 

cell membrane under the seal, allowing direct communication between the electrode solution and 

the cytoplasm. 
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The target tissue in the chamber was observed under near-infrared light (>775 nm). After observing 

the retina piece under 10x magnification, target neurons were examined in detail using 40x 

magnification. A fixed-stage microscope (Eclipse FN1; Nikon, Tokyo, Japan) equipped with 

differential interference optics and a Nikon tube camera (Dage-MTI, Michigan City, IN) was 

utilized for cellular visualization. To prevent high flow rates of perfusion solution from affecting 

cellular recordings, the Ringer's solution perfusing the retinas was controlled at a rate of 1-1.5 

mL/min. 

Spike trains were recorded using Axoscope software at a standard sampling rate of 10 kHz to 

capture the firing pattern and timing accurately. The acquired spike data were sorted by the Off-

line Sorter software (Plexon, Dallas, TX), followed by analysis and statistical processing with 

NeuroExplorer (Nex Technologies, Littleton, MA). The recorded cells were identified by dye 

injection to confirm cell type classification.  

 

2.2.5.3 Light stimulation 

A green light-emitting diode (LED) with a wavelength of 525 nm was positioned adjacent to the 

recording setup to deliver uniform full-field stimulation to the isolated retinal preparation. The 

light intensities were measured using the ILT5000 radiometer (International Light, Peabody, MA) 

in milliwatts per square centimeter. In visual physiology, these measurements were converted to 

the rate of photo-isomerizations per second (Rh*/rod/s), representing the number of chemical 

changes in rhodopsin molecules occurring in retinal photoreceptors (rods) due to light stimulation. 

In calculating light intensity, an average rod density of 437,000 rods/mm² and quantum efficiency 

of 0.67 were used. 
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The light intensity–response relationship for individual cells was calculated by collecting spike 

counts and current amplitudes 1 second before, during, or after stimulation, with light intensities 

ranging across 5 log units from 2.9 × 10¹ to 1.2 × 10⁵ Rh*/rod/sec.  

The ON responses of ON αRGCs and OFF responses of OFF αRGCs were recorded, with spike 

counts for ON and OFF responses calculated after subtracting background or spontaneous spikes. 

Cells were classified as transient or sustained based on the characteristics of their light-evoked 

spike responses at light onset and offset. The number of light-evoked spikes was normalized on a 

cell-by-cell basis. The sensitivity curves, which were generated by plotting normalized light-

evoked responses against light intensities using Python software, were fitted using the Hill 

equation. 

 

                                 R/Rmax = IN/ (IN+ σN) 

= 0.5[1 + tanh 1.15N(Log I − Log σ)] 

 

R/Rmax is the normalization method for light-evoked responses, where R represents the spike 

count or current response amplitude, and Rmax corresponds to the maximum spike count or 

response amplitude. N is the Hill coefficient, and σ is the light intensity required to evoke a half-

maximal response. The sensitivity response threshold is defined as the light intensity that elicits 

5% of the maximal spike count or current response amplitude. 
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2.2.6 Immunohistochemistry 

2.2.6.1 Whole mount for mouse retina 

The eyeballs of the mice were removed after anesthesia and placed in a fresh bicarbonate solution. 

Subsequently, surgical blades, ophthalmic scissors, and forceps were used to extract the retinas 

quickly. The retinas were then cut into a clover shape using ophthalmic scissors and transferred 

onto a filter, which effectively stabilized their structure and prevented curling during subsequent 

experiments. 

The filter, along with the attached retina, was placed in 4% paraformaldehyde solution, which was 

freshly prepared weekly, and fixed for 20 minutes. After fixation, the retina was carefully and 

gently peeled off the filter using a brush. The retina was then rinsed with rinse solution every hour 

for a total of six times. After rinsing, the retina was blocked with 3% donkey serum solution and 

stored overnight at 4°C. Following the blocking step, the retina was placed in a tube containing a 

mixture of the primary antibody and 1% donkey serum for staining, which lasted for one week. 

After one week, the retina was removed and rinsed with rinse solution every hour for a total of six 

times to remove the excess primary antibody. Subsequently, the retina was placed in a tube 

containing a mixture of the secondary antibody and rinse solution and stored overnight at 4°C. On 

the following day, the retina was rinsed again every hour for six times. For mounting, the retina 

was carefully transferred onto a glass slide with the GCL facing upward. Before placing the 

coverslip, a drop of mounting medium was added, completing the mounting process. The primary 

antibodies used in this study were listed in Table 2.1. The secondary antibodies were Alexa Fluor 

633 anti-Goat IgG (Thermo Fisher Scientific, Cat#A-21082, 1:200), 488 anti-mouse IgG 
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(Molecular Probes, Cat# A-21202, 1:200), Streptavindin-Cy3 from Streptomyces avidin (Merck, 

Cat# S6402-1ML, 1:200), 488 anti-rabbit IgG (Thermo Fisher Scientific Cat# A-21206, 1:200) 

 

Table 2.1 Antibodies used in the studies 

Antibody Host Company; Cat# Concentration 

Anti-Choline Acetyltransferase 

antibody 

Goat Millipore; Cat# AB144P 1: 200 

Anti-Brn-3a antibody Mouse Santa Cruz; Cat#SC8426 1: 200 

Anti Iba1 Rabbit FUJIFILM Wako Pure 

Chemical Corporation; Cat# 

019-19741 

1:500 

Purified anti-Neurofilament H (NF-

H), Nonphosphorylated Antibody 

(SMI-32) 

Mouse BioLegend; Cat# 801701 1:200 
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2.2.6.2 TUNEL labeling for mouse retina  

Following the alkali burns, the whole-mount retinas were prepared. Apoptotic cells were detected 

using TUNEL (Tdt-mediated dUTP-X-nick end labeling) with the In Situ Cell Death Detection 

Kit, TMR red (Roche, Basel, Switzerland). TUNEL was added according to the manufacturer's 

instructions. 0.1% Triton X-100* in 0.1% sodium citrate was used as the permeabilization solution. 

Subsequently, the retina was rinsed twice with PBS at room temperature.  

The TUNEL reaction mixture was freshly prepared immediately before use by combining Enzyme 

Solution and Label Solution at a 9:1 ratio (v/v). The mixture was thoroughly vortexed and kept on 

ice until application to prevent degradation of enzymatic components. The TUNEL reaction 

mixture was then added onto the retina and incubated for 60 minutes at 37°C in a humidified 

atmosphere in the dark. Following incubation, the retina was rinsed three times in PBS for 5 

minutes each. Before slide mounting, 4,6-diamidino-2-phenylindole (DAPI; Sigma-Aldrich, US, 

D9542) was added. 

 

2.2.7 Imaging acquisition and processing 

Images of the retinal whole were acquired using a ZEISS LSM 800 confocal microscope with 

Airyscan (Zeiss, Thornwood, NY, USA), equipped with 20× and 40× objectives. For whole-mount, 

the mouse retina was divided into three regions: the far-peripheral area (1700 μm from the optic 

nerve), the mid-peripheral area (1100 μm from the optic nerve), and the central area (500 μm from 

the optic nerve). From each region, four images were selected, yielding a total of twelve images 

per mouse for retinal cell counting. The images were processed and analyzed by using ImageJ 

software (ImageJ, an open source developed by National Institutes of Health, Bethesda, MD, USA, 
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1.54 g, RRID: nif-0000- 30467). The percentage was calculated by dividing the number of 

Brn3a/TUNEL double-labeled cells by the total number of Brn3a-positive cells.  

Single RGC morphology was imaged using a ZEISS LSM 800 confocal microscope with Airyscan 

technology. Somatic and dendritic field areas were automatically quantified using ZEISS software, 

with diameters calculated from equivalent circle measurements. 

All data were presented as mean ± SEM. Comparisons between the two groups were analyzed 

using an unpaired t-test, whereas comparisons among the three groups across different regions 

were analyzed using a one-way analysis of variance followed by Tukey’s multiple comparison test. 

Statistical analysis was performed using commercial statistical software (Prism 9.5.1 [RRID: 

SCR_002798]; GraphPad, Inc., La Jolla, CA, USA). The P-value notation used for statistical 

analysis is shown in Table 2.2. 

 

Table 2.2 The statistical significance symbols used in the analysis 

 

symbols P-value 

ns p > 0.05 

* 0.05 > p > 0.01 

** 0.01 > p > 0.001 

*** p < 0.001 
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2.3 Results 

2.3.1 Corneal alkali burns result in significant death of 

retinal ganglion cells 

To elucidate the effects of alkali-induced corneal injury on retinal neurons, we examined the onset 

and progression of RGC apoptosis within the initial 24 hours post-injury using Brn3a as a marker 

for RGCs and the TUNEL assay to identify apoptotic cells in WT mice. We specifically selected 

four critical timepoints for analysis: 4, 6, 12, and 24 hours post-injury, comparing cell quantities 

between control eyes and those subjected to corneal alkali burns. The results revealed a significant 

temporal and spatial progression of TUNEL-positive RGCs following corneal alkali burn, with the 

apoptotic process beginning in the far-peripheral retina and gradually extending to the mid-

peripheral and central regions over time across these sequential timepoints. 

At 4 hours post-injury, TUNEL-positive reactions were predominantly localized to the retinal 

periphery (Fig. 2.3.1A). Quantitative analysis (Fig. 2.3.1B) revealed distinct regional differences 

in RGC apoptosis percentages. The far-peripheral area demonstrated the highest proportion of 

TUNEL-positive RGCs (0.58 ± 0.03, mean ± SEM, n = 8), which was significantly elevated 

compared to both the mid-peripheral (0.07 ± 0.01, n = 8) and central regions (0.04 ± 0.01, n = 8). 

By 6 hours post-injury, TUNEL-positive reactions began to appear in the equatorial region while 

remaining predominantly concentrated in the retinal periphery (Fig. 2.3.1A). Apoptosis (Fig. 

2.3.1C) had increased progressively across all regions, with the far-peripheral area exhibiting 0.90 

± 0.02 (n = 8), the mid-peripheral region showing substantial elevation to 0.53 ± 0.04 (n = 8), 

while the central area remained relatively unaffected at 0.05 ± 0.01 (n = 8). At 12 hours post-injury, 
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TUNEL-positive reactions had extended into the central region, while the majority of apoptotic 

activity remained concentrated in the peripheral areas (Fig. 2.3.1A). RGC apoptosis (Fig. 2.3.1D) 

reached peak levels in both the far-peripheral (0.96 ± 0.01, n = 8) and mid-peripheral regions (0.92 

± 0.01, n = 8), while the central region demonstrated a significant but more modest increase to 

0.13 ± 0.02 (n = 8). By 24 hours post-injury, apoptosis spread throughout the entire retina (Fig. 

2.3.1A), with consistently high levels across all regions (Fig. 2.3.1E): far-peripheral area at 0.95 

± 0.01 (n = 8), mid-peripheral at 0.96 ± 0.01 (n = 8), and central area at 0.96 ± 0.02 (n = 8). 

Cell density measurements of TUNEL/Brn3a double-positive cells confirmed the peripheral-to-

central progression pattern observed in percentage analysis. At 4 hours post-injury, apoptotic 

RGCs (Fig. 2.3.1F) showed the highest density in the far-peripheral area (1714 ± 137 cells/mm², 

n = 8), followed by the mid-peripheral area (253 ± 24 cells/mm², n = 8), and the lowest density in 

the central region (154 ± 18 cells/mm², n = 8). By 6 hours, cell density (Fig. 2.3.1G) had increased 

substantially across all regions, with TUNEL/Brn3a double-positive cells demonstrating the 

highest density in the far-peripheral area (2626 ± 124 cells/mm², n = 8), intermediate levels in the 

mid-peripheral region (1889 ± 128 cells/mm², n = 8), and minimal involvement in the central area 

(189 ± 11 cells/mm², n = 8). At 12 hours post-injury, density measurements (Fig. 2.3.1H) revealed 

similarly high concentrations in both the mid-peripheral (2674 ± 165 cells/mm², n = 8) and far-

peripheral regions (2468 ± 112 cells/mm², n = 8), while the central area exhibited significantly 

lower density (416 ± 111 cells/mm², n = 8). Twenty-four hours after injury, the density of 

TUNEL/Brn3a double-positive cells had reached comparably high levels across all retinal regions: 

central areas showing 2926 ± 277 cells/mm² (n = 8), mid-peripheral regions demonstrating 2906 

± 199 cells/mm² (n = 8), and far-peripheral areas exhibiting 3035 ± 281 cells/mm² (n = 8) (Fig. 

2.3.1I). 
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These findings reveal a distinct spatiotemporal pattern of RGC apoptosis following a corneal alkali 

burn, starting in the far-peripheral retina and progressively moving toward the central retina over 

24 hours. This pattern suggests a potential wave of retinal damage spreading from the periphery 

inward, possibly due to the diffusion of inflammatory mediators or other injury-related signals 

from the cornea to the retina. 
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Figure 2.3.1 The apoptosis of retinal ganglion cells resulting from corneal alkali burns.  

(A) Representative confocal images of retinal whole-mounts from WT mice taken at 4, 6, 12, and 

24 hours after corneal alkali burn (green = Brn3a; red = TUNEL; and blue = DAPI). A 

representative Brn3a/TUNEL double-positive cell is indicated by the yellow arrow. 

The percentage of TUNEL-positive nuclei in the RGC layer across three retinal regions—far-

peripheral (F-P), mid-peripheral (M-P), and central (C) at 4 hours (B), 6 hours (C), 12 hours (D), 

and 24 hours (E) post-alkali burn.  

The density of TUNEL/Brn3a double-positive cells was assessed in three retinal regions (F-P, M-

P, and C) at 4 hours (F), 6 hours (G), 12 hours (H), and 24 hours (I) following alkali burn. 

Statistical analysis was performed using 1-way ANOVA followed by Tukey’s multiple comparison 

test. Scale bars represent 20 µm. 

 

2.3.2 Gap junction-mediated apoptosis in retina 

We conducted a replication study examining gap junction-mediated cell death in αRGCs and their 

coupled neuronal cells using whole-mount retinal preparations (Fig. 2.3.2). αRGCs received co-

injections of Neurobiotin and cytochrome C, allowing simultaneous visualization of gap junction 

coupling and induction of apoptotic cell death in coupled neuronal cells. TUNEL staining 

confirmed apoptotic changes in the neuronal cells that were gap junction-coupled to the injected 

αRGCs. These findings provide evidence that apoptotic signals can propagate from αRGCs to 

neighboring neuronal cells via gap junction pathways. Our dose-response analysis revealed that 

cytochrome C at 10 mg/mL concentration effectively triggers secondary neuronal death in αRGCs, 
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while the 1 mg/mL concentration showed reduced efficacy. These results indicated a dose-

dependent relationship in the secondary death cascade affecting retinal neurons. 

 

 

 

Figure 2.3.2 Gap junction-mediated apoptosis in adjacent neuronal cells following 

cytochrome C injection. 

(A) Representative confocal image of an αRGC along with its coupled neuronal cells in a whole-

mount retina. The cell was injected with a mixture of Neurobiotin to visualize gap junction 

coupling and cytochrome C to induce apoptosis.  

(B) Coupled apoptotic neuronal cells were labeled using TUNEL staining.  

(C) The overlay of panels A and B demonstrates that apoptosis extends to neighboring neuronal 

cells (white arrows) coupled to the injected αRGC (asterisk). 

Scale bars represent 20 μm. 
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2.3.3 Blocking Cx36-related gap junctions may significantly 

reduce cell death in the far-peripheral and mid-peripheral 

retina following six-hour corneal alkali burns: analysis in 

genetic and pharmacological mice 

To investigate the potential protective effect of a Cx36-related gap junction antagonist on RGC 

apoptosis following corneal alkali burns, we first established a six-hour corneal alkali burn model 

in both WT and Cx36 KO HOMO mice, as this time point maintains relatively high RGC survival 

rates while allowing effective investigation of secondary cell death mechanisms (Fig. 2.3.3A). 

This allowed us to observe αRGC apoptosis in the far-peripheral, mid-peripheral, and central 

retinal areas. The primary difference between WT and Cx36 KO HOMO mice was observed in the 

mid-peripheral retina. As illustrated in Fig. 2.3.3C, compared to the far-peripheral (0.90 ± 0.02, n 

= 8) and mid-peripheral (0.53 ± 0.09, n = 8) retina of 6 hours in the WT group, there was a notable 

reduction in TUNEL-positive reactions in the far-peripheral area (0.36 ± 0.06, n = 8) and the mid-

peripheral area (0.06 ± 0.01, n = 8) of the 6-hour Cx36 KO HOMO mice group. The density of 

TUNEL/Brn3a double-positive cells in this region was significantly lower in Cx36 KO HOMO 

mice (the far-peripheral = 917 ± 146 cells/mm2 and the mid-peripheral = 159 ± 37 cells/mm2) 

compared with WT mice (the far-peripheral = 2626 ± 124 cells/mm2 and the mid-peripheral = 

1889 ± 128 cells/mm2; Fig. 2.3.3E). Statistical analysis confirmed a significant decrease in 

TUNEL-positive reactions for Cx36 KO HOMO mice in this area. 
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To further investigate the therapeutic potential of Cx36-related gap junction protection, we 

administered MFA, a known gap junction blocker, via intravitreal injection as our experimental 

treatment, using Ringer's solution as the control (Fig. 2.3.3B). We quantified RGC apoptosis 

across the far-peripheral, mid-peripheral, and central retinal regions to assess the protective 

efficacy of MFA treatment (Fig. 2.3.3D). MFA treatment demonstrated significant neuroprotective 

effects that paralleled our genetic knockout findings. A significant decrease in RGC apoptosis was 

noted in the far-peripheral (0.34 ± 0.03, n = 8) and the mid-peripheral retina following MFA 

application (0.22 ± 0.02, n = 8). In contrast, without MFA treatment (using Ringer solution as the 

control), a significantly higher number of TUNEL-positive reactions were observed in the far-

peripheral (0.87 ± 0.03, n = 8) and the mid-peripheral retina (0.51 ± 0.03, n = 8). Consistently, the 

density of TUNEL/Brn3a double-positive cells in this area was significantly lower in MFA-treated 

mice (the far-peripheral = 903 ± 130 cells/mm2 and the mid-peripheral = 688 ± 54 cells/mm2) 

compared to the Ringer-treated control group (the far-peripheral = 2290 ± 230 cells/mm2 and the 

mid-peripheral = 1633 ± 205 cells/mm2; Fig. 2.3.3F). 

This substantial reduction in TUNEL-positive reactions confirmed that pharmacological gap 

junction blockade could effectively replicate the protective phenotype observed in Cx36 knockout 

mice following a six-hour corneal alkali burn, supporting the therapeutic potential of targeting gap 

junction-mediated cell death pathways in retinal injury. 

To investigate whether alkali could directly affect retinal neurons, we administered an intraocular 

injection of 1.5 μl of 0.1 M HEPES buffer into the vitreous cavity to observe the extent of RGC 

apoptosis. HEPES is used as a buffering agent to maintain pH stability at approximately 7.5. 

Ringer’s solution was used as a control. Six hours after inducing an alkali burn on the cornea, we 
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observed no significant differences in the far-peripheral, mid-peripheral, and central regions 

between the HEPES group (far-peripheral = 0.89 ± 0.02, mid-peripheral = 0.51 ± 0.04, and the 

central regions = 0.01 ± 0.01, n = 6) and the Ringer’s solution control group (far-peripheral = 0.87 

± 0.03, mid-peripheral = 0.49 ± 0.02, and the central regions = 0.01 ± 0.01, n = 8; Fig. 2.3.3G). 
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Figure 2.3.3 Retinal damage following six-hour corneal alkali burns. 

(A) Representative confocal images of retinal whole-mounts from WT mice and Cx36 KO HOMO 

mice, 6 hours post-corneal alkali burn. (Green: Brn3a; Red: TUNEL; Blue: DAPI)  

(B) Representative confocal images of retinal whole-mounts from WT mice treated with Ringer 

and MFA after 6 hours post-corneal alkali burns. (Green: Brn3a; Red: TUNEL; Blue: DAPI)  

(C) Percentage of TUNEL-positive nuclei in RGCs across three regions in WT and Cx36 KO 

HOMO mice after 6 hours post-corneal alkali burns. (F-P: far-peripheral, M-P: mid-peripheral, 

and C: central retinas)  

(D) Percentage of TUNEL-positive nuclei in RGCs across three regions in WT mice treated with 

Ringer and MFA after 6 hours post-corneal alkali burns.  

(E) Density of TUNEL-positive nuclei in RGCs across 3 regions in WT and Cx36 KO HOMO 

mice after 6 hours post-corneal alkali burns. 

(F) Density of TUNEL-positive nuclei in RGCs across 3 regions in WT mice treated with Ringer’s 

solution and MFA after 6 hours post-corneal alkali burns.  

(G) Percentage of TUNEL-positive nuclei in RGCs across three regions in WT mice treated with 

intraocular injection of 1.5 μl of 0.1 M HEPES buffer and Ringer’s solution 6 hours post-corneal 

alkali burns.  

Statistical analysis was performed using unpaired t-test. Scale bars represent 20 µm. 
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2.3.4 No significant morphological changes in ON and OFF 

αRGCs following six-hour corneal alkali burn 

To assess the morphological impact of six-hour corneal alkali burns on ON and OFF αRGCs, we 

analyzed soma diameter and dendritic field diameter as primary structural parameters (Fig. 2.3.4A 

and 2.3.4B). Soma size measurements demonstrated no statistically significant alterations in either 

cell type following alkali burn treatment. WT group showed ON αRGCs at 21.24 ± 0.59 µm and 

OFF αRGCs at 19.87 ± 0.26 µm (n = 5), while post-burn values at 6 hours post-corneal alkali burn 

were 19.87 ± 0.26 µm for ON αRGCs and 19.56 ± 0.14 µm for OFF αRGCs (n = 5) (Fig. 2.3.4C 

and 2.3.4D). Dendritic field diameter analysis yielded comparable results, with no significant 

morphological changes detected. Dendritic field measurements recorded 348.80 ± 26.70 µm for 

ON αRGCs and 269.30 ± 18.33 µm for OFF αRGCs (n = 5) in the WT group, compared to 6 hours 

post-corneal alkali burn group of 313.10 ± 31.75 µm for ON αRGCs and 268.50 ± 17.84 µm for 

OFF αRGCs (n = 6) (Fig. 2.3.4E and 2.3.4F).  
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Figure 2.3.4 ON and OFF αRGCs in the retinas of WT mice before and after six-hour 

corneal alkali burns.  

(A, B) Representative images of ON and OFF αRGCs in the mouse retina. ON and OFF αRGCs 

were labelled with anti-ChAT antibody (blue). 

(C, D) The soma diameter size of ON and OFF αRGCs showed no statistical difference between 

the WT mice retinas and those subjected to six-hour corneal alkali burns.  
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(E, F) Similarly, the dendritic field diameter of ON and OFF αRGCs showed no statistical 

difference between the WT mouse retinas and those after six-hour corneal alkali burns. 

Scale bars represent 20 µm. 

 

2.3.5 Corneal alkali burns reduce light-evoked spike 

responses in ON and OFF transient αRGCs 

The light sensitivity of RGCs was evaluated to determine the effects of a six-hour corneal alkali 

burn. Four distinct αRGC subtypes were identified through their characteristic responses to 525 

nm full-field light stimulation: ON transient, ON sustained, OFF transient, and OFF sustained 

categories (Fig. 2.3.5A-D). 

Analysis of light-evoked spike response patterns revealed pronounced rightward shifts in the 

response curves for both ON transient and OFF transient RGCs following corneal alkali burn 

treatment, as demonstrated in Fig. 2.3.5E and 2.3.5G, respectively, when compared to wild-type 

controls. The ON transient RGCs exhibited a threshold shift from 1.0×10² Rh*/rod sec in control 

conditions to 4.7×10³ Rh*/rod second post-burn (Fig. 2.3.5E), while OFF transient RGCs showed 

a comparable shift from 5.0×10² to 5.0×10³ Rh*/rod second (Fig. 2.3.5G). These threshold 

elevations indicate compromised light sensitivity following corneal injury. In contrast, sustained 

αRGC subtypes displayed minimal changes, with ON sustained RGCs showing threshold values 

from 6.3×10² to 1.3×10³ Rh*/rod second (Fig. 2.3.5F) and OFF sustained RGCs remaining 

relatively stable from 0.5×10² to 0.6×10² Rh*/rod second (Fig. 2.3.5H). 
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Quantitative analysis confirmed that spike response thresholds for transient αRGC subtypes in six-

hour alkali-burned retinas (ON transient αRGCs: 3.92 ± 0.13, n = 5; OFF transient αRGCs: 3.71 ± 

0.29, n = 5) were significantly elevated compared to wild-type controls (ON transient αRGCs: 2.79 

± 0.21, n = 6; OFF transient αRGCs: 2.38 ± 0.27, n = 5), representing an increase with statistical 

significance. These results are summarized graphically in Fig. 2.3.5I. 

Notably, sustained αRGC subtypes showed no significant threshold differences between wild-type 

conditions (ON sustained αRGCs: 2.34 ± 0.29, n = 4; OFF sustained αRGCs: 2.50 ± 0.39, n = 5) 

and post-burn measurements (ON sustained: 3.16 ± 0.41, n = 4; OFF sustained: 2.63 ± 0.36, n = 

5), as visualized in Fig. 2.3.5F, 2.3.5H, and 2.3.5I. This differential response pattern between 

transient and sustained αRGC populations suggests subtype-specific vulnerability to corneal alkali 

burn-induced retinal dysfunction. 

 

 



 

110 
 

Figure 2.3.5 Light responses of αRGCs in WT and six-hour Alkali Burn Groups. 

(A-D) Example spike responses of ON transient, ON sustained, OFF transient, and OFF sustained 

αRGCs to full-field 525 nm light stimuli.  

(E-H) Fitted normalized response-intensity curves for the four αRGC subtypes in the WT group 

(blue) and the six-hour alkali burn group (red). 

(I) Light response thresholds for the four αRGC types in wild-type and six-hour alkali burn mice. 

Average thresholds are defined as the light intensity eliciting 5% of the maximum spike response. 

 

2.3.6 Substantial reduction in light-evoked EPSCs/IPSCs in 

ON and OFF αRGCs after six-hour corneal alkali burn 

Using whole-cell recording techniques, we aimed to determine whether corneal alkali burns affect 

the strength of light-evoked excitatory postsynaptic currents (EPSCs) at holding potentials of -68 

mV and inhibitory postsynaptic currents (IPSCs) at +20 mV in αRGCs. 

ON αRGCs in wild-type mice demonstrated robust responses with large, sustained inward EPSCs 

(626.50 ± 24.7 pA) and sustained outward IPSCs (465.00 ± 16.49 pA). Following a six-hour 

corneal alkali burn, ON αRGCs exhibited dramatically reduced synaptic strength, displaying 

smaller, transient inward EPSCs (129.20 ± 8.37 pA) and transient outward IPSCs (195.10 ± 6.20 

pA) (Fig. 2.3.6A). Quantitative analysis revealed that average peak amplitudes for ON αRGCs 

were significantly reduced in the alkali burn group (EPSCs: 91.84 ± 13.18 pA, n = 9; IPSCs: 100.30 

± 19.44 pA, n = 7) compared to WT group (EPSCs: 429.2 ± 66.26 pA, n = 6; IPSCs: 359.80 ± 

61.62 pA, n = 6) (Fig. 2.3.6C, Welch's t-test). 
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OFF αRGCs displayed similar reductions in strength following corneal injury. Representative 

recordings in EPSCs showed that OFF αRGCs shifted from large, sustained inward currents 

(558.90 ± 38.59 pA) to smaller, transient currents (93.70 ± 4.00 pA) post-burn, with outward IPSC 

recordings showing a comparable decline from 318.8 ± 25.6 pA to 107.1 ± 0.90 pA (Fig. 2.3.6B). 

Statistical comparison revealed that OFF αRGCs in the burn group (EPSCs: 85.70 ± 3.55 pA, n = 

5; IPSCs: 73.20 ± 12.87 pA, n = 5) exhibited significantly reduced average peak amplitudes 

compared to WT group (EPSCs: 379.30 ± 84.50 pA, n = 7; IPSCs: 317.00 ± 32.53 pA, n = 9) (Fig. 

2.3.6D, Welch's t-test). 

Charge transfer analysis during one-second light stimulation revealed significant impairment in 

ON αRGCs following alkali burn treatment. Both EPSC and IPSC charge transfer were 

substantially diminished in the burn group (EPSC: 98.52 ± 14.16 pC, n = 9; IPSC: 87.22 ± 10.57 

pC, n = 9) compared to WT group (EPSC: 223.90 ± 42.69 pC, n = 6; IPSC: 173.50 ± 24.60 pC, n 

= 6) (Fig. 2.3.6E, unpaired t-test for IPSC and Welch's t test for EPSC). 

OFF αRGCs demonstrated similarly compromised charge transfer capacity post-injury. The 

differences in charge transfer between groups were statistically significant for both EPSCs (WT: 

147.60 ± 10.83 pC, n = 5; 6H: 47.77 ± 3.07 pC, n = 5) and IPSCs (WT: 248.70 ± 57.63 pC, n = 6; 

6H: 3.63 ± 6.08 pC, n = 5) (Fig. 2.3.6F, Welch's t-test). 
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Figure 2.3.6 Light-evoked EPSCs and IPSCs in ON and OFF αRGCs of WT and six-hour 

alkali burn groups.  

EPSCs and IPSCs were recorded at holding potentials of -68 mV and +20 mV, respectively, with 

EPSCs shown in blue and IPSCs in red. 

(A, B) Images of light-evoked EPSCs and IPSCs in ON and OFF αRGCs from WT and six-hour 

alkali burn mice.  

(C) Average peak amplitudes of light-evoked EPSCs and IPSCs in ON αRGCs. 

(D) Average peak amplitudes of light-evoked EPSCs and IPSCs in OFF αRGCs. 

(E) Average total charge transferred by light-evoked EPSCs and IPSCs in ON αRGCs. 

(F) Average total charge transferred by light-evoked EPSCs and IPSCs in OFF αRGCs.  

 

2.3.7 MFA treatment reduces light sensitivity loss of ON and 

OFF transient αRGC following a six-hour alkali burn 

We explored whether the gap junction antagonist MFA could mitigate the impaired light response 

threshold observed in transient αRGCs after corneal alkali burn injury. Following burn induction, 

mice were allocated into two experimental cohorts: one group received intravitreal MFA injections 

as treatment, while the control group received intravitreal Ringer's solution injections for 

comparative analysis. 

Representative recordings demonstrate that ON transient αRGCs in the MFA-treated group 

(4.10×10² Rh*/rod second) exhibited enhanced light-evoked sensitivity compared to the Ringer's 
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solution control group (9.12×10³ Rh*/rod second), as shown in Fig. 2.3.7A. This improved 

responsiveness was consistently observed across multiple full-field light sensitivity levels (2.4 × 

10³, 1 × 10⁴ and 8.4 × 10⁴ Rh*/rod second). Light response curve revealed a subtle leftward shift 

in ON transient RGC, with threshold values shifting from 1.7×10³ Rh/rod second in the Ringer's 

solution group to 8.5×10² Rh*/rod second following MFA treatment (Fig 2.3.7C). However, 

statistical analysis showed no significant difference in light response thresholds between the MFA 

group (3.23 ± 0.61, mean ± SEM, n = 4) and the Ringer's solution group (3.92 ± 0.24, n = 4) for 

ON transient αRGCs (Fig. 2.3.7E). 

OFF transient αRGCs displayed similar patterns of MFA-induced enhancement. As illustrated in 

Fig. 2.3.7B, OFF transient αRGCs in the MFA-treated group (1.70 × 10³ Rh*/rod second) 

demonstrated improved light sensitivity compared to controls receiving Ringer's solution (1.62 × 

10³ Rh*/rod second). The light response curves for OFF transient RGCs showed a corresponding 

leftward shift with MFA treatment, with thresholds decreasing from 5.00 × 10³ Rh*/rod second in 

the Ringer's solution group to 3.98×10³ Rh*/rod sec after MFA application (Fig. 2.3.7D). Despite 

these favorable trends toward earlier spike initiation and leftward curve shifts, statistical 

comparison revealed no significant difference in light response thresholds between the MFA group 

(3.32 ± 0.17, n = 10) and the Ringer's solution group (3.79 ± 0.22, n = 6) for OFF transient αRGCs 

(Fig. 2.3.7F). These findings suggest that while MFA treatment may provide subtle improvements 

in light responsiveness, it does not achieve statistically significant restoration of light response 

thresholds under the current experimental parameters. 
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Figure 2.3.7 Light responses of ON and OFF transient αRGCs in six-hour alkali burn of 

Ringer and MFA-treated groups. 

(A, B) Example spike responses of ON and OFF transient αRGCs to full-field 525 nm light stimuli 

at varying intensities.  

(C, D) Normalized light response-intensity curves for the two transient αRGC subtypes in the six-

hour alkali burn in Ringer (blue) and the MFA-treated (red) groups. 
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(I) Light response thresholds for the two αRGC subtypes in the six-hour alkali burn Ringer and 

MFA-treated groups. Average thresholds are defined as the light intensity eliciting 5% of the 

maximum spike response.  

 

2.3.8 The effect of MFA on EPSCs in ON αRGCs 

We examined whether MFA administration could prevent the diminished input signals to RGCs 

by recording light-evoked EPSCs and IPSCs in two subtypes of αRGCs after corneal alkali burn 

injury. Experimental animals received intravitreal injections of MFA, while control animals 

received equivalent volumes of Ringer's solution via the same injection route. 

Representative electrophysiological recordings from ON αRGCs are presented in Fig. 2.3.8A, 

displaying EPSCs measured at -68 mV and IPSCs measured at +20 mV following 1-second light 

exposure at 525 nm wavelength for each experimental group. Following MFA treatment, ON 

αRGCs demonstrated significant alterations in their electrophysiological responses to full-field 

light stimulation. Specifically, EPSCs showed enhanced inward current amplitudes, with values 

rising from 136.70 ± 8.30 pA under control Ringer's solution conditions to 149.50 ± 2.67 pA in 

the presence of MFA. Similarly, IPSCs displayed moderately increased outward current 

magnitudes, with amplitudes increasing from 70.80 ± 2.48 pA in Ringer's solution to 101.30 ± 

0.75 pA following MFA application (Fig. 2.3.8A). 

MFA treatment produced significant modifications in the EPSCs of ON αRGCs, demonstrating a 

marked enhancement in peak amplitude during full-field light stimulation (Ringer: 109.70 ± 12.41 

pA, n = 9; MFA: 138.00 ± 10.40 pA, n = 5; unpaired t-test) (Fig. 2.3.8C). Conversely, analysis of 

EPSC charge transfer revealed no statistically significant difference between treatment conditions 
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(Fig. 2.3.8E Ringer: 95.01 ± 10.97 pC, n = 7; MFA: 100.00 ± 11.19 pC, n = 5; unpaired t-test), 

suggesting that the overall synaptic charge remains stable despite amplitude changes. For IPSCs, 

MFA application resulted in elevated mean peak amplitudes compared to control conditions, 

though statistical comparison revealed no significant difference between the MFA group (87.74 ± 

18.79 pA, n = 5) and the Ringer group (67.48 ± 6.01 pA, n = 8) (Fig. 2.3.8C, Welch's t-test). 

Consistent with the excitatory findings, IPSC charge transfer analysis demonstrated no significant 

difference between experimental groups (Ringer: 86.91 ± 11.29 pC, n = 8; MFA: 90.49 ± 9.75 pC, 

n = 5) (Fig. 2.3.8E, unpaired t-test). 

To investigate MFA's impact on OFF αRGC input signals, we conducted recordings of both EPSCs 

and IPSCs (Fig. 2.3.8B). The measured EPSC amplitudes showed minimal variation between 

conditions, registering 128.2 ± 6.10 pA in Ringer solution compared to 128.1 ± 2.89 pA following 

MFA treatment, while IPSC amplitudes similarly remained stable at 102.8 ± 7.75 pA in Ringer 

versus 101.3 ± 2.96 pA with MFA (Fig. 2.3.8B). Statistical analysis of peak amplitudes revealed 

no significant differences between treatment groups for either current type (Ringer, EPSCs: 109.1 

± 7.79 pA, n = 5; MFA EPSCs: 108.4 ± 6.39 pA, n = 8; unpaired t-test; Ringer, IPSCs: 81.98 ± 

18.49 pA, n = 5; MFA IPSCs: 78.70 ± 10.42 pA, n = 6; unpaired t-test) (Fig 2.3.8D). Charge 

transfer measurements likewise demonstrated no statistically significant alterations following 

MFA administration (Ringer, EPSCs: 75.75 ± 5.63 pC, n = 5; MFA, EPSCs: 67.31 ± 1.39 pC, n = 

7; Welch's t-test; Ringer, IPSC: 68.45 ± 9.96 pC, n = 5; MFA, IPSC: 90.10 ± 6.87 pC, n = 5; 

unpaired t-test) (Fig. 2.3.8F). 
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Figure 2.3.8 Light-evoked EPSCs and IPSCs in ON and OFF αRGCs of Wild-type control 

and six-hour alkali burn groups.  

EPSCs and IPSCs were recorded at holding potentials of -68 mV and +20 mV, respectively, with 

EPSCs shown in blue and IPSCs in red.  

(A, B) Images of light-evoked EPSCs and IPSCs in ON and OFF αRGCs from wild-type and six-

hour alkali burn mice.  

(C) Average peak amplitudes of light-evoked EPSCs and IPSCs in ON αRGCs.  

(D) Average peak amplitudes of light-evoked EPSCs and IPSCs in OFF αRGCs.  

(E) Average total charge transferred by light-evoked EPSCs and IPSCs in ON αRGCs.  

(F) Average total charge transferred by light-evoked EPSCs and IPSCs in OFF αRGCs.  

 

2.3.9 Microglial activation following corneal alkali burns 

To examine whether microglia are activated following corneal alkali burn, we employed Anti Iba1 

immunostaining to assess alterations in microglial populations and evaluate changes in microglial 

cell numbers. 

First, we observed a significant increase in microglial cell numbers in the retinas of wild-type mice 

at 6 hours post-alkali burn injury (Fig. 2.3.9A). Upon further regional analysis, we found that 

microglial density increased from 43 ± 2 to 96 ± 4 cells in the far-peripheral retina, from 56 ± 1 to 
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97 ± 2 cells in the mid-peripheral retina, and from 65 ± 2 to 105 ± 5 cells in the central retina (Fig. 

2.3.9C; n = 4; unpaired t-test). 

Next, we investigated the microglial response in Cx36 KO mouse retinas at 6 hours following 

corneal alkali burn injury (Fig. 2.3.9B). Similar to wild-type mice, Cx36 KO mice demonstrated a 

marked elevation in retinal microglial populations at 6 hours post-injury. Quantitative regional 

analysis showed that microglial density increased from 44 ± 4 to 80 ± 4 cells in the far-peripheral 

retina, from 51 ± 3 to 92 ± 5 cells in the mid-peripheral retina, and from 53 ± 5 to 99 ± 5 cells in 

the central retina (Fig. 2.3.9D; n = 4; unpaired t-test). 
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Figure 2.3.9 Microglial changes following a six-hour corneal alkali burn. 

(A) Confocal images illustrating the far-peripheral (F-P), mid-peripheral (M-P), and central (C) 

regions of the retinas in WT and six hours after corneal alkali burn. Microglia were visualized 

using anti-Iba1 immunolabeling (green). 

(B) Confocal images of the far-peripheral, mid-peripheral, and central retinas in Cx36 KO HOMO 

mice, both untreated and six hours after alkali burn. Microglia were visualized using anti-Iba1 

immunolabeling (green). 

(C) Quantitative analysis of microglial density in WT mice, comparing untreated and 6-hour alkali 

burn conditions. 

(D) Quantitative analysis of microglial density in Cx36 KO HOMO mice, comparing untreated 

and 6-hour alkali burn conditions. 

Scale bars represent 20 µm. 
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2.4 Discussion 

2.4.1 Apoptosis of RGCs in corneal alkali burn: A six-hour 

post-burn model 

Corneal alkali burns can induce apoptosis in various subtypes of αRGCs, starting in the far-

peripheral retina and gradually spreading to the mid-peripheral and central regions. A six-hour 

post-injury timeframe was chosen to examine the effects of alkali-induced corneal injury on retinal 

neurons, as it demonstrated a significant temporal and spatial progression of TUNEL-positive 

RGCs.  Extending the observation period to 12 hours results in excessive apoptosis, complicating 

the study of biophysical properties. 

The reduction in light sensitivity, particularly in transient αRGCs, may have important 

implications for visual processing and could contribute to visual disturbances following corneal 

injuries. These findings indicate that within the acute six-hour period post-burn, both ON and OFF 

αRGCs experience significant impairment in light-evoked synaptic inhibition and excitation. This 

comprehensive alteration in retinal circuitry suggests a rapid and widespread impact of corneal 

injury on visual processing at the retinal level. 

The observed changes in excitatory and inhibitory currents may contribute to the altered light 

sensitivity and visual disturbances associated with corneal alkali burns. Further research is 

necessary to elucidate the underlying mechanisms of these rapid functional changes and to explore 

potential therapeutic interventions that could mitigate the impact of corneal injuries on retinal 

function. 
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2.4.2 Alkali did not play a key role in the apoptosis of RGCs 

following corneal alkali burns 

The mechanism of apoptosis in RGCs following corneal alkali burns involves a complex 

interaction of caspase activation and various apoptotic pathways. RGCs are particularly vulnerable 

to damage, leading to their programmed cell death through caspase-dependent mechanisms 

(Choudhury et al., 2015).  

Alkali burns may induce RGC apoptosis through inflammatory responses and oxidative stress. 

These burns could cause an increase in TNF-α, which triggered RGC apoptosis via inflammatory 

pathways. This effect is intensified by the infiltration of peripheral monocytes and the activation 

of microglia, which releases more TNF-α, further damaging the retina (Paschalis et al., 2018). 

Additionally, the activation of NADPH oxidases could boost the production of reactive oxygen 

species, intensifying oxidative stress and inflammation, both of which are crucial in RGC apoptosis 

(Gu et al., 2016). 

To assess whether alkali base directly impacts the retina, we injected HEPES buffer into the 

vitreous cavity as a pH buffer to observe if it affected RGC apoptosis. The Ringer solution served 

as vehicle control. Six hours after the corneal alkali burn, there was no significant difference in 

RGC apoptosis between the HEPES and Ringer control groups. This suggested that alkali may not 

be a primary factor in RGC death following corneal alkali burns. The vitreous body is substantial 

and effectively buffers sudden pH changes, providing protection to the eye. 
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2.4.3 Microglial activation and RGCs’ apoptosis following 

corneal alkali burns 

Apoptosis of RGCs following a corneal alkali burn may result from multiple mechanisms. To 

investigate potential immune-mediated contributions to RGC apoptosis, we examined the 

activation and quantitative changes in microglial cells post-burn (Fig. 2.3.9). Microglia, the 

primary immune cells of the central nervous system, exhibited rapid and robust activation, 

signalling a significant immune response within the retina. This response may contribute to RGC 

apoptosis through the release of pro-inflammatory cytokines, reactive oxygen species, or other 

neurotoxic factors. 

The activation of microglia supports the notion that inflammatory responses, primarily mediated 

by retinal cytokines, play a crucial role in the pathophysiology of ocular alkali burns (Miyamoto 

et al., 1998; Paschalis et al., 2017). This inflammatory component may complicate the 

pathogenesis of retinal damage following corneal alkali burns. There is a significant increase in 

microglial cells after an alkali burn, particularly in the far-peripheral area, the mid-peripheral area, 

and the central area. Similar results were observed in Cx36 KO HOMO mice retinas, with a 

significant increase in microglial cells in the far-peripheral area, the mid-peripheral area, and the 

central area. These findings suggest that the increased presence of microglial cells indicates that 

inflammatory responses play a crucial role in the pathophysiology of ocular alkali burns. 
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2.4.4 Connexin 36 played a role in acute retinal ganglion cell 

apoptosis six hours after corneal alkali burn 

Our research reveals that the number of apoptotic cells in the retina increases progressively over 

time following a corneal alkali burn, with apoptosis advancing from the peripheral to the central 

retina and peaking at 24 hours. These findings were consistent with other animal models of alkali 

burns, indicating that corneal alkali burns triggered apoptosis of RGCs. A similar progressive 

pattern of RGC apoptosis was also observed in glaucoma. This similarity may help explain why 

glaucoma is a frequent complication in patients with ocular alkali burns (Cadetti & Thoreson, 

2006).   

Electrical synapses, also known as gap junctions, modulate visual signals and function as a 

regulator of the bidirectional flows of ions and small metabolites between neurons in the nervous 

system (Bloomfield & Völgyi, 2009). Cx36 is the predominant subunit of gap junctions in the 

proximal mouse retina. Gap junction-mediated secondary cell death has been implicated in the loss 

of retinal neurons observed in various degenerative conditions, including retinitis pigmentosa, 

glaucoma, and ischemia (Das et al., 2008; Ripps, 2002). Cx36, a gap junction protein prevalent in 

the retinal ganglion cell layer, has been highlighted in recent studies for its role in mediating 

bystander cell death in the retina. Akopian et al. demonstrated that following cytochrome C 

injection into a single RGC, neighbouring coupled RGCs exhibited TUNEL-positive reactions, 

suggesting gap junction-mediated secondary cell death (Akopian et al., 2014). Furthermore, in 

excitotoxic models, Cx36 KO mice showed a 50% increase in cell survival compared to WT mice 

(Akopian et al., 2014), indicating Cx36's involvement in regulating secondary cell death. 
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Six hours post-burn, both Cx36 KO HOMO mice and WT mice treated with MFA exhibited 

significantly reduced retinal apoptosis compared to controls. These findings underscore the role of 

Cx36 in mediating secondary cell death following corneal alkali burns. The protective effects 

observed with both genetic knockout and pharmacological inhibition of Cx36 not only corroborate 

previous findings but also enhance our understanding of Cx36's involvement in corneal alkaline 

injuries. We propose that blocking Cx36 offers a neuroprotective effect on the retina after corneal 

alkali burns. 

 

2.4.5 Protecting RGCs from corneal alkali burn with MFA 

application 

MFA, a gap junction antagonist, has demonstrated potential in protecting RGCs from damage and 

secondary cell death in experimental glaucoma (Akopian et al., 2014). Already approved by the 

U.S. Food and Drug Administration for treating joint pain, muscular pain, and arthritis, MFA could 

play a crucial role in treating ocular alkali burns and preventing sight-threatening conditions if its 

neuroprotective effects were confirmed. Its existing approval could facilitate a faster regulatory 

pathway compared to a completely new chemical entity. 

The study suggests that MFA may have a protective or restorative effect on RGC apoptosis. While 

MFA did not significantly affect the light sensitivities of ON and OFF αRGCs, it did induce 

noticeable changes in both excitatory and inhibitory postsynaptic currents in ON αRGCs, with 

minimal impact on the synaptic inputs of OFF αRGCs. 
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These findings could potentially identify new targets for therapeutic intervention in RGC injury 

and provide evidence for the efficacy of MFA in treating alkali burns, bringing its possible clinical 

application one step closer. 
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2.5 Conclusion  

Corneal alkali-induced trauma can lead to retinal damage and subsequent vision loss, potentially 

due to the apoptosis of RGCs. This retinal damage is characterized as progressive and regional 

retinal ganglion cell death. The number of apoptotic cells in the retina increases with the time of 

corneal alkali burns. In addition, this appearance presents a trend of expanding from the peripheral 

to the central part, reaching a peak point at 24 hours. The study suggests that secondary cell death, 

mediated by the gap junction subunit Cx36, may play a crucial role in this process. Implementing 

a neuroprotective strategy that inhibits Cx36-mediated secondary cell death could be beneficial in 

the early stages following corneal alkali injury. 
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Chapter 3 Pressure-induced Retinal Ganglion 

Cell Signal Alterations: Sustained, Acute, and 

Direct Mechanical Effects 

3.1 Introduction 

Glaucoma represents one of the leading causes of irreversible blindness worldwide, affecting over 

95 million people globally and characterized by progressive RGC loss and optic nerve 

degeneration (Jayaram et al., 2023; Quigley & Broman, 2006; Tham et al., 2014). Elevated IOP 

has been identified as the primary modifiable risk factor in glaucoma development, with clinical 

evidence demonstrating that IOP reduction can slow or halt disease progression (Heijl et al., 2002; 

Kass et al., 2002). However, despite decades of research, fundamental questions remain regarding 

the primary site and mechanisms by which elevated IOP initiates retinal ganglion cell damage. 

Traditionally, glaucoma research has focused primarily on the ONH as the initial site of pressure-

induced damage. The widely accepted model proposes that elevated IOP causes mechanical 

deformation of the lamina cribrosa, leading to axonal compression, disrupted axonal transport, and 

subsequent retrograde RGC death (Quigley & Addicks, 1980; Wallace & O'Brien, 2016). This 

optic nerve head hypothesis has dominated our understanding of glaucoma pathogenesis for 

decades and has guided much of the therapeutic development in the field (Downs et al., 2008; 

Fuchshofer & Tamm, 2012; Hayreh et al., 1999; Schneider & Fuchshofer, 2016). 

However, emerging evidence suggests that the retina proper may also be a direct target of elevated 

IOP. Agar et al. first demonstrated that neuronal apoptosis occurs under physiologically elevated 
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pressure in vitro, indicating that elevated pressure alone can serve as a trigger for apoptotic 

pathways (Agar et al., 2000). Guo et al. further reported that RGC apoptosis in glaucoma correlates 

with IOP-induced extracellular matrix remodeling involving MMP-9 activity, suggesting the retina 

as the primary site of glaucomatous injury (Guo et al., 2005). Moreover, early synaptic 

disconnection in RGCs has been observed to precede cell death during ocular hypertension, likely 

supporting the concept that direct retinal mechanisms contribute significantly to early 

glaucomatous pathology (Fu et al., 2009). Despite these important observations, direct evidence 

for retinal vulnerability to elevated pressure remains limited, and the specific mechanisms by 

which elevated IOP affect RGC function and survival in the retinal environment are poorly 

understood.  

To address these fundamental questions, we employed complementary experimental approaches 

designed to isolate and characterize the direct effects of elevated pressure on retinal ganglion cells. 

We utilized both acute and sustained models of ocular hypertension to examine pressure-induced 

retinal changes and how different temporal patterns of pressure exposure affect RGC structure and 

function. To create an acute ocular hypertension (AOH) model, a homemade micropipette attached 

to a saline container was placed in the anterior chamber of WT mice and maintained for 50 minutes, 

with container height calibrated to induce an intraocular pressure of 75 mmHg. To establish a 

sustained ocular hypertension (SOH) model, 2 µl silicone oil was injected into the anterior chamber 

of WT mice. Additionally, we developed two direct mechanical pressure methods to isolate 

immediate effects on RGC physiology: pressure controller-based application and direct 

micropipette pressure application. Through comprehensive assessment of behavioral performance, 

electrophysiological function, and cellular survival, we sought to determine the relationship 
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between pressure-induced functional impairment and structural damage, and to elucidate the 

mechanisms by which mechanical pressure compromises retinal information processing.  
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3.2 Methodology 

3.2.1 Animal preparation 

All animals were maintained in a 12-h light/12-h dark cycle in the Centralised Animal Facilities 

(CAF) in the Hong Kong Polytechnic University. To ensure consistency in experiment, all mouse 

enucleation procedures were conducted around 10 a.m. after overnight dark adaptation, then retina 

tissues were collected immediately following enucleation. 

Adult C57BL/6J wild-type (WT) mice (RRID: IMSR_JAX:000664), Ai32 mice (RRID: 

IMSR_JAX:012569), KCNG4cre mice (RRID: IMSR_JAX:029414), and the KCNG-YFP mice of 

either sex (postnatal days 6–8 weeks old), weighing 15–25 g, were used in the research. 

KCNG-YFP mice were generated by crossing Ai32 mice and KCNG4cre mice. In these mice, 

αRGCs are YFP labeled and were used for injection experiments. KCNG4cre mice carry Cre 

recombinase inserted at the locus responsible for encoding the potassium channel modulator. In 

Ai32 mice, the expression of a channelrhodopsin-2/EYFP fusion protein is triggered by the 

presence of Cre recombinase. Homozygous KCNG4cre mice were identified through genotyping 

and used for breeding purposes. 
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3.2.1.1 Mouse model of AOH  

Mice were deeply anesthetized via intraperitoneal injection of ketamine (80 mg/kg) and xylazine 

(10 mg/kg) mixture. A drop of lidocaine (20 mg/ml) applied to the surface of the eyeballs served 

as a local anesthetic for the eye. One drop of 1% tropicamide ophthalmic solution (Mydriacyl, 

Alcon) was used to dilate the mouse pupil. After 5 minutes, when the pupil was fully dilated, the 

experiment proceeded, preventing damage to the iris and other structures from the needle tip during 

subsequent experimental procedures. 

The mice were placed in a lateral recumbent position on the pad, with the eye to be operated on 

positioned as vertically upward as possible. Typically, the right eye was operated on.  

Sharp micropipettes were prepared in advance: borosilicate glass capillaries were first stretched 

into fine tips using a puller machine according to a pre-set program, then refined using a micro 

grinder with water-grinding principles to achieve tips with the required length and diameter. The 

container with sterile irrigation solution (balanced salt solution, pH = 7.5) was suspended at a 

height of 1m above the mouse cornea, equivalent to 75 mmHg. Disposable infusion tubing was 

used to connect the water container to the sharp micropipette. After the connection, the entire setup 

was tested beforehand to adjust the solution flow rate and ensure there was no blockage in the 

micropipette. 

The mouse was placed under a 10x microscope, ensuring the cornea was completely within the 

field of view. The sharp micropipette was slowly inserted into the anterior chamber from a position 

away from the center of the cornea, avoiding contact with the lens, iris, and other ocular structures. 

The micropipette was then fixed in position and kept stationary in the mouse's anterior chamber 

for 50 minutes. During this period, the mouse was observed to prevent the movement of the 

micropipette. After 50 minutes, the micropipette was withdrawn from the mouse's anterior 
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chamber, and the mouse was placed on a 37 °C heating pad until it recovered. Mice that developed 

corneal opacity, neovascularization, or other corneal diseases were excluded from the successful 

experimental subjects. 

 

 

Figure 3.2.1.1 Illustration of a sharp micropipette being inserted into the anterior chamber. 
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3.2.1.2 Mouse model of SOH 

The mice underwent deep anesthesia by an intraperitoneal injection of the mixture of ketamine (80 

mg/kg) /xylazine (10 mg/kg). The mice were then placed in a lateral position on a surgery platform, 

and the microscope was adjusted to ensure optimal visualization, with the mouse eye centered and 

fully visible within the microscope's field of view. 

Prior to injection, topical anesthesia was administered by applying one drop of lidocaine (20 mg/ml) 

to the corneal surface to alleviate the mice's pain and discomfort. A 30-G needle was carefully 

inserted through the corneal layers at the superotemporal quadrant near the ocular limbus, creating 

a tunnel to access the anterior chamber while avoiding damage to the lens and iris. This position 

also serves to prevent silicone oil leakage during subsequent operational steps.  

Approximately 2 μl of silicone oil (1,000 mPa·s, Silikon, Alcon Laboratories, Fort Worth, Texas) 

was pre-loaded into a homemade borosilicate glass capillary. Preparing the tip of a homemade 

borosilicate glass capillary to the required specifications. The tip of the micropipette was carefully 

inserted through the established tunnel, and the silicone oil was slowly injected into the ocular 

anterior chamber using a homemade injector within 1 minute. The progressive expansion of the 

oil droplet could be observed until it nearly covered the entire iris surface. 

The homemade micropipette was maintained in position for 30 seconds before being withdrawn. 

To minimize the leakage of injected silicon oil, the eyelid was positioned to cover the incision. 

The contralateral control eyes were punctured in the anterior chamber using a 30-G needle. During 

the whole procedure, artificial tears were applied to keep the cornea moist. After the experimental 

procedures, the mice were placed on a 37 °C heating pad until they fully recovered. 

The rare mouse that showed corneal opacity associated with band-shaped degeneration or 

neovascularization was excluded from further analysis. 
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Figure 3.2.1.2 Illustration of a homemade micropipette. 
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3.2.2 Measurement in the mouse model 

3.2.2.1 Intraocular pressure 

The rebound tonometer (Tonolab) utilizes a probe that lightly touches the cornea and measures 

rebound parameters to determine the mouse IOP, representing the most commonly used non-

invasive method for mice. 

For the AOH Mouse model: 

At the 0-minute and 50-minute time points of the experiment, the mouse IOP was measured while 

a micropipette for hydrostatic pressure experiments remained inserted in the cornea. Mouse IOP 

was measured three consecutive times, with each measurement consisting of the probe touching 

the mouse cornea 6 times to obtain an average value. 

For the SOH Mouse Model: 

Mouse intraocular pressure measurements were performed without anesthesia to eliminate the 

influence of anesthetics on mouse IOP. A minimal amount of pupil-dilating agent (1% tropicamide 

solution, Mydriacyl from Alcon) was topically applied to the corneal surface of silicone oil-filled 

eyes. Since IOP elevation is only detected after pupil dilation, we collected our IOP measurements 

15 minutes after pupil dilation.  

Mice were placed in a supine position throughout the measurement procedure, and all 

measurements were conducted between 9 and 10 AM to ensure consistency of IOP measurement. 

Mouse IOP was measured twice weekly, with three measurements conducted each time.  

The rebound tonometer device calculates a single measurement value by automatically computing 

the mean of six consecutive corneal contact assessments. IOP measurements were continuously 
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monitored for a duration of four weeks, after which subsequent experimental procedures were 

initiated. 

 

3.2.2.2 Electroretinography 

The mice underwent dark adaptation for 8-12 hours in advance. All procedures were conducted in 

a darkroom environment, using dim red light for experimental illumination. The mice were 

anesthetized deeply with an intraperitoneal injection of ketamine/xylazine (80 mg/kg:10 mg/kg 

body weight), and Lidocaine hydrochloride (20 mg/ml) was used for analgesia and anesthesia 

throughout the entire procedure. After anesthesia, 0.5% Tropicamide was promptly applied, 

followed by a 5-minute wait for full pupil dilation. Mice were positioned on a water-circulating 

heating pad to maintain their core temperature at 37°C.  

A scotopic full-field ERG (ffERG) was used to measure retinal function in vivo. Applying gel to 

the surface of the mouse cornea before starting the experiment helps prevent corneal drying and 

ensures good contact with the electrode. During the experiment, avoid touching the electrodes by 

hand to prevent deformation, which could affect the accuracy of the experimental data. One 

platinum needle electrode (TE/S46-638) was inserted subcutaneously into the forehead between 

the two ears as a reference electrode, while another needle electrode was placed at the base of the 

tail as a ground electrode. A pair of gold ring electrodes (3mm diameter, RL-3103RC) was placed 

on the surface of the cornea to simultaneously capture light responses generated by both eyes as 

active electrodes. After positioning the four electrodes, the mouse was placed on the device 

platform and allowed to rest for 5 minutes before starting the experiment. 
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A Ganzfeld (Q450; RETI Animal, Roland Consult, Germany) was used to deliver light stimuli 

according to a customized protocol, with intensities ranging from −5.10 log cd·s·m-2 to +1.3 log 

cd·s·m-2. The stimulus data was collected by the RETI-Port system (Roland Consult). The positive 

scotopic threshold response (pSTR) and negative scotopic threshold response (nSTR) reflected the  

function of proximal retina, corresponding to retinal ganglion cells and amacrine cells, respectively. 

A wave reflected the function of photoreceptors, and the b wave reflected the function of bipolar 

cells. After completion of the ERG, the anesthetized animals will be placed on a heating pad and 

continuously monitored until they regain consciousness. 

 

3.2.2.3 Optomotor test 

Optomotor responses were measured using the OptoMotry System (OMR, CerebralMechanics, 

Canada), which presented drifting bars to mice through OptoMotry software on a gray background 

at 12.0 degrees per second and 0° orientation. To prevent the agitation that many mice display 

upon first encountering the testing platform, we implemented a pre-training protocol where mice 

were exposed to the OMR system for ~10 minutes on the day preceding the actual test.  

Behavior tests, including contrast sensitivity and visual acuity, would be measured by this system. 

The contrast threshold for optomotor responses was established by starting with maximum contrast 

(100%) and manually reducing it until mice failed to demonstrate tracking behavior. Contrast 

sensitivity values were subsequently derived as the inverse of these threshold measurements at 

fixed spatial frequencies.  

Experimental mice were placed on a holder platform positioned at the arena's center, enabling free 

standing and movement, while surrounded by a visual stimulus unit consisting of 4 LCD screens 
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displaying rotating stripes. Left and right eye responses were evaluated by measuring optomotor 

tracking in counterclockwise (CCW) and clockwise (CW) directions, respectively. Contrast 

sensitivity testing utilized 0.19 cycles per degree (cpd) as the spatial frequency parameter, selected 

for its documented ability to elicit excellent optomotor responses. 

 

3.2.3 Retina preparation 

Retina preparations were performed in dark-adapted conditions, which were for patch-clamp 

recordings and immunohistochemistry. The procedures were the same as mentioned above.  

 

3.2.4 light stimulation 

Light sensitivities of αRGCs were recorded under graded light intensities (2.9 × 10¹ to 1.2 × 10⁵ 

Rh*/rod/s) using full-field green LED stimulation (525 nm) applied to the retinal surface. 

 

3.2.5 Mechanical pressure on αRGCs 

Two direct mechanical pressure methods were applied to isolate immediate effects on αRGC 

physiology: one using a pressure controller and another using homemade micropipette 

compression.  

In the former method, controlled mechanical pressure was delivered to αRGCs through a 

homemade micropipette connected to a pressure controller (LEFOO, LFM512-OEC), elevating 
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intracellular pressure to simulate ocular hypertension. Each αRGC was exposed to sequential 

pressure applications of 40 Pa, 100 Pa, 200 Pa, and 300 Pa. 

For the latter approach, αRGCs were directly compressed using a homemade micropipette to 

achieve a 15% soma diameter increase, replicating the pathological soma enlargement 

characteristic of glaucoma patients compared to normal controls (Liu et al., 2021). 

 

3.2.6 Patch clamp 

Loose patch recordings and whole cell recordings were performed on αRGCs from mid-peripheral 

regions of WT mouse retinas. Dye injections were applied to the KCNG-YFP mice, in which the 

labeled cells were easy to observe. 

Spike recordings were collected and analyzed by Offline Sorter software (Plexon, Dallas, TX) and 

NeuroExplorer software (Nex Technologies, Littleton, MA). Peristimulus time Histograms 

(PSTHs) were constructed using NeuroExplorer's "PeriEvent Histogram" function to analyze the 

temporal spike frequency patterns (spikes/second) of single RGCs. Perievent raster plots were 

generated using NeuroExplorer to visualize the timing of light-evoked spikes relative to reference 

timestamps. Furthermore, NeuroExplorer enabled quantitative analysis of raster plots, which were 

then used to generate light response curves and determine αRGC light sensitivity. 

 

3.2.7 Immunohistochemistry 

Primary antibody for AII ACs used in this study was anti-Prox1 antibody (Rabbit, BioLegend, 

Cat#PRB-238C,1:500), and the secondary antibody is Cy3 anti-Rabbit IgG (Jackson 
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ImmunoResearch, Cat# 711-166-152, 1:200). Confocal images were acquired using a ZEISS LSM 

800 confocal microscopy system with a pixel size of 0.156 μm × 0.156 μm. 

For staining αRGCs, the SMI-32 (Biolegend, Cat# 201702, 1:500) was used in this study, and the 

secondary antibody is 488 anti-mouse IgG (Molecular Probes, Cat# A-21202, 1:200). The image 

size was 0.312 μm × 0.312 μm. 

Image acquisition, analysis and statistical significance symbols were the same as mentioned above. 
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3.3 Results 

3.3.1 IOP elevation of the SOH mouse model 

To investigate the effects of sustained elevated IOP on the retina, we established a mouse model 

of elevated IOP using silicone oil. Silicone oil was injected into the anterior chamber of WT mice 

using a sharp micropipette (Fig. 3.3.1A). The silicone oil blocked the pupil (Fig. 3.3.1B). The IOP 

of a single mouse was continuously monitored over the following 4 weeks (Fig. 3.3.1C). The IOP 

began to rise the day after the silicone oil injection, increasing from 7.67 ±0.33 mmHg to 29.33 

±1.33 mmHg, and subsequently stabilized. The IOP was 33.67 ± 1.33 mmHg in the first week, 

31.33 ± 1.76 mmHg in the second week, 31.33 ± 0.67 mmHg in the third week, and 24 ± 1.0 

mmHg in the fourth week. The IOP data from all experimental mice were recorded and analyzed 

(Fig. 3.3.1D). The initial IOP of mice was 9.79 ± 0.25 mmHg, which significantly increased to 

29.52 ± 1.96 mmHg on the second day, 36.26 ± 2.34 mmHg in the second week, and 34.15 ± 2.43 

mmHg in the fourth week. 
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Figure 3.3.1 IOP elevation of the SOH mouse model 

(A) Schematic representation of the SOH mouse model. 

(B) Representative image of the anterior chamber in a mouse after silicone oil injection.  

(C) IOP changes in a single mouse for over four weeks after silicone oil injection. 

(D) Continuous IOP measurements over 4 weeks SOH injury. (Control: n = 14; 2 days SOH eye: 

n = 14; 2 wks SOH eye: n = 14; 4 wks SOH eye, n = 9. These data are Mean ± SEM. Statistical 

analysis: one-way ANOVA with Tukey’s multiple comparisons: ***, p<0.001.) 
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3.3.2 Decline of inner retinal function in the SOH mouse 

model 

To assess the retinal function after the 4 weeks SOH injury, the scotopic full-field 

electroretinography (ffERG) was conducted to record the mass voltage signal generated by retinal 

cells using light flash stimuli. The distinct ERG waveform characteristics exhibited by the light 

responses of different retinal cells under varying light intensities can be used to roughly distinguish 

between cell types. In this experiment, the WT mice were pre-adapted to darkness for 12 hours. A 

light intensity of -4.05 log cd·s·m-2 was used to record positive scotopic threshold response (pSTR) 

(Fig. 3.3.2A) and negative scotopic threshold response (nSTR), while an intensity of +1.30 log 

cd·s·m-2 was applied to elicit a-wave and b-wave responses (Fig. 3.3.2B). pSTR and nSTR 

primarily reflect the activity of retinal ganglion cells and the contribution of amacrine cells, 

respectively. The function of photoreceptors can be represented by the a-wave, while the b-wave 

is primarily attributed to the activity of bipolar cells. At 4 weeks, no statistically significant 

difference was observed in the maximum response amplitudes of the a-wave and b-wave between 

the control group (a wave: -391.6 ± 12.89 µV, n = 6; b wave: 679.3 ± 26.57 µV, n = 6) and the 

SOH group (a wave: -348.1 ± 23.10 µV, n = 6; b wave: 597.4 ± 56.08 µV, n = 6) (Fig. 3.3.2C). 

Compared to the control group (nSTR: -49.72 ± 2.24 µV, n = 6; pSTR: 86.13 ± 4.17 µV, n = 6), 

the response amplitudes of pSTR and nSTR were statistically reduced in the SOH group (nSTR: -

38.33 ± 3.66 µV, n = 6; pSTR: 57.35 ± 9.17 µV, n = 6) (Fig. 3.3.2D). 
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Figure 3.3.2 ERG responses of control and 4-week SOH mice. 

(A, B) Representative ERG waveforms of control mice(blue) and 4-week SOH mice(red) at two 

different stimulus intensities. Responses from +1.30 log cd·s·m-2 represent a wave and b wave, 

while those from -4.05 log cd·s·m-2 perform nSTR and pSTR. 

(C, D) The comparison of response amplitudes of a wave, b wave, pSTR, and nSTR between 

control and 4-week SOH mice. These data are mean ± SEM. Statistical analysis: a wave (Mann-

Whitney test), b wave (unpaired t test), pSTR (unpaired t test), nSTR (unpaired t test). 
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3.3.3 The loss of αRGCs in the retina of 4-week SOH mice 

To examine changes in αRGCs and AII ACs following 4 weeks of SOH, immunostaining was 

performed on whole-mount retinal preparations in WT mice. Retinas were flat-mounted and 

stained with SMI-32 for αRGCs (Fig. 3.3.3A-C) and Prox1 for AII ACs (Fig. 3.3.3D-F). The 

labeled cells were quantified to assess their numbers and distribution. The retina was divided into 

three regions: the far-peripheral region, mid-peripheral region, and central region. 

The number of SMI-32 positive cells in the 4-week SOH group were significantly reduced 

compared to the control group in the far-peripheral region (control group: 21.88 ± 0.46 cells/field, 

n = 6; 4 wks SOH group: 14.29 ± 0.97 cells/field, n = 6), mid-peripheral region(control group: 

28.17 ± 0.53 cells/field, n = 6; 4 wks SOH: 19.46 ± 1.0 cells/field, n = 6) and central region (control: 

31.79 ± 0.60 cells/field, n = 6; 4 wks SOH: 26.54 ± 1.21 cells/field, n = 6). Quantitative analysis 

showed that the number of prox1-positive cells did not change after 4 weeks of silicone oil 

injection compared to the control group in the far-peripheral region (control group: 59.06 ± 1.87 

cells/field, n = 4; 4 wks SOH group: 56.50 ± 2.57 cells/field, n = 4), mid-peripheral region(control 

group: 88.88 ± 2.80 cells/field, n = 4; 4 wks SOH: 90.19 ± 3.16 cells/field, n = 4) and central region 

(control: 104.50 ± 3.57 cells/field, n = 4; 4 wks SOH: 105.90 ± 2.89 cells/field, n = 4).  
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Figure 3.3.3 The number of RGCs, AII ACs of control and 4 weeks of SOH mice. 

(A) Representative images of immunostained whole-mount αRGCs from the control group and the 

4-week SOH group in the far-peripheral retinal regions, mid-peripheral retinal regions, and central 

retinal regions. The cells were stained with SMI-32 (Green). Scale bar: 50 µm. 

(B) Representative images of immunostained whole-mount AII ACs from the control group and 

the 4-week SOH group in the far-peripheral retinal regions, mid-peripheral retinal regions, and 

central retinal regions. The cells were stained with Prox1 (Red). Scale bar: 50 µm. 

(C, D) Quantitative analysis of the αRGCs and AII ACs was conducted in the control group and 

the 4-week SOH group across three different regions. 

(These data are mean ± SEM. Statistical analysis: one-way ANOVA with multiple comparisons) 

 

3.3.4 The reduced light sensitivities of four subtypes of 

αRGCs in mice following 4 weeks of SOH 

The retinas were illuminated by a 525nm wavelength green light at gradually increasing intensities, 

ranging from 2.9 ×101 to 1.2 ×105 Rh*/rod second. Light-evoked spike responses of four kinds of 

αRGCs subtypes were recorded extracellularly with loose-patch electrodes in WT mice. Raster 

plots illustrated the diverse light-responsive patterns of αRGCs, enabling the classification of ON 

transient αRGC (Fig. 3.3.4A), ON sustained αRGC (Fig. 3.3.4D), OFF transient αRGC (Fig. 

3.3.4G), and OFF sustained αRGC (Fig. 3.3.4J).  

The normalized light spikes were plotted against the light intensities and fitted by the Hill equation. 

Light response thresholds were determined as the illumination level eliciting 5% of the peak 

response amplitude. In representative ON transient αRGCs (Fig. 3.3.4B) and ON sustained 
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αRGCs (Fig. 3.3.4E), compared with the control group, the normalized R-LogI curves shifted 

significantly to the right after 4-week SOH injury. The light intensity threshold increased from 

7.94 ×101 to 5.89 ×103 Rh*/rod second in ON transient αRGCs and from 1.58 ×103 to 5.83×103 

Rh*/rod second in ON sustained αRGCs. Quantitative results indicated that light thresholds of ON 

transient αRGCs (Fig. 3.3.4C) and ON sustained αRGCs (Fig. 3.3.4F) are significantly elevated 

in SOH mice (ON transient: 2.26 ± 0.01×104 Rh*/rod sec, n = 4; ON sustained: 7.29 ± 0.01×103 

Rh*/rod second, n = 3) compared to control mice (ON transient:1.37 ± 0.02×102 Rh*/rod second, 

n = 4; ON sustained: 1.85 ± 0.02×102 Rh*/rod second, n = 6). A similar phenomenon was observed 

in OFF transient αRGCs (Fig. 3.3.4H) and OFF sustained αRGCs (Fig. 3.3.4K). Four weeks after 

SOH injury, the curves of these two types of αRGCs were observed to shift rightward compared 

to those of the control group. The light intensity threshold increased from 1.00 ×103 to 3.57 ×103 

Rh*/rod second in OFF transient αRGCs and from 3.98 ×102 to 4.29 ×103 Rh*/rod second in OFF 

sustained αRGCs. Statistical analysis suggested a significant increase in the light intensity 

thresholds of OFF transient αRGCs and OFF sustained αRGCs in the four-week group (OFF 

transient: 8.61 ± 0.01×103Rh*/rod second, n = 4; OFF sustained: 6.76 ± 0.01×102 Rh*/rod second, 

n = 4) compared to the control group (OFF transient:1.77 ± 0.01×103 Rh*/rod second, n = 4; OFF 

sustained: 4.73 ± 0.01×103 Rh*/rod second, n = 5). 
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Figure 3.3.4 The effect of 4-week SOH on the light intensity of four subtypes of αRGCs. 

(A, D, G, J) Raster plots of light-evoked spikes of an ON transient, ON sustained, OFF transient, 

and OFF sustained αRGC at steadily increasing light intensities in the control group (bin=5ms). 

(B, E, H, K) The representative normalized R-LogI curves of four types of αRGCs of control mice 

and 4-week SOH mice (blue: control mice; red: 4-week SOH mice). 

(C, F, I, L) Light response thresholds for the four αRGC types of control mice and 4-week SOH 

mice. 

(These data are Mean ± SEM. Statistical analysis: unpaired t-test.) 

 

3.3.5 Elevated IOP and decreased contrast sensitivity in the 

AOH mouse model 

The hydrostatic pressure-induced IOP elevation was characterized as an acute phenomenon, 

exclusively confined to the duration of the experimental procedure (Fig. 3.3.5A). In this 

experiment, the magnitude of WT mouse IOP elevation was predominantly determined by the 

vertical height of the water column. The present investigation employed a column height of 1 meter, 

corresponding to an intraocular pressure of approximately 75 mmHg. The IOP increased from 

14.00 ± 1.14 mmHg at the start of the experiment to 74.2 ±6.45 mmHg, maintaining a state of 

elevated ocular pressure throughout the duration of the experiment. At the 50-minute mark, the 

IOP was recorded at 72.00 ± 3.80 mmHg. Following the experiment, the IOP of the mice was 

monitored, showing a return to normal levels. Specifically, IOP was observed to be 11.50 ± 0.65 

mmHg at 100 minutes, 11.00 ± 0.58 mmHg at 150 minutes, 14.50 ± 1.50 mmHg at 2 weeks, and 

13.00 ± 1.16 mmHg at 4 weeks (Fig. 3.3.5B). 
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To investigate whether the contrast sensitivity of mice have changed, we used the optomotor 

response to conduct behavioral tests evaluating their visual function. Testing of the mice was 

initiated one day after the experiment to minimize the impact of post-experimental corneal edema 

on their optomotor response. The contrast sensitivity of the mice decreased from 13.35 ± 0.91 to 

13.00 ± 1.23 one day after hydrostatic pressure, although this was not a significant difference. It 

further dropped to 9.86 ± 0.92 after two weeks and showed a significant difference by decreasing 

to 6.22 ± 0.76 after four weeks (Fig. 3.3.5C). 
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Figure 3.3.5 IOP measurement and optomotor response after AOH injury. 

(A) Schematic representation of the AOH mouse model. 

(B) Representative WT mouse's IOP changed before and after AOH injury.  

(C) Visual contrast sensitivity of AOH mouse models in the control group (n=6), 1-day group (n=6), 

2-week group (n=6), and 4-week group (n=6). 

 

3.3.6 AOH injury results in the loss of the αRGCs 

To examine the effects of AOH on the retinal neurons, we analyzed quantitative changes in αRGCs 

over a four-week period following AOH injury. We divide the retina into three regions based on 

its distance from the optic nerve: the far-peripheral region, mid-peripheral region, and central 

region (Fig. 3.3.6A). SMI-32 is used to label αRGCs, and the control group, 50-minute group, 2-

week group, and 4-week group will be used for comparison. 

In the far-peripheral region (Fig. 3.3.6B, E), the number of SMI 32-positive immunoreactive cells 

remained unchanged after 50 minutes of AOH, decreasing only slightly from 21.88 ± 0.46 cells/ 

field in the control group to 21.25 ± 0.46 cells/ field. It significantly declined to 16.33 ± 0.26 

cells/field after 2 weeks and continued to decrease markedly to 11.08 ± 0.61 cells/field after 4 

weeks. 

In the mid-peripheral region (Fig. 3.3.6C, F), quantitative analysis showed that the number of SMI 

32-positive cells did not change after 50 minutes of hydrostatic pressure compared to the control 

group (28.17 ± 0.53 cells/field and 28.17 ± 0.71 cells/field, respectively). The count substantially 

decreased to 19.79 ± 0.79 cells/ field after 2 weeks and continued to decline to 16.54 ± 0.78 cells/ 

field after 4 weeks. 
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In the central region (Fig. 3.3.6D, G), the number of SMI 32+ cells remained stable after 50 

minutes of hydrostatic pressure (31.79 ± 0.60 cells/ field and 31.63 ± 0.24 cells/ field, respectively). 

A significant reduction to 23.83 ± 0.40 cells/field was observed after two weeks, and the count 

further declined markedly to 19.96 ± 0.68 cells/field after four weeks. 
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Figure 3.3.6 The quantitative analysis of αRGCs in the retinas of WT mice following AOH 

at 50 minutes, 2 weeks, and 4 weeks post-elevation.  

(A) Schematic diagram of location selection for confocal microscopy in the retina. Confocal 

microscopy sampling sites are distributed across three defined regions within each of the four 

retinal quadrants.  

(B-D) Representative images of immunostaining whole-mount from the control group, 50 mins 

group, 2 weeks group, and 4 weeks group in the far-peripheral retinal regions, mid-peripheral 

retinal regions, and central retinal regions. The cells were stained with SMI-32. Scale bar: 50 µm. 

(E-G) A quantitative analysis of the αRGC count was conducted across three different regions, 

including the control group, the group subjected to 50 minutes of AOH injury, the group subjected 

to two weeks of AOH, and the group subjected to four weeks of AOH. 

(These data are mean ± SEM. Statistical analysis: one-way ANOVA with multiple comparisons.) 

 



 

157 
 

 

3.3.7 Unchanged dendritic field and soma size of αRGCs 

following AOH at 50 minutes, 2 weeks, and 4 weeks post-

elevation 

To assess the impact of AOH on the morphology of ON and OFF αRGCs, we focused on two 

critical features of neuronal structure: the soma diameter and the dendritic field diameter. NB was 

utilized to visualize cellular morphology, SMI-32 to specifically identify αRGCs, and ChAT to 

distinguish between ON and OFF subtypes (Fig. 3.3.7A).  

Acute ocular hypertension within 4 weeks did not affect the dendritic field diameter (Control: 

288.40 ± 11.81 µm, n = 14; 50 minutes: 270.60 ± 13.01 µm, n = 4; 2 weeks: 276.60 ± 18.45 µm, 

n = 4; 4 weeks: 303.50 ± 13.22 µm, n = 4) or soma diameter (Control: 20.37 ± 0.43 µm, n = 14; 

50 minutes: 22.23 ± 0.95 µm, n = 4; 2 weeks: 20.29 ± 0.68, n = 4; 4 weeks: 22.22 ± 0.79 µm, n = 

4) of ON αRGCs (Fig. 3.3.7B, C). There was no statistically significant difference in the dendritic 

field diameter (Control: 269.70 ± 11.50 µm, n = 7; 50 minutes: 307.5 ± 11.57 µm, n = 4; 2 weeks: 

282.10 ± 9.72 µm, n = 4; 4 weeks: 252.50 ± 6.08 µm, n = 7) or soma diameter (Control: 21.39 ± 

0.86 µm, n = 7; 50 minutes: 21.95 ± 1.72 µm, n = 4; 2 weeks: 20.53 ± 0.47 µm, n = 4; 4 weeks: 

19.92 ± 0.66 µm, n = 7) of OFF αRGCs within the following 4 weeks. In summary, AOH injury 

did not noticeably affect the morphologies of ON and OFF αRGCs during the subsequent 4 weeks 

(Fig. 3.3.7D, E). 
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Figure 3.3.7 The morphology of ON and OFF αRGCs in the retinas of WT mice following 

AOH at 50 minutes, 2 weeks, and 4 weeks post-elevation. 

(A) Representative images of immunostaining morphology of αRGC. NB labeled cells in red, 

SMI-32 in green, and ChAT in blue. Scale bar: 50 μm. 

(B, C) Dendritic field diameter and soma diameter of ON αRGCs in the control group (n=14), 50-

minute group (n=4), 2-week group (n=4), and 4-week group (n=4). 

(D, E) Dendritic field diameter and soma diameter of OFF αRGCs in the control group (n=7), 50-

minute group (n=4), 2-week group (n=4), and 4-week group (n=7). 

(These data are mean ± SEM. Statistical analysis: one-way ANOVA with multiple comparisons.) 

 

3.3.8 After four weeks AOH, there was a significant decrease 

in the maximum light response of αRGCs 

To further investigate whether AOH injury for 2 weeks and 4 weeks affects the excitatory and 

inhibitory input signals of RGCs, we employed the whole-cell patch-clamp technique. Cells were 

voltage-clamped at -68 mV for excitatory postsynaptic currents (EPSCs) and +20 mV for 

inhibitory postsynaptic currents (IPSCs) to examine their responses to varying light intensities.  

Fig. 3.3.8A presents representative EPSCs recorded at -68 mV under 1-second illumination with 

varying light intensities at 525 nm, obtained from the same ON αRGC.  

The light-evoked EPSC threshold of ON αRGCs shifted from 2.3 to 4.67 × 102 Rh*/rod sec after 

2 weeks of hydrostatic pressure and further shifted to 3.5 after 4 weeks in Fig. 3.3.8B. Statistical 

analysis in Fig. 3.3.8C revealed no significant difference in the threshold between the control 
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group (2.36 ± 0.23) and the 2-week AOH group (2.52 ± 0.15), but a significant increase was 

observed in the 4-week group (3.60 ± 0.17) compared to the control. 

The light-evoked IPSC curve of ON αRGCs exhibited a continuous rightward shift after AOH 

injury, with the threshold moving from the baseline of 2.3 to 2.5 after 2 weeks and reaching 3.5 

after 4 weeks (Fig. 3.3.8D). While the threshold in the 2-week AOH group (2.63 ± 0.15) showed 

a slight increase compared to the control (2.50 ± 0.11), the difference was not statistically 

significant. A significant elevation was observed in the 4-week group (3.66 ± 0.26) compared to 

the control (Fig. 3.3.8E). 

A similar trend was observed in the light response of OFF αRGCs. The light-evoked EPSC curve 

of OFF αRGCs demonstrated a gradual rightward shift following AOH injury. The threshold rose 

from a baseline of 2.3 to 2.5 at 2 weeks and reached 3.5 after 4 weeks (Fig. 3.3.8F). While the 2-

week group (2.26 ± 0.10) showed a modest upward shift in the threshold compared to the control 

(2.20 ± 0.07), this change was not statistically significant. By 4 weeks, however, the threshold 

(3.26 ± 0.36) was significantly elevated relative to the control group (Fig. 3.3.8G). 

The light-evoked IPSC curve of OFF αRGCs showed a progressive rightward shift under AOH 

injury. After 2 weeks, the threshold shifted from the baseline value of 2.3 to 2.5, and by 4 weeks, 

it had further increased to 3.5 (Fig. 3.3.8H). While the 2-week AOH group (2.1 ± 0.19) displayed 

a mildly elevated threshold compared to the control (2.01 ± 0.25), the difference was not 

statistically significant. In contrast, the 4-week group (3.3 6± 0.25) demonstrated a significantly 

higher threshold compared to the control (Fig 3.3.8I). 
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Figure 3.3.8 Light response after AOH. 

(A) Representative image of light-evoked EPSC amplitudes recorded at -68 mV from ON αRGCs 

under different light intensities, including 2.9 × 101 Rh*/rod sec, 3.9× 102 Rh*/rod sec, 2.4× 103 

Rh*/rod sec, 7.0× 103 Rh*/rod sec, 3.5× 104 Rh*/rod sec, 8.4× 104 Rh*/rod sec. 

(B, D, F, H) Fitted normalized response-intensity curves for EPSCs and IPSCs of ON RGC and 

OFF RGC in the control group (black), 2 weeks AOH group (red), and 4 weeks AOH group (blue). 

(C, E, G, I) Light response thresholds for EPSCs and IPSCs of ON RGC and OFF RGC in the 

control group (black), 2 weeks AOH group (red), and 4 weeks AOH group (blue). Average 

thresholds are defined as the light intensity eliciting 5% of the maximum spike response. 

(These data are mean ± SEM. Statistical analysis: one-way ANOVA with multiple comparisons; *, 

p<0.05; **, p<0.01; ***, p<0.001.) 

 

3.3.9 Increase in αRGC spikes under direct mechanical 

pressure applied by pressure controller 

To elucidate whether direct pressure exerts any effects on αRGCs, we employed a pressure 

controller connected to a micropipette to directly apply controlled pressure to individual αRGCs 

in WT mice (Fig. 3.3.9A). Pressures of 40 Pa, 100 Pa, 200 Pa, and 300 Pa were sequentially applied 

to the same αRGC using a pressure controller. The spike frequency and spike count were analyzed 

using NeuroExplorer software. Under increasing pressure, the spike frequency generally increased 

gradually. Meanwhile, although light-evoked spikes were detectable, the peak of the light response 

remained within the 95% confidence interval (Fig. 3.3.9B-F). This suggests that the pressure-

induced increase in spikes may interfere with the detection of light signals of αRGCs. Compared 
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to the control group, the normalized R-LogI curve shifted to the right after the increase in pressure, 

indicating a reduction in cellular light sensitivity (Fig. 3.3.9G). 
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Figure 3.3.9 Mechanical pressure on αRGCs. 

(A) Illustration of the mechanical pressure system.  

(B-F) Peristimulus time histograms (PSTHs) of light-evoked responses of OFF αRGCs under 

different pressures (0, 40, 100, 200, and 300 Pa).  

(C)  Fitted normalized response-intensity curves for the same αRGC under different pressures (0, 

40, 100, and 200 Pa). 

 

3.3.10 αRGC amplitude reduction without reversal potential 

changes under pressure: three-group analysis of WT mice 

before and after micropipette compression, and 4-week SOH 

mice  

The light-evoked currents of the same αRGC before and after mechanical pressure of WT mice, as 

well as the αRGCs of 4-week SOH mice, were recorded using the whole-cell technique at a light 

intensity of 1.2 × 10⁵ Rh*/rod/sec under different holding potentials (-100, -80, -60, -40, -20, 0, 

20, and 40 mV) in Fig. 3.3.10A. 

There are two light-evoked current components exhibited by ON αRGCs at the light onset, referred 

to as the early component and the late component. The early component is presumed to be driven 

by BCs, whereas the late component is hypothesized to be mediated by amacrine cells. The light-

evoked current–voltage (I–V) relationships of ON αRGCs are represented using line graphs, 

showing a positive slope (Fig. 3.3.10 B, C). In the light-evoked currents of the same αRGCs before 

and after mechanical pressure in mice, as well as in the αRGCs of 4-week SOH mice, the reversal 



 

167 
 

potentials of the early components and the late components in all three groups are almost within 

the same range, corresponding respectively to the equilibrium potential of a cation channel and the 

equilibrium potential of a chloride channel. Compared to the ON αRGCs before mechanical 

pressure, the amplitudes of the light-evoked currents in the ON αRGCs after mechanical pressure 

and in the 4-week silicone oil-treated αRGCs are decreased across different potentials. 

OFF αRGCs exhibit two distinct light responses: one at light onset and another at light offset. The 

ON response, during the change in potential, does not exhibit a reversal phenomenon due to the 

regulation of two opponent conductances mediated by HBCs and ACs. In contrast, the OFF 

response, driven by signals from bipolar cells, reverses near the equilibrium potential of a cation 

channel. The light-evoked current–voltage (I–V) relationships of ON αRGCs are represented using 

line graphs, showing a positive slope (Fig. 3.3.10 D, E).  The reversal potential of the OFF 

response in OFF αRGCs, both in the mechanical pressure group and the 4-week SOH group, 

remains close to the equilibrium potential of a cation channel. Compared to OFF αRGCs before 

mechanical pressure, the amplitude of light-evoked currents in OFF αRGCs subjected to 

mechanical pressure and those in the 4-week SOH group show a reduction across various 

potentials. 
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Figure 3.3.10 Light-evoked currents of αRGCs under different holding potentials in 

control, acute mechanical pressure, and 4-week SOH groups. 

(A) Representative light-evoked current of OFF αRGCs at various potentials before and after 

micropipette compression.  

(B) Line graphs of the light-evoked current–voltage (I–V) relationships for the early and late 

components of ON αRGCs, showing the light-evoked currents in the same ON αRGCs before and 

after mechanical pressure in mice, as well as in the ON αRGCs of mice treated with 4-week SOH. 

(C)  Line graphs of the light-evoked current–voltage (I–V) relationships for the ON responses and 

OFF responses of OFF αRGCs, showing the light-evoked currents in the same OFF αRGCs before 

and after mechanical pressure in mice, as well as in the OFF αRGCs of mice treated with 4-week 

SOH. 
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3.4 Discussion 

3.4.1 Retinal ganglion cell loss in two ocular hypertension 

mouse models 

The study utilized two distinct methodologies to induce ocular hypertension in mouse models: 

silicone oil injection into the anterior chamber to establish sustained IOP elevation, and acute IOP 

elevation maintained exclusively during the designated 50-minute experimental protocol. αRGCs 

served as the primary investigational target due to their functional significance, distinctive 

morphological characteristics, and uniform distribution pattern throughout the retina. 

Following anterior chamber silicone oil injection, we observed a significant reduction in αRGC 

density at the 4-week timepoint, which corroborates findings reported by Zhao et al. regarding 

αRGC loss in similar experimental paradigms (Zhao et al., 2023). In the acute IOP elevation model, 

αRGC survival demonstrated a progressive decline at 2-week and 4-week post-intervention 

intervals. Notably, this loss pattern appeared non-linear, with an apparent deceleration in the rate 

of αRGC degeneration during later timepoints, potentially attributable to inherent αRGC resilience 

mechanisms. This observation seems to align with single-cell profiling studies that have 

categorized αRGC OFF-S and αRGC ON-S subtypes as resilient populations, while αRGC OFF-

T subtypes are classified among susceptible RGC populations (Tran et al., 2019). Previous 

investigations have documented variations in RGC loss kinetics influenced by experimental 

duration, IOP magnitude, and specie (Leung et al., 2009; Sellés-Navarro et al., 1996; Xuan et al., 

2024). Our findings contribute additional parametric data to this field. Notably, at the 4-week 

timepoint, αRGC survival in the silicone oil group was superior to that observed in the acute IOP 
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elevation group, suggesting that IOP magnitude may exert a more pronounced influence on 

neuronal survival than exposure duration, although the underlying mechanisms remain elusive. 

 

3.4.2 Compromised retinal visual function in AOH and SOH 

mice model 

ERG analysis of the SOH group revealed potential functional impairment in both RGCs and ACs. 

Given the critical role of AII ACs in visual processing pathways, quantitative analysis was 

extended beyond αRGCs to include AII amacrine cells. No significant reduction in AII ACs density 

was observed, which may reflect the characteristic pattern in early glaucoma whereby functional 

deficits precede cellular loss, a feature that could facilitate early glaucomatous diagnosis. Previous 

studies utilizing microbead occlusion and laser/cautery coagulation methods in experimental 

glaucoma mouse models have reported reduced sensitivity in AII amacrine cells, ON αRGCs, and 

sustained OFF αRGCs (Pang et al., 2015). However, in our experimental paradigm, patch-clamp 

recordings from individual cells demonstrated decreased light response thresholds across all four 

αRGC subtypes. 

In the AOH model, optomotor response recordings demonstrated a mild decline in visual contrast 

sensitivity at 2 weeks, progressing to significant impairment at 4 weeks. In comparison, αRGC 

density exhibited a significant reduction as early as 2 weeks post-intervention, suggesting a 

transient functional reserve among surviving cells. Additionally, whole-cell patch-clamp 

recordings revealed increased light response thresholds for both EPSCs and IPSCs in αRGCs, 

indicating compromised excitatory and inhibitory synaptic inputs. These findings indicate that 

synaptic dysfunction represents an early pathological event that may drive subsequent αRGC 
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degeneration and visual impairment. However, the underlying mechanisms driving these synaptic 

alterations remain to be elucidated. 

 

3.4.3 Mechanical pressure on αRGC 

We subsequently applied graded mechanical pressure directly to the αRGC surface. Results 

demonstrated that increasing pressure progressively elevated light sensitivity thresholds while 

simultaneously increasing the number of light-induced spikes. This phenomenon may reflect 

injury-related noise amplification caused by mechanical stress, or alternatively, activation of 

surface Piezo channels triggering additional action potential. Piezo 1 channel is a mechanically 

activated, cation-selective channel responsive to mechanical stimuli. At the retinal level, Piezo1 

channels are exclusively expressed in the GCL, while Piezo2 channels are present in both retinal 

ganglion cells and the optic nerve head. Previous studies have demonstrated upregulated Piezo 

channel expression in glaucoma animal models, potentially contributing to RGC dysfunction under 

elevated IOP conditions (Choi et al., 2015; Morozumi et al., 2020). GsMTx4, a Piezo channel 

antagonist, may represent a promising neuroprotective therapeutic strategy (Pang, 2024). 

To further elucidate the mechanisms underlying pressure-induced RGC dysfunction, we conducted 

direct mechanical stimulation experiments on individual RGCs from WT mice before and after 

micropipette compression application, while holding cells at different membrane potentials. Our 

findings revealed that the reversal potential remained largely unchanged following mechanical 

pressure application, suggesting that the fundamental ionic composition and driving forces of 

synaptic currents were preserved (Pang et al., 2003). However, we observed a notable reduction in 

postsynaptic current amplitude, indicating compromised synaptic transmission efficacy under 
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mechanical stress. This finding is consistent with the hypothesis that mechanical pressure primarily 

affects presynaptic function. 

In parallel experiments using αRGCs from 4-week SOH mice, we observed a similar pattern of 

unchanged reversal potential but significantly reduced postsynaptic current amplitude. This 

concordance between mechanical pressure and SOH models strengthens the notion that elevated 

pressure, regardless of duration, primarily compromises synaptic transmission efficiency rather 

than altering the fundamental biophysical properties of synaptic responses. The more pronounced 

amplitude reduction in the chronic model suggests that prolonged pressure exposure may 

exacerbate synaptic dysfunction through cumulative damage mechanisms. 

These electrophysiological findings provide direct evidence for pressure-induced synaptic 

impairment and support the emerging concept that synaptic dysfunction precedes RGC death in 

glaucomatous pathology. 
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3.5 Conclusion  

This study provides compelling evidence that the retina serves as a primary target of elevated 

intraocular pressure-induced injury in glaucomatous pathophysiology. Through our 

comprehensive experimental approach utilizing both SOH and AOH in vivo models, we 

demonstrated that sustained IOP elevation precipitates profound synaptic dysfunction within 

retinal neural networks. This dysfunction is characterized predominantly by aberrant amplification 

of light-evoked synaptic responses, indicating fundamental disruptions in normal synaptic 

transmission and visual signal processing mechanisms. 

Our complementary in vitro investigations further revealed that direct mechanical stress applied 

to retinal ganglion cells significantly compromises the precision of visual signal encoding at the 

retinal level. These findings suggest that retinal neuronal dysfunction represents a critical 

pathophysiological mechanism underlying glaucomatous vision loss. 

In conclusion, such distortions in foundational visual processing likely cascade through 

hierarchical visual pathways, ultimately manifesting as the complex pattern of visual field defects 

and cortical signal acquisition abnormalities characteristic of advanced glaucomatous disease. 
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Chapter 4 Overall Conclusion 

RGCs are the final output neurons in the vertebrate retina that project to the brain, thus occupying 

an indispensable position in the visual pathway. Given that RGC damage is irreversible, 

neuroprotective approaches become paramount. 

The thesis investigation demonstrates the mechanisms by which two primary pathological 

conditions--chemical alkali injury to the cornea and increased intraocular pressure--impair RGCs 

via separate but interconnected pathways.  

In corneal alkaline exposure, RGC apoptosis exhibited a characteristic spatial-temporal pattern, 

progressing from the far-peripheral region toward the central retinal area. However, this apoptosis 

was not directly attributed to pH alterations, indicating that alternative molecular pathways 

mediate the observed neuronal damage. TNF-α activation emerges as a potential key mechanism 

underlying this process, likely triggering downstream inflammatory cascades that contribute to 

sustained retinal degeneration. 

Cx36 gap junctions play a crucial role in secondary cell death throughout the damaged retinal 

tissue, effectively accelerate and amplify RGC apoptosis beyond the primary injury zone. This gap 

junction-mediated mechanism represents a novel therapeutic target, as it suggests that intercellular 

communication pathways can be modulated to limit the extent of retinal damage.  

Significantly, blocking Cx36 through either genetic knockout or pharmacological intervention 

during the early stages of injury could effectively protect RGCs from the secondary cell death. 

MFA, functioning as a gap junction blocker, showed protective neuronal effects through inhibition 

of this secondary apoptotic pathway, suggesting its potential as a therapeutic neuroprotective drug 

for post-alkali burn treatment. 
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Experimental IOP elevation, whether acute or sustained, consistently resulted in retinal damage 

characterized by RGC loss, emphasizing the critical importance of understanding elevated IOP's 

deleterious effects on retinal function.  

Early-stage behavioral deficits exhibited a complex masking phenomenon mediated by 

compensatory mechanisms within the visual system. These adaptive responses are likely 

contributed by neural plasticity at multiple levels of the visual pathway, which leads to temporary 

preservation of apparent visual function despite underlying structural damage. Damage to 

fundamental synaptic function and compromised cell survival could be reliably detected even 

when behavioral measures remained within normal ranges. These findings provide crucial new 

insights for developing more sensitive early diagnostic approaches. 

Direct pressure manipulation experiments provide a mechanistic link between elevated IOP and 

visual dysfunction by revealing immediate reductions in light sensitivity and synaptic transmission, 

potentially due to spurious spiking and baseline fluctuations that mask genuine visual signals. 

These responses suggest that mechanical pressure directly compromises RGC function likely 

through membrane destabilization, ion channel dysfunction, and altered neurotransmitter release. 

This mechanical pressure-induced dysfunction provides a foundational understanding of how 

sustained IOP elevation in glaucoma progressively degrades visual processing, offering valuable 

insights into the biophysical mechanisms underlying pressure-induced retinal degeneration and 

informing the development of targeted neuroprotective strategies. 

Overall, the retina represents a delicate yet highly sophisticated neural structure, making it crucial 

to investigate retinal damage under various pathological conditions and develop protective 

strategies. RGC signaling characteristics reveal initial pathological alterations and offer cellular-

level mechanisms for developing early-intervention approaches against ocular disorders. 
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