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Abstract 

Retinal neurodegenerative diseases including age-related macular degeneration 

(AMD), retinitis pigmentosa (RP), diabetic retinopathy (DR) and glaucoma are 

characterized by irreversible vision loss and currently have very limited therapies. 

Evidence has suggested the immune profile and inflammatory etiology in patients 

with retinal neurodegenerative diseases. Microglial activation is known to play an 

important role in neuroinflammation and neurodegeneration. However, there is a 

debate on whether microglial activation is the primary cause or a consequence of 

retinal neurodegeneration. It is also unclear why and how active microglia damage 

neurons since they are the main innate immune cells and their physiological role is to 

protect the neuroretina.  

Microglial activation is regulated by neurons. The chemokine CX3C motif receptor 1 

(CX3CR1) is expressed exclusively by microglia in the central nerves system (CNS) 

and the retina; whereas the ligand, chemokine C-X3-C motif ligand 1 (CX3CL1) is 

expressed by neurons. The interaction between CX3CL1 and CX3CR1 is an 

important mechanism to avoid uncontrolled microglial activation. Microglia can be 

activated by inflammatory cytokines through the JAK/STAT pathway of cytokine 

receptors. Suppressor of cytokine signalling 3 (SOCS3) negatively regulates the 

JAK/STAT pathway. In this study, a mouse strain with the deletion of two inhibitory 

genes (CX3CR1 and SOCS3) in myeloid cells was created (named LysMCre-

SOCS3fl/flCX3CR1GFP/GFP, abbreviated as DKO in this thesis). The mice age-

dependently developed microglial activation and retinal neuronal degeneration.  

Clinical examinations in young (3-5 months) and aged (10-12 months) wild-type 

(WT) control, LysMCre-SOCS3fl/fl, CX3CR1GFP/GFP and DKO mice showed that 
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cluster of GFP signals and fundus abnormalities in aged DKO retina but not in 

retinas from other ages or genotypes. Immunohistochemistry showed several 

alterations in aged DKO retina: 1) Uncontrolled microglial activation supported by 

increased microglial cell number in all layers, altered distribution and lectin 

expression; 2) Perturbed multiple retinal neurons including photoreceptors and 

bipolar cells and 3) Distorted RPE morphology (Chapter 3).  

To understand the mechanisms of active microglia-mediated retinal neuronal and 

RPE damage in the DKO mice, I investigated in Chapter 4 the phenotype and 

function of microglia from SOCS3fl/fl and DKO mice. The DKO microglia were 

found to have following properties: 1) Enhanced phagocytic activity; 2) Elevated 

mRNA expression of pro-inflammatory cytokines such as TNFα; 3) Upregulated 

cytokine secretion in basal condition and in response to diverse stimuli and 4) DKO 

microglia aggravated the mortality rate of cone photoreceptors in retinal organoid 

culture. These data revealed that DKO microglia possessed stronger phagocytic 

potential and cytotoxic ability, exacerbating photoreceptor death after different 

stimuli. 

To prove the retinal neuronal degeneration is primarily due to uncontrolled 

microglial activation, I used minocycline to control microglia activation in our 

LysMCre-SOCS3fl/flCX3CR1GFP/GFP mice at the age of 5 months (before the onset of 

retinal neuronal degeneration) for 3 consecutive months in Chapter 5. The treatment 

significantly supressed microglial activation and prevented retinal neurodegeneration. 

Our data suggest that dysregulated microglial activation (e.g., due to genetic or 

epigenetic alteration) can be the primary cause of retinal neuronal degeneration. Our 

study also suggests that active microglia may damage neurons by releasing cytotoxic 
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cytokines such as TNFα, and CCL2. The knowledge is important for further 

development of strategies to control neuroinflammation and retinal degeneration. 
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 Introduction  Chapter 1
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1.1 The eye 

1.1.1 General information 

The eye is the outpost of the visual pathway, located in the orbit and connected to the 

brain by the optic nerve. The human eye is nearly spherical with a diameter of about 

24 to 25 mm (Ludwig and Czyz, 2018). The eye is composed of three peripheral 

layers and its inner contents. The outer layer, also called the fibrous layer, is made up 

of 1/6 cornea and 5/6 sclera. The middle layer, responsible for nourishment, contains 

the iris, ciliary body, retinal pigment epithelium (RPE) and choroid. The neural retina 

is the innermost layer which is further reviewed in section 1.1.2 (Figure 1.1). Three 

chambers were formed divided by the unique structure of different layers. They are 1) 

the anterior chamber which is between the cornea and the iris; 2) the posterior 

chamber located between the iris and the lens; 3) the vitreous chamber, which 

accounts for about 4/5 volume of the eye and lies between the lens and the retina. 

The former two chambers contain aqueous humor which is produced by the cillary 

body, while the latter chamber is filled with a gelatinous mass called vitreous humor 

(Figure 1.1). The lens is located directly behind the iris and helps to focus images 

and light on the retina (Figure 1.1). 
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Figure 1.1 Anatomy of the eye.  

From the front to the back, the eye is composed of cornea, iris, lens, ciliary body, 

retina, choroid and sclera. There are two cavities in the front part of the eye, the one 

between cornea and iris is called anterior chamber while the other one between iris 

and ciliary body called posterior chamber. The transparent gelatinous filling 

between the lens and the retina is the vitreous which support the shape of the eye. 

Retinal ganglion cell axons gather at the back of the eye forming the optic nerve 

along with glial cells to communicate with the brain.  
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1.1.2 The neural retina 

The neural retina, despite its peripheral location, is an extension of CNS (Land, 

1999). The neural retina consists of five types of neurons: photoreceptors, bipolar 

cells, ganglion cells, horizontal cells, and amacrine cells. These neurons are 

interconnected by synapses and supported by RPE. Retinal neuronal cell bodies and 

processes are stacked in five distinct layers, with the cell bodies located in the inner 

nuclear layer (INL), outer nuclear layer (ONL) and ganglion cell layer (GCL), and 

the processes and synaptic contacts located in the inner plexiform layer (IPL) and 

outer plexiform layer (OPL) (Figure 1.2).  

 

Figure 1.2 Retinal structure and cell types.  

The retina is a complex transparent tissue consisting of several layers including 

RNFL, GCL, IPL, INL, OPL, ONL and PR. H&E staining (A) and the corresponding 

sketch of the retinal layers (B) were shown in this figure. Five types of neurons are 



 

8 
 

found in the retina, they are: ganglion cells, bipolar cells, horizontal cells, amacrine 

cells and photoreceptors. Besides, glial cells including astroglia, Müller glia and 

microglia perform different functions in the retina. RNFL: retinal nerve fibre layer; 

GCL: ganglion cell layer; IPL: inner plexiform layer; INL: inner nuclear layer; OPL: 

outer plexiform layer; ONL: outer nuclear layer; PR: photoreceptor; RPE: retinal 

pigment epithelium; BM: bruch’s membrane; ChD: choroid. 

 

1.1.2.1 Photoreceptors 

The photoreceptors are the first cells that convert light and images into electrical 

signals (Curcio et al., 1990; Land, 1999). Their cell bodies occupy the majority of 

the space in the ONL. The outer segments of photoreceptors contact RPE and 

synapses on the other end releasing neurotransmitters (Figure 1.2). Currently there 

are two known types of photoreceptors including rods and cones. These two 

photoreceptors contribute the formation of sight. However, these two different 

photoreceptors perform distinct behaviours in the retina. The rods which are 

responsible for night vision and are extremely sensitive, can be triggered by a single 

photon. The cones, on the other hand, require significantly more photons to produce 

a signal and are accountable for colour vision (Land, 1999). The density and 

distribution of two photoreceptors are different as well. Approximately 92 million 

rods are found in the human retina and are distributed differently across the retina. In 

contrast the number of cones is much less, about 4.5 million cones are densely 

packed in the fovea and cannot be found in the peripheral retina (Curcio et al., 1990). 
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1.1.2.2 Bipolar cells 

Bipolar cells are located between photoreceptors and retinal ganglion cells (RGCs) 

(Figure 1.2). The name of bipolar cell is based on its unique shape and action. 

Bipolar cells have their cell body in the INL, their primary dendrite extends into the 

OPL and the axons extend to the IPL (Figure 1.2). Two sets of processes receive 

input from photoreceptors and transmit to RGCs directly or indirectly (via amacrine 

cells). Bipolar cells in the retina are found to have more than 12 subtypes in macaque 

(Tsukamoto and Omi, 2016) and 15 subtypes in mouse (Tsukamoto and Omi, 2017). 

Bipolar cells are classified into cone-bipolar cells and rod-bipolar cells depending on 

the synaptic input the cells received from. All rod-bipolar cells and a part of cone-

bipolar cells depolarize in response to glutamate release from the photoreceptors in 

darkness, these cells are also called ON-center cells. On the contrary, another part of 

cone-bipolar cells, named OFF-center cells, hyperpolarize to central spot 

illumination via decreased production of glutamate from photoreceptors (Strettoi et 

al., 2010). 

1.1.2.3 Amacrine cells 

Amacrine cells, with cell body located at the GCL or INL and dendritic branches at 

the IPL, are the intrinsic inhibitory interneurons in the retina (Figure 1.2). More than 

30 different morphological subtypes of amacrine cells were identified (Masland, 

2012b; Balasubramanian and Gan, 2014). However functionally they are usually 

classified into three subtypes based on the inhibitory neurotransmitter they express, 

ie, GABAergic, glycinergic or neither. They communicate with RGCs and/or bipolar 

cells by synapses or the release of neurotransmitters. 
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1.1.2.4 Horizontal cells 

Horizontal cells modulate signals and give negative feedback to Photoreceptors. 

They depolarize by the release of glutamate from photoreceptors and in turn cause 

nearby photoreceptors hyperpolarize, and vice versa. 

1.1.2.5 Retinal ganglion cells (RGCs) 

RGCs are located in the GCL of the retina (Figure 1.2). They receive visual 

information from photoreceptors through intermediate neurons and transmit this 

information to the brain via the optic nerve formed by their axons (Masland, 2012a). 

About 0.7 to 1.5 million RGCs are found in the human retina and each RGC receives 

input from about 100 photoreceptors on average (Watson, 2014).  

 

Together, these retinal neurons translate the light into electrical impulses by the 

phototransduction cascade to the brain creating visual perception. 

1.1.2.6 Microglia 

Microglia are the resident immune cells accounting for 10-15% of the cells in the 

CNS. In the CNS they distributed evenly. However in the retina, microglia only exist 

in the GCL, IPL and OPL in healthy condition (Figure 1.2). Microglia play a pivotal 

role in the immune homeostasis of the CNS with processes constantly monitoring the 

surroundings. They are extremely sensitive to minor pathological changes, sense 

signals from damaged neurons and remove plaques by phagocytosis. The importance 

of microglia will be further reviewed in section 1.3. 

1.1.2.7 Müller glia 

Müller glia, or Müller cells, are retinal glial cells responsible for the homeostatic, 

structural and metabolic support of retina (Newman and Reichenbach, 1996; Franze 
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et al., 2007; Reichenbach and Bringmann, 2010). They are the most common glial 

cells in the retina. While the cell bodies are in the inner layer of the retina, the cell 

processes span across almost the entire retina (Figure 1.2). Müller glia can mediate 

neuronal regeneration (Goldman, 2014), produce VEGF (Wang et al., 2010) and act 

as a retinal progenitors (Fischer et al., 2014). In a retinal degeneration animal model, 

Müller glia underwent gliosis, changed their behaviour in cytokine expression 

including glial acidic fibrillary protein (GFAP) which is an stronger indicator of 

Müller glial activation (Fernández-Sánchez et al., 2015; Hippert et al., 2015). Müller 

glia also crosstalk with microglia driving neuroinflammation (Abcouwer, 2017). 

1.1.3 Retinal pigment epithelium (RPE) 

RPE consists of a continuous monolayer of hexagonal cells containing dense pigment 

particles (Figure 1.2). The importance of RPE has been greatly investigated in 

physiological and pathological conditions (Cai, 2000; Boulton and Dayhaw-barker, 

2001; Gullapalli et al., 2005; Boatright et al., 2015). It plays a variety of roles in the 

visual process including supporting the health and integrity of photoreceptors 

(Finnemann and Chang, 2008; Kevany and Palczewski, 2010), absorbing light 

(Seagle et al., 2005) and transporting metabolites and nutrients (Chao et al., 2017). 

In addition, the RPE layer forms the outer blood-retinal barrier (BRB) by its tight 

junctions separating the neural retina from blood stream, contributing to the immune 

privileged status of the eye (Campbell and Humphries, 2013). 

1.2 Retinal neurodegenerative diseases and microglial activation 

The hallmark retinal degeneration is characterized by the progressive degeneration of 

retinal neurons and RPE. There is growing evidence that prolonged microglial 

activation triggers chronic neurodegeneration (Glass et al., 2010; Hickman et al., 

2018; Sosna et al., 2018). Microglia participate in a series of neurodegenerative 
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diseases. When microglia are activated they secrete various factors that contribute to 

the activation of cell death pathways (Mathys, Adaikkan, Gao, Ransohoff, et al., 

2017), which lead to neuronal dysfunction and cell death (Brown and Vilalta, 2015). 

These include pro-inflammatory cytokines (Hanisch, 2002), chemokines (Shigemoto-

Mogami, Hoshikawa and Sato, 2018), reactive oxygen species (ROS) (Spencer et al., 

2016; Ding et al., 2017), complement factors (Crehan, Hardy and Pocock, 2012), 

Matrix metalloproteinases (MMPs) (Rosenberg, 2002; Lively and Schlichter, 2013), 

eicosanoids (Tikka and Koistinaho, 2001), free radical species (Markoutsa and Xu, 

2017) and nitric oxide (NO) (Possel et al., 2000). Several molecules, including those 

with inflammatory properties, can initiate and/or fuel the events leading up to 

neuronal deterioration. Following the recognized involvement of the microglial 

activation in neuroinflammation, microglia were found to have a role in 

neurodegeneration (Block, 2014). Furthermore, phagoptosis, another mechanism 

responsible for cell death by phagocytosis of viable cells, is a strong factor in 

microglia mediated neuron loss (Brown and Neher, 2012; Fricker, Oliva-Martín and 

Brown, 2012; Brown and Vilalta, 2015). These findings suggest a relationship 

between progressive neurodegeneration and chronic microglial activation.  

1.2.1 Age-related macular degeneration (AMD) 

AMD is a term referring to central vision loss related to ageing changes without any 

other obvious precipitating cause (Ferris et al., 2013; Ophthalmologists, 2014) 

(Figure 1.3F). It is estimated that the number of people with AMD will be 196 

million in 2020 and will increase to 288 million in 2040 (Wong et al., 2014). In the 

early stages, small yellowish spots under the retina called drusen begin to accumulate 

between Bruch’s membrane and RPE (Figure 1.3B). RPE and neural retina then 

slowly undergo pathological changes as well as morphological alterations. Advanced 
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stages of AMD are usually divided into two categories- geographic atrophy (dry 

AMD) and neovascular AMD (nAMD) (Figure 1.3C&D), both accompanied by 

severe RPE disturbance and retinal neuron cell death. There is currently no valid 

treatment for dry AMD while anti-VEGF therapies for nAMD were effective in some 

patients but failed in others (Mitchell et al., 2018).  

 

Figure 1.3 AMD classifications and signs. 

Diagrams of healthy retina (A) or retina with AMD (B~D) were shown in this figure. 

Multiple drusen-like lesions (B), macular geographic atrophy (C) and subretinal 

haemorrhage (D) represented different types of AMD. B) At early onset of AMD, 

lipid material accumulates as deposits beneath RPE leading to morphological 

changes as well as pathological alterations of RPE. Diseased RPE releases various 

cytokines and chemokines which attract microglial migrating to subretinal space. In 

turn microglia can release inflammatory mediators further cause RPE cell death or 

engulf cell debris; C) Aggravated RPE cell death and microglial accumulation cause 
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photoreceptor toxicity, eventually progressed to geographic atrophy , macrophage 

infiltration may also occur and contribute to the above statement; D) New and 

fragile blood vessels originally from choroid breach bruch’s membrane and invade 

subretinal space. Haemorrhage beneath or beyond RPE or even above the whole 

retina can cause rapid vision loss. Healthy vision (E) vs blurred vision or 

metamorphopsia in the center of the visual field in AMD patients (F) were shown. 

Other symptoms like visual acuity decrease, slow recovery of vision function after 

exposure to bright light (photostress test), contrast sensitivity loss, etc. can also 

occur with AMD eyes.  

 

Polymorphisms in several genes such as age-related maculopathy susceptibility 

protein 2 (ARMS2) (Fritsche et al., 2008; Micklisch et al., 2017), complement factor 

H (CFH) (Wu et al., 2016; Landowski et al., 2019), metalloproteinases (MMPs) 

(Fiotti et al., 2005; Usategui-Martín et al., 2019), vascular endothelial growth factor 

(VEGF) (Jiang et al., 2013; Barchitta and Maugeri, 2016) and toll-like receptor 4 

(TLR4) (Ling and Xiong, 2019) are found to be strongly associated with AMD. 

Chronic inflammation plays a role in the pathogenesis of AMD (Chen and Xu, 2015). 

A genome-wide association study which linked inflammatory genes to AMD risk 

strongly suggest the inflammatory aetiology of AMD (Fritsche et al., 2016). Studies 

localized immune myeloid cells to disease lesions on histopathology in AMD human 

specimens (Gupta, Brown and Milam, 2003; Sennlaub et al., 2013; Lad et al., 2015; 

Lad, Cousins and Proia, 2016) and mouse models of AMD (Combadière et al., 2007). 

The detection of innate immune cells at the RPE-Bruch’s membrane complex 

suggested the interaction between immune cells and the RPE affects the 

pathobiology of AMD (Ma et al., 2009; Zhao and Wong, 2012). 
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Studies have shown that activated microglial cells were present in sub-retinal space 

(SRS) in AMD patients (Gupta, Brown and Milam, 2003; O. Levy et al., 2015). 

Another study also showed  CX3CR1-positive cells found in ONL in AMD eyes but 

not healthy eyes and CX3CR1-positive cells were in close contact with CNV 

(Combadière et al., 2007). The same group demonstrated ionized calcium-binding 

adapter molecule 1 (IBA-1) positive cells on the sub-retinal aspect of a large drusen 

from donor eyes with GA (Eandi et al., 2016). Human eye sections from healthy 

control or AMD patients were immunolabelled with IBA-1 antibody and shown in 

Figure 1.4. In the eye-sections from age-matched healthy human, microglial cells are 

distributed in GCL, IPL and OPL with weak IBA-1 immunoreactivity (Figure 1.4). 

However, in both dry and wet AMD patients, microglia exert increased cell number 

and alteration in the distribution. Instead of the normal milieu, microglia migrated to 

ONL or even SRS with strong IBA-1 immunostaining (Figure 1.4). 
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Figure 1.4 Microglia/macrophage in the retinas of AMD patients. 

IBA-1 staining on eye sections from both dry (B, E) and wet (C, F) form AMD 

patients and age-matched healthy donor (A, D) (Du et al, unpublished data). In 

healthy retina (A, D), IBA-1 positive cells (red arrow) are distributed in GCL, IPL 

and INL without disturbance of retinal morphology. AMD retinas (B, C, E, F) 

showed increased number of IBA-1 positive cells (red arrow). These IBA-1 positive 

cells altered their distribution (red arrow head) or even accumulated in the SRS 

(blue arrow head) (E, F). Disorganized retinal layers and scattered RPE were also 

observed in AMD retinas (E, F). Scale bar: 100µm.  

 

A group has investigated the effects of microglia on RPE cells by in vitro co-culture 

model and in vivo microglial transplantation model, finding that microglia can induce 

RPE structural and morphological alterations, elevate the expression of multiple 

cytokines and chemokines and reinforce choroidal neovascularization (Ma et al., 

2009). Activated microglia can also trigger sustained NLRP3 inflammasome 

activation in RPE cells (Nebel et al., 2017). However, the role of NLRP3 in AMD is 

still under debate. Some studies have shown that the upregulation and the activation 

of NLRP3 inflammasome contribute to AMD pathology (Tseng et al., 2013; Y. 

Wang et al., 2016). Contradictory data has been presented showing that NLRP3 was 

undetectable in ex vivo macular RPE from AMD patients (Kosmidou et al., 2018). A 

study showed IL-1β expression regulated by retinal microglia and macrophages can 

promote chemokine expression in Müller cell and RPE and targeting IL-1β may 

effectively inhibit chemokine-mediated inflammation in retinal dystrophy (Natoli et 

al., 2017). 
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1.2.2 Diabetic retinopathy (DR) 

DR, as a complication from diabetes mellitus, causes vision loss (Stitt et al., 2016). 

The aetiology and pathology of the disease have been studied over decades. It was 

classically considered a microvascular retinal disease due to prolonged 

hyperglycemia (Cogan, Toussaint and Kuwabara, 1961). However recent research 

have found that the retinal neurodegeneration is an early event of DR and precedes 

microvascular changes (Jonsson, Frydkjaer-Olsen and Grauslund, 2016; Sohn et al., 

2016). For vision-threatening states of DR such as diabetic macular edema (DME) 

and proliferative DR (PDR), limited therapeutic intervention can be applied such as 

laser photocoagulation steroid administration, anti-VEGF treatment (Simó, 

Sundstrom and Antonetti, 2014) and vitrectomy. 

Studies have revealed a role of inflammation in the pathogenesis of DR (Abcouwer, 

2011; Tang and Kern, 2011; Rangasamy et al., 2014; Xu and Chen, 2016). 

Inflammation drives the disruption of BRB mediating monocyte trafficking (Omri et 

al., 2011; Rangasamy et al., 2014). The mechanisms of BRB breakdown involve 

hypoxia, increased level of ROS and inflammation. These factors lead to the 

dysregulation of multiple pro-inflammatory cytokines such as VEGF, Ang-2, TNF-α, 

MMP and IL-6 (Muller, 2011; Noda et al., 2012). Increased cytokines subsequently 

result in the destruction of tight junction, the loss of pericytes and leukostasis, giving 

rise to the disruption of BRB. Furthermore, at the events of increased vascular 

permeability and pro-inflammatory factors, leukocytes seize the chance of adhesion 

and extravasation, resulting in the recruitment of circulating cells to the retinal 

parenchyma (Xu et al., 2003; Liu et al., 2004). 



 

18 
 

Microglia were activated in the eyes of early and advanced DR indicating the 

activation of immune response throughout the disease onset (Zeng, Green and Tso, 

2008). 

1.2.3 Retinitis pigmentosa (RP) 

RP is a set of hereditary retinal degenerations affecting approximately one in every 

4,000 people worldwide (Hartong, Berson and Dryja, 2006). RP is characterized by 

the gradual loss of photoreceptors. In most forms of RP, loss of rods preceded 

reduction of cones. Patients usually have difficulties in dark adaptation or night 

blindness as the first symptom, further progressing to loss of peripheral visual field. 

As the disease advances they develop tunnel vision, and eventually lose central 

vision. Unfortunately, RP is considered incurable currently. Only a few treatments 

such as vitamin A or E supplements and omega-3 fatty acid were proved to slow the 

onset of RP (Hartong, Berson and Dryja, 2006).  

The activities of microglia migrating and phagocytosis were observed in retinas of 

RP and AMD patients (Gupta, Brown and Milam, 2003). In several retinal 

degeneration animal models, microglia were found to have similar behaviours. They 

proliferated, migrated towards the outer retina and played important roles such as 

immune regulation and debris clearance in the retinal pathology (Noailles et al., 2014, 

2016; Zhao et al., 2015; Zhou et al., 2017; He et al., 2019; Ronning et al., 2019). 

Depleting microglia in RP animal model showed ameliorated retinal neuronal 

damage (Zhao et al., 2015; He et al., 2019). 

1.2.4 Glaucoma 

Glaucoma is a series of eye diseases with progressive optic nerve damage resulting in 

irreversible vision loss (Quigley, 2011; Jonas et al., 2017). The common features of 
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glaucoma consist of loss of RGCs, thinning of the RNFL, and cupping of the optic 

disc.  

A study showed that in a mouse model of hereditary glaucoma, a strong correlation 

were observed between the early levels of ONH microglia proliferation and the later 

stage severity of optic nerve pathology (Bosco et al., 2015).  

1.2.5 Microglial activation in neurodegeneration 

Microglia being one of the causes of neuronal damage is well-documented in 

cultured cells and in animal models (Papageorgiou et al., 2016; Coutinho et al., 2017; 

Ma et al., 2019). Microglia can respond to multiple factors such as increased inner 

ocular pressure (the cause of acute glaucoma) and act as secondary cause of 

neurodegeneration (Bosco et al., 2015). They can also be the primary driving force 

of neuronal loss (Brelstaff et al., 2018).  

However, in clinical concept of neurodegenerative diseases, microglial activation and 

neurodegeneration usually co-exist. It is unclear which occurs first. Multiple factors 

can primarily alter the phenotype of microglial cells such as DAMPs, age-related 

oxidative stress and genetic modification (Hayes et al., 2004; Rodero et al., 2008; 

Wong, 2013; Schaefer, 2014), causing subsequent changes. Other factors such as 

elevated glucose and high-fat diet may induce microglial phenotypic change and 

neurotoxicity at the same time (Tomlinson and Gardiner, 2008; Wanrooy et al., 2018; 

Hsieh et al., 2019). It was suggested that the activation of microglia precedes 

neuronal loss in several studies (Wada, Tifft and Proia, 2000; Marinova-Mutafchieva 

et al., 2009; Tegelberg et al., 2012). In other neurodegenerative diseases such as RP, 

the loss of neurons occurs prior to the activation of microglia. Even if the microglia 
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is not the primary cause of photoreceptor damage, the depletion of microglia in 

animal models of RP prevented photoreceptors from degeneration (Zhao et al., 2015). 

1.3 Microglia 

1.3.1 Introduction 

Microglia, a neurotrophic cell (neuroglia) in the CNS, functions primarily as immune 

cells. Microglia were first discovered by a Spanish neuroanatomist Pio del Rio-

Hortega with histological staining of silver carbonate between the year 1919 and 

1921 (Sierra et al., 2016). As the name implies, these cells are small, the nucleus is 

usually elliptical and the elongate processes stick out of their cell bodies (Karperien, 

Ahammer and Jelinek, 2013). These processes allow cells to move through 

chemotaxis (Wu et al., 2014). Microglia act as macrophages to mediate the immune 

response of the CNS (Hanisch, 2002) and to clear cell debris and dead neurons in 

nerve tissue by phagocytosis (Tremblay et al., 2011). Microglia can be activated by 

diverse signals of the CNS which may be triggered by neurodegenerative diseases 

such as Alzheimer's disease (AD) (Neniskyte, Fricker and Brown, 2016) or 

infectious diseases such as meningitis (Tucker et al., 2016). 

1.3.2 Microglia origin and differentiation 

The embryonic origin of microglia differs from other types of glia. Other glial cells 

are derived from neuroectodermal tissue, while microglia are derived from 

embryonic mesoderm which produces cells for blood and immune systems (Ginhoux 

et al., 2013). It is consensually believed that microglia arise from yolk sac 

hematopoietic progenitors during development and before the establishment of brain 

blood barrier (BBB) (Ginhoux et al., 2010). However in perinatal, postnatal and 

adult, the differentiation of microglia remains controversial. Recruitment of 
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circulating microglia precursors were observed in irradiation/transplantation mouse 

model but not in parabiotic chimeras (Ajami et al., 2007). In homeostasis, microglia 

maintain a stable population by self-renewal and proliferation (Tay, Mai, et al., 

2017). In pathological condition, the breakdown of BBB introduced the 

replenishment of circulating monocytes into CNS (Ginhoux and Prinz, 2015). 

Repopulation of transplanted bone marrow derived monocytes in the brain and retina 

took up to year but was much faster in other organs such as spleen and lung (Albini 

et al., 2005). In the retina, microglia were found to be derived from the proliferation 

of optic nerve microglia or macrophages in the ciliary body after depleting retinal 

microglia by CSF1R inhibitor PLX5622 (Y. Huang et al., 2018). In an optic nerve 

injury mouse model, microglia were also found to originate from resident microglia 

or optic nerve but not circulating myeloid cells (Heuss et al., 2018). However, in the 

irradiation/transplantation mouse model, bone marrow derived macrophages were 

found to be slowly distributed in the retina at 8 week after bone marrow 

transplantation and completely dominated the retinal myeloid population by 6 

months (Xu et al., 2007). 

1.3.3 The significance of microglia 

Microglia are long-lived myeloid cells that modify their function throughout the 

lifespan (Tay, Savage, et al., 2017). The development of microglia depletion system 

has helped scientists to understand the significance of microglia (Waisman et al., 

2015). Neonatal microglia take part in remodelling of the developing brain (Smith et 

al., 2014; Pierre et al., 2017). Depleting microglia selectively by central infusion of 

liposomal clodronate in the neonatal rat brain leads to reduced anxiety behaviour and 

increased locomotor activity in their juvenile years and during adulthood (Nelson and 

Lenz, 2017). Microglia-depleted mice progressively developed severe motor 
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coordination dysfunction with a significant loss of NeuN+ cells and increased GFAP 

indicating that microglia ablation and subsequent repopulation triggers astrogliosis 

and neuronal apoptosis (Rubino et al., 2018). Adult microglia, on the other hand, are 

involved in local immune surveillance, CNS homeostasis maintenance and synaptic 

pruning (Shemer et al., 2015). Previous studies have revealed that microglia is 

neither acutely required to maintain the retinal structure in adult mice (X. Wang et al., 

2016) nor involved in RGC degeneration or axonal regeneration after acute CNS 

injury (Hilla, Diekmann and Fischer, 2017). However sustained microglial depletion 

results in synaptic degeneration of photoreceptors in the OPL, leading to progressive 

retinal functional deterioration (X. Wang et al., 2016). Several studies also found that 

depletion of microglia leads to intense neuronal disorders (Rubino et al. 2018). 

Microglia-deficient mice showed deficits in multiple learning tasks, and the 

formation motor-dependent synapse was significantly reduced (Parkhurst et al. 2013). 

Crush injury of the optic nerve was used in several labs to study neurodegeneration 

and neuroprotection. Others found microglia serve as key players in clearance of the 

presynaptic debris in the model and that microglial depletion causes neuronal debris 

to accumulate (Norris et al. 2018). 

Studies on specifically gene manipulated microglia revealed molecular mechanisms 

regulating deleterious or favourable microglial activation and their effects on 

progressive neurodegenerative disease (Goldmann et al., 2013; Cells et al., 2014; 

Voet et al., 2018). Receptors expressed on microglia including triggering receptor 

expressed on myeloid cells 2 (TREM2)/DNAX-activating protein of 12 kDa (DAP12) 

(Guan et al., 2015; Ulland et al., 2017), CX3CR1 (Cardona et al., 2006) and colony 

stimulating factor 1 receptor (CSF1R) (Wang et al., 2012; Oosterhof et al., 2018) 

were proved to be pivotal in microglia-neuron interaction both physiologically and 
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pathologically. Absence of genes such as transforming growth factor beta (TGFβ) 

(Ma et al., 2019), tumor necrosis factor alpha-induced protein 3 (TNFAIP3) (Voet et 

al., 2018) and SOCS3 (Chen et al., 2018) in microglia exacerbated 

neurodegeneration. On the contrary, deficiency of genes that are involved in pro-

inflammatory processes such as transforming growth factor beta-activated kinase 1 

(TAK1) (Goldmann et al., 2013), CCAAT-enhancer-binding protein beta (C/EBPβ) 

(Pulido-Salgado et al., 2017) and inhibitor of nuclear factor kappa-B kinase subunit 

beta (IKKβ) (Cho et al., 2008) in microglia showed robust attenuation of neuronal 

damage. 

1.3.4 Microglial functions 

1.3.4.1 Motility 

Microglia are characterized by multiple synapses and plasticity which are closely 

related to their biological function. Through this morphology, microglia constantly 

survey the surrounding environment and respond to circumstances (Madry et al., 

2018). In vivo studies have found that microglia are in direct contact with neuronal 

synapses at an hourly frequency, providing a highly dynamic and efficient 

monitoring system (Lee et al., 2008; Morsch et al., 2015) (Figure 1.5A). In normal 

conditions, microglia are highly branched, often referred to as "resting" microglia 

(Kierdorf and Prinz, 2017). However, microglia are rapidly activated and 

demonstrate phagocytic and/or inflammatory properties upon events such as 

inflammation, injury or other neurological diseases.  
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Figure 1.5 Microglial functions.  

(A) Surveying microglia: Microglia constantly survey the environment around them 

with their multiple synapses and react to diverse signals; (B) Microglia-neuron 

interactions: microglia express multiple receptors and have a close relationship with 

neurons. Details shown in Figure 1.6; (C) Phagocytosis: being sensitive to 

surroundings, microglia can be activated easily by several signals including 

apoptotic cells. Microglia can proliferate, migrate to the site of dead cells and clear 

the cell debris by phagocytosis.  

 

1.3.4.2 Immune regulation and antigen presentation 

Microglia acting as resident macrophages in CNS are the primary source of 

inflammatory cytokines (Hanisch, 2002). They serve as central mediators of 

inflammation and can induce or modulate extensive cellular responses in response to 

acute or chronic alterations (Kobayashi et al., 2015; Vincenti et al., 2016; 

Deczkowska, Amit and Schwartz, 2018). On one hand, microglia mediated 

inflammation can destroy pathogens such as viruses, bacteria, fungi, apoptotic cells 

and aggregate proteins via cytokine secretion and engulfment (Rock et al., 2004). On 

the other hand, they serve as antigen-presenting cells (APCs) and recruit peripheral 
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immune cells including monocytes, neutrophils, T cells and B cells to the lesion cite 

(Shaked et al., 2004; Russo and McGavern, 2015). 

1.3.4.3 Phagocytosis 

The phagocytic function of microglia is a receptor-mediated process of ingesting and 

digesting apoptotic neurons (Figure 1.5C). Microglia can also clear specific 

substances in the CNS such as myelin debris and abnormally aggregated proteins 

through phagocytosis (Brown and Neher, 2012). However, studies have shown that 

microglia can phagocytose living neurons and cause neuronal loss in the brain 

(Brown and Neher, 2014). It is still controversial whether the phagocytic function of 

microglia plays a protective or detrimental role in neurodegenerative diseases. On 

one hand, it is beneficial to the repair of nervous system damage; on the other hand, 

it induces or aggravates the degenerative pathological changes of the nervous system 

(Neumann, Kotter and Franklin, 2009).  

1.3.4.4 Synaptic pruning 

Besides their immune function, microglia also guide CNS development. Neurons are 

born with 2500 synapses per neuron, which have functional contact with one another. 

By the age of two or three, the synapses increase to 15,000/neuron. However, the 

number of the connections was dramatically decline during adolescence to 

7,000/neuron to improve the efficiency of neuronal transmissions. Microglia were 

proven to play an important role in the process of synapses elimination via synaptic 

pruning (Paolicelli et al., 2011; Weinhard et al., 2018). The structural plasticity and 

rearrangement of synapses are widely thought to be a mechanism underlying learning 

and memory (Hawkins and Ahmad, 2016; Rodríguez-Iglesias, Sierra and Valero, 

2019). In the visual system, the precision of the retinotopic map is increased by 
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sculpting and refinement of the RGCs axons (Benjumeda, Molano-Mazón and 

Martinez, 2014). 

1.3.4.5 Neuroprotection 

Microglia have paradoxical faces. They are the source of neurotoxicity and can also 

provide neuroprotection (Cardona et al., 2006; Neumann et al., 2006). Recently a 

team in Massachusetts found that microglia may have a protective effect in retinal 

detachment (RD) placing microglia in the spotlight (Okunuki et al., 2018). After 

inducing acute RD, microglia were found to have rapidly activated and migrated to 

the injured area associated with infiltrating macrophages. These activated microglia 

phagocytosed damaged and apoptotic photoreceptors. Depleting microglia result in 

increased photoreceptor death (Okunuki et al., 2018). Another team gained insight 

into the protective role of microglia in a light damage retinal degeneration model. 

They found conditionally depleting microglia in this model resulted in increased 

apoptotic cells and heavier RPE damage (O’Koren et al., 2019). 

1.3.5 Microglia-neuron crosstalk 

Brain and retinal homeostasis are maintained via the continuous crosstalk between 

microglia and neurons.  Multiple signalling pathways are responsible for microglia-

neuron interaction such as TREM2-DAP12, CX3CR1/CX3CL1, cluster of 

differentiation 200 receptor (CD200R)/CD200, CD47- signal regulatory protein α 

(SIRPα), complement system, CSF1R and its ligands (Figure 1.6). In pathological 

conditions such as ageing, these interactions were altered upon circumstances (Chen 

et al., 2019). 
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Figure 1.6 Microglia-neuron interactions. 

Microglia interact with neurons in both directions. Neurons can regulate the activity 

of microglia through the unique ligand-receptor pairs (CX3CL1-CX3CR1 and 

CD200-CD200R), neurotransmitters (glutamate and GABA), and purinergic 

signalling. In contrast,, microglia also regulate neuronal activities. It is shown that 

indicate that the microglia are in physical contact with neuronal components. In 

addition, the unique presence of CX3CL1-CX3CR1 signalling, complement system 

signalling and TREM2 / DAP12 signals between neurons and microglia cells is 

critical for the normal development and maintenance of neuronal circuits. 

 

1.3.5.1 TREM2-DAP12 

In the CNS, TREM2-DAP12 is a signalling complex expressed exclusively in 

microglia. As a microglial surface receptor, TREM2 interacts with DAP12 to initiate 

signal transduction pathways in response to damage-associated molecular patterns 

(DAMPs) and pathogen-associated molecular patterns (PAMPs) promoting 

microglial cell activation, phagocytosis, and microglial cell survival (Zhong et al., 

2017) (Figure 1.6).  
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1.3.5.2 CD200/CD200R 

CD200R regulates microglial activity, delivers an inhibitory signal for microglia 

through its interaction with CD200 which is expressed by neurons (Koning et al., 

2009) (Figure 1.6). CD200R deficiency leads to increased microglial activation (Yi 

et al., 2016), exacerbated neuron death in vitro (Meuth et al., 2008), in vivo (Zhang 

et al., 2011) and BBB breakdown (Denieffe et al., 2013). 

1.3.5.3 The colony stimulating factor 1 receptor (CSF-1R) and its ligands 

The colony stimulating factor 1 (CSF-1) and interleukin-34 (IL-34) drive microglial 

survival (Oosterhof et al., 2018), differentiation (Boulakirba et al., 2018) and 

migration (Wu et al., 2018) by binding with their common receptor CSF1R which is 

expressed on microglia (Figure 1.6). Both of the ligands promote neuroprotection. 

Studies showed that IL-34 enhances the neuroprotective effect of microglia in an AD 

model (Mizuno et al., 2011) while CSF-1 ameliorate auditory nerve degeneration 

following trauma (Yagihashi, Sekiya and Suzuki, 2005). Mice with CSF-1 deficiency 

or IL-34-deficiency both have reduced microglial density (Nakamichi, Udagawa and 

Takahashi, 2013). Despite their similarities, CSF-1 and IL-34 display different roles 

on microglia (Boulakirba et al., 2018). In the brain, IL-34 is vital for microglia in the 

forebrain while CSF-1 is essential for cerebellar microglia (Kierdorf and Prinz, 2019). 

In the retina, microglia in the IPL but not OPL are IL-34-dependent (O’Koren et al., 

2019).  

1.3.5.4 Complement system 

The interaction between complement proteins and complement receptor C3R which 

is expressed on microglia plays a role in microglial priming (Ramaglia et al., 2012) 

and synaptic pruning (Lui et al., 2016), enhances phagocytosis (Fu et al., 2012; 
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Silverman et al., 2019) and mediates early synapse loss (Hong et al., 2016) (Figure 

1.6).  

1.3.5.5 CD47-SIRPα and others 

CD47-SIRPα is an anti-phagocytic axis in tumour immune evasion (Matlung et al., 

2017). In the CNS, the activation of SIRPα by the binding of 'don't-eat me' signal 

CD47 inhibits microglial phagocytic activity. This is critical for the maintenance of 

neuron integrity (H. Zhang et al., 2015) (Figure 1.6).  

The activity of microglia is also modulated by the purinergic signalling system 

(Reoyl Seo et al., 2008). Microglia are extremely sensitive to environmental stimuli 

responding rapidly to the secretion or degradation of ATP via purinergic receptors 

(Reoyl Seo et al., 2008; Koizumi et al., 2013) (Figure 1.6).  

Brain-derived neurotrophic factor (BDNF) secreted by microglia mediate excitability 

of neuronal network (Ferrini and De Koninck, 2013) such as neuron survival 

(Baydyuk and Xu, 2014) and neuropathic pain (Trang, Beggs and Salter, 2019). 

1.3.5.6 CX3CR1/CXCL1 

CX3CR1 predominantly expressed on microglia and CX3CL1 expressed by neurons 

represent the most important communication channel between microglia and neurons 

(Sheridan and Murphy, 2013) (Figure 1.6). CX3CR1/CX3CL1 signalling plays a 

role in both physiological and pathological conditions (Hatori et al., 2002; Brissot et 

al., 2015; M. Bolós et al., 2017).  

CX3CL1, also known as fractalkine in human or neurotactin in mice, is a 

transmembrane protein consisting of 373 amino acids. CX3CL1 is composed of a 

chemokine domain linked to a transmembrane domain via an extended extracellular 

domain with mucin-rich stalk. Synthesized originally as membrane-anchored form, 
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the chemokine can be cleaved to a soluble form by certain metalloproteases. Soluble 

CX3CL1 potently chemoattracts T cells, monocytes, NK cells and dendritic cells 

while the cell-bound form promotes strong adhesion of leukocytes to activated 

endothelial cells, where it is primarily expressed peripherally (Bazan et al., 1997). In 

the CNS, the ligand is expressed predominantly by neurons (Harrison et al., 1998). 

CX3CR1 is the receptor of CX3CL1 expressed by monocytes, dendritic cells (DCs), 

subsets of T cells and natural killer cells in the circulation and by microglia in the 

CNS. When bound by its ligand CX3CL1, CX3CR1 mediates adhesion and 

migration of leukocytes to inflamed tissues (Imai et al., 1997). Single nucleotide 

polymorphisms (SNPs) in the CX3CR1 gene confer increased risk of AMD (Tuo, 

2004). CX3CR1-positive cells in drusen-like lesions have been identified as 

microglial cells (Combadière et al., 2007), thus implicating this cell type in the 

pathogenesis of human AMD. CX3CR1 is not only expressed by certain subsets of 

monocytes but also plays a major role in the survival of these cells (Landsman et al., 

2009). CX3CL1/CX3CR1 signalling has been discovered to play a developmental 

role in the migration of microglia in the CNS to their synaptic targets, where 

phagocytosis and synaptic refinement occur (Liang et al., 2009). CX3CR1 knockout 

mice had more synapses on cortical neurons than wild-type mice (McKenzie et al., 

2018).  

As previously discussed, CX3CR1 signalling is related to chemotaxis, migration and 

survival of monocytes, phagocytosis and synapse pruning of microglia, among other 

functions (Landsman et al., 2009). Lack of CX3CR1 can cause numerous 

abnormality or impairment. CX3CR1 deficiency promoted muscle repair and rescues 

CCL2 deletion mice from impaired muscle regeneration as a result of altered 

macrophage function (Arnold et al., 2015). Microglial depletion of CX3CR1 lead to 
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the deficient synaptic integration of adult-born granule neurons with reduced number 

of dendritic spines, reduced area of axonal terminals, ultrastructural enlargement of 

synapses (M. Bolós et al., 2017). Mouse models of AD which deficient for CX3CR1 

were generated to investigate the role of CX3CR1 in β-amyloid pathology 

(Fuhrmann et al., 2010; Lee et al., 2010) and the researchers found that CX3CR1 

deficiency alters the microglial activation status, prevents neuron loss and enhances 

Aβ clearance. After challenged with diabetes, the mice with CX3CR1 deficiency 

demonstrated accelerated vascular pathology, increased apoptotic retinal cell death 

and immune cells infiltration (Kingdom et al. 2017). However, CX3CR1 dysfunction 

has controversial effects. Some studies reported the absence of CX3CR1 may 

prevent neuron loss  (Fuhrmann et al. 2010) and promote muscle repair and 

regeneration (Arnold et al. 2015). 

The CX3CR1GFP/GFP mouse model (Jung et al. 2000) has been used extensively to 

study microglia/neuron communication. In this model, the chemokine receptor 

CX3CR1 locus was replaced by enhanced green fluorescent protein which is 

remarkably beneficial for in vivo and in situ visualization of myeloid cells. This can 

be used for structural analysis of microglia in the brain (Cardona et al., 2006; 

Fuhrmann et al., 2010; M. Bolós et al., 2017; Castro-Sánchez et al., 2018; Eles et al., 

2019) or in the retina (Chen et al., 2013; Sennlaub et al., 2013; Jobling et al., 2018) 

and circulating (Landsman et al., 2009) or infiltrating macrophages (Kim et al., 

2011). The animals exhibit a higher rate of microglial activation (Zhiqiang et al. 

2008). Increased number of microglial cells were accumulated sub-retinally with age 

or after laser-induced retinal degeneration (Combadière et al. 2007).  
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Overall, these bidirectional microglia-neuron communications support neuronal 

survival, maintain microglial stability and keep CNS homeostasis.  

1.3.6 Microglia and ageing 

Brain/eye-immune interactions keep their homeostasis throughout healthy adulthood. 

The dynamic surveying role of microglia makes it particularly sensitive to oxidative 

stress, DNA damage and inflammatory insults (Gertig and Hanisch, 2014). Aging, on 

the other hand, is accompanied by a concomitant generation of ROS and reactive 

nitrogen species (RNS) which cause microglial dysfunction and subsequent 

neurotoxicity (Garaschuk, Semchyshyn and Lushchak, 2018). Microglia develop a 

‘sensitized’ or ‘primed’ phenotype during aging (Niraula, Sheridan and Godbout, 

2017). Ageing microglia showed bigger soma volume, less process 

length/complexity, more frequency but slower process movement, more 

undegradable lysosomal aggregates, less phagocytosis and less regularity of 

microglial domains (Garaschuk, 2017). Investigations on the microglia distribution 

and morphology in primate retina suggested that microglial density increased 

throughout the retina with age (Singaravelu et al., 2017). A study showed microglia-

specific genes globally increase their expression upon aging (Soreq et al., 2017).  

The impact of aging on retinal immune regulation has been widely investigated in 

our group (Chen et al., 2019). We showed that aging retinas are characterized by 

activation and subretinal migration of microglia, and breakdown of BRB (Xu, Chen 

and Forrester, 2009).  Genes related to immune responses and tissue stress/injury 

responses are the most sensitive to ageing in the retina (Chen et al., 2010). The age-

related dysregulation of immune cells cause loss of RPE tight junction (Chen et al., 

2019).  
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1.3.7 Microglial activation and polarization 

1.3.7.1 Microglial activation 

Similar to macrophages in the periphery, microglia act as the first line of defence in 

the CNS. Every few hours, ramified microglia survey the neighbouring surroundings 

with their highly motile processes (Madry et al., 2018; Bernier et al., 2019). Upon 

detection of signals from injured retinal neurons, microglial processes rapidly 

migrate towards the lesion site and engulf cell debris or apoptotic cells (Lee et al., 

2008; Omri et al., 2011). Microglia reacting to a variety of events is termed 

microglial activation. Microglial activation is important feature of pathology in 

diverse neurodegenerative diseases, mirroring the course of neurodegeneration in 

both clinical and animal model studies of multiple retinal diseases, such as AMD, RP, 

DR, glaucoma and BRVO (Gupta, Brown and Milam, 2003; Zeng, Green and Tso, 

2008; Fischer, Zelinka and Milani-Nejad, 2015; Madeira et al., 2015; Ebneter et al., 

2017). Besides ageing, other factors including various cytokines (Savarin et al., 2015; 

Zhang et al., 2018) and impaired microglia-neuron signalling (Liang et al., 2009; 

Oria et al., 2018) also act as important factors to initiate microglial activation. 

The definition of microglia activation is partly based on the change of the 

morphology (Heindl et al., 2018). The process is shortened and the cell body is 

rounded or rod-shaped in activated microglia. The morphology of microglia can be 

further regulated with disappeared cell processes (Fernández-Arjona et al., 2017). 

Amoeba shaped microglia are usually associated with their phagocytic properties 

(Cunningham, Martinez-Cerdeno and Noctor, 2013; Reichert and Rotshenker, 2019). 

The morphological transformations of microglia reflect the activation state of 

microglia, while the activation state of microglia is tightly connected to the severity 

of neuronal degeneration (Correale, 2014).  
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Upon activation, microglia undergo cellular reprogramming (Mathys, Adaikkan, Gao, 

Young, et al., 2017). It either reacts with phagocytosis of apoptotic cells/aggregate 

proteins, or the release of inflammatory cytokines that directly destroy pathogens or 

cells. These reactions, however, can also damage healthy or stressed cells. It is 

necessary to control the state of microglia. Excessively activated or uncontrolled 

microglia causes neurotoxicity leading to neurodegenerative diseases. 

1.3.7.2 Microglial polarization 

Microglial activation and neuroinflammation are major features of neuropathology. 

Diverse reactive microglial phenotypes were generated depending on the special 

signals detected and on the actions of regulators on microglial activation (Olah et al., 

2011; Gertig and Hanisch, 2014). The ability of macrophages/microglia to adopt 

different functional programs in response to pathogens, damaged tissues and 

lymphocyte interactions is termed ‘polarization’ (Figure 1.7). Although recent 

opinions on macrophage polarization are contentious (Ransohoff, 2016), most studies 

still distinguish the states of macrophage polarization as M1 (or classical activation) 

and M2 (or alternative activation) (Murray et al., 2014; Hu et al., 2015). Interferon 

gamma (IFN-γ) derived from the T helper 1 (TH1) or lipopolysaccharides (LPS) 

polarizes macrophages towards the M1 phenotype (Figure 1.7). The TH2 cytokine 

IL-4, on the other hand, drives M2 polarization (Figure 1.7). M1-polarized 

macrophages express pro-inflammatory cytokines such as IL-1β, IL-6, IL-12, IL-23, 

and tumour necrosis factor alpha (TNFα). They also exhibit enhanced antigen 

presentation capacity. Furthermore, they generate ROS and RNS through activity of 

inducible nitric oxide synthase (iNOS) (SCHELL et al., 2007; Spencer et al., 2016; 

Ding et al., 2017). By contrast, M2-polarized macrophages produce anti-

inflammatory cytokines such as IL-10 (Lively and Schlichter, 2018; Vergara et al., 
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2019). They show increased phagocytic activity (Bell-Temin et al., 2015; Tarique et 

al., 2015), support tissue remodelling (Derlindati et al., 2015) and promote fibrotic 

response (Meng et al., 2016; Wang et al., 2017). Depending on the phenotypes, 

microglia can produce either cytotoxic or neuroprotective effects (Figure 1.7). In the 

rd1 mice model of retinal degeneration, a significant increase in the percentage of 

M1 but not M2 microglia were detected by flow cytometry with increased expression 

of TNF-α, IL-6 and CC chemokine ligands 2 (CCL2) (Zhou et al., 2017). Studies on 

LysMCre-SOCS3fl/fl mice also revealed macrophages deficient in SOCS3 express 

higher levels of multiple pro-inflammatory cytokines indicating a M1 polarization 

(Qin et al., 2014). 
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Figure 1.7 Microglial polarization. 

Microglia can be activated by diverse stimuli, which define their polarization status. 

While IFN-γ/LPS promotes the pro-inflammatory M1 polarization (also called 

classical activation), IL-4/IL-13 induces the anti-inflammatory M2 polarization (or 

alternative activation).  M1 microglia release pro-inflammatory cytokines and 

cytotoxic substances such as IL-1β, TNFα, IL-6 and ROS leading to neuronal 

damage. On the other hand, the M2 microglia secrete neurotrophic factors and anti-

inflammatory cytokines including TGF-β exerting a neuroprotective role.  
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The dynamic phenotypic transformation is sophisticated and critically associated 

with circumstances. Instead, overlapping phenotypes that co-express M1 and M2 

markers predominate in human inflammatory and neurodegenerative diseases or 

animal models. Human AMD eyes showed increased expressions of both M1 and M2 

markers [Chemokine C-X-C motif ligand 11 (CXCL11) and CCL22 respectively] but 

had a higher M1 (7.47 fold) to M2 (4.35 fold) chemokine transcript ratio compared 

to healthy eyes (Cao et al., 2011). Studies on animal models showed that resident 

microglia and infiltrating macrophages adopted the M2 phenotype at early stage of 

ischemic stroke but polarized toward the M1 phenotype over time (Hu et al., 2012). 

Together, these findings have given positive indications that inhibiting 

neuroinflammation or driving it towards neuroprotection by switching microglial 

phenotypes within appropriate time windows may provide a therapeutic target for 

neurodegenerative diseases. 

1.3.7.3 SOCS3 and the JAK/STAT pathway in microglial activation 

The family of SOCS proteins forms part of a classical negative feedback system that 

regulates cytokine signal transduction. SOCS3, short for suppressor of cytokine 

signalling 3, gives negative feedback for the Janus kinases (JAK)/signal transducer 

and activator of transcription proteins (STAT) pathway (Alexander 2002). The 

JAK/STAT pathway is the primary signalling mechanism for a variety of cytokines 

and growth factors (Rawlings, 2004). JAK activation stimulated cell proliferation, 

differentiation, cell migration and apoptosis (Babon and Nicola, 2012). These 

cellular events are critical for hematopoiesis, immune development, lipogenesis, 

dimorphic growth, and other processes. Disrupted JAK/STAT signalling can lead to 

a variety of diseases, such as skin diseases, cancer, and conditions that affect the 

immune system.  
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Mice that are deficient for SOCS3 in myeloid cells (LysMCre-SOCS3fl/fl mice) are 

generated to study the role of SOCS3 in regulating cytokine signalling  (Yasukawa et 

al. 2003). SOCS3 is found to be a central negative regulator of IL-6 signalling in 

macrophages. LysMCre-SOCS3fl/fl mice are vulnerable to experimental autoimmune 

encephalomyelitis (EAE) with enhanced infiltration of inflammatory cells and 

demyelination (Qin et al. 2012). SOCS3-deficient macrophages exhibit enhanced and 

prolonged activation of the JAK/STAT pathway, expressed higher levels of the pro-

inflammatory genes such as IL-1β, IL-6, IL-12, IL-23, iNOS, CCL2 and Chemokine 

C-X-C motif ligand 10 (CXCL10) (Qin et al. 2014). SOCS3-deficient bone marrow-

derived macrophages (BMDM) displayed enhanced and prolonged expression of pro-

inflammatory M1 cytokines when exposed to glioma tumour cell conditioned 

medium, delayed intracranial tumour growth and increaseed survival of mice bearing 

orthotopic glioma tumours (McFarland et al., 2016). Our group previously showed 

that LysMCre-SOCS3fl/fl mice developed inflammation-related exaggerated retinal 

degeneration, increased leukocyte activation, retinal leukostasis and acellular 

capillaries after diabetic challenge (Chen et al. 2018).  

1.3.8 Microglia as a therapeutic target for neurodegenerative diseases 

1.3.8.1 M1/M2 phenotype switching 

As previously mentioned, microglia in the context of actual diseases dynamically 

changed their phenotypes or expressed overlapping cytokines from both M1 and M2 

phenotypes (Walker and Lue, 2015). It is clear that M1 microglia promote 

inflammatory response via upregulation of various cytokines (Cunha et al., 2016) 

while M2 microglia support neurogenesis (Wlodarczyk et al., 2017), enhance 

pathological neovascularization (Zhou et al., 2015; Yang et al., 2016) and are 

associated with glioma (Li and Graeber, 2012). Microglial phenotype switching 
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might be a novel treatment for neurodegenerative diseases. Studies have found 

multiple molecules that achieved M1 to M2 conversion in vitro and in animal models, 

such as cyclic AMP (Ghosh, Xu and Pearse, 2016), peroxisome proliferator-activated 

receptor gamma (PPARγ) (Nelson et al., 2018) and glatiramer acetate (Pul et al., 

2011). 

1.3.8.2 Inhibition of microglial activation 

Currently there is no consensual specific microglial inhibitor available. Based on the 

inflammatory activity of microglia, a variety of drugs were found to have the ability 

to inhibit or modulate microglial neurotoxicity such as tetracycline (Yrjänheikki et 

al., 1998), low dose naltrexone (Noon et al., 2016), dextromethorphan (W. Cheng et 

al., 2015) and other natural products (Zheng et al., 2019). Among these drugs, 

minocycline is the most commonly used for the inhibition of microglial activation 

(Krady et al., 2005; Dannhausen, Möhle and Langmann, 2018; Ren et al., 2019). 

1.3.8.3 Minocycline 

Minocycline exhibits anti-inflammatory properties independent of its antibiotic 

activity, ameliorating inflammatory responses in immune cells such as monocytes 

and macrophages. Minocycline is proved to inhibit microglial activation (Ai et al., 

2005; Möller et al., 2016) and regulate microglial polarization (Miao et al., 2018). 

The property of microglial activation inhibition and neuroprotective by minocycline 

has been discovered about two decades ago in a ischemic stroke rat model 

(Yrjänheikki et al., 1998). Among three tetracycline derivatives in this study, 

minocycline provided the most remarkable effect (Yrjänheikki et al., 1998). Since 

then, minocycline has been extensively used in a variety of in vitro studies and 

animal models of neurodegenerative diseases including stroke, AD, parkinson’s 
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disease (PD), multiple sclerosis (MS), spinal cord injury (SCI) and traumatic brain 

injury (TBI) (Yrjanheikki et al., 1999; Tikka et al., 2001).  

1.4 Retinal degeneration models 

1.4.1 Cell and organoid models 

Retinal primary cell culture (Leung et al., 2007; Johnson et al., 2011; Maisto et al., 

2016),  immortalized retinal cell lines (Crawford et al., 2001; Layton, 2015) and co-

culture system (Roche et al., 2017) were extensively used to investigate the 

underlying mechanisms in retinal degeneration. Cell-based models make it easier to 

understand mechanisms in a cellular level, however phenotype in culture does not 

entirely manifest physiological relevance to the disease. Retinal explant culture is an 

easily manageable procedure with most of the retinal structure preserved (Kretz et al., 

2007; Yanai et al., 2015; Alarautalahti et al., 2019). Despite its advantages in 

studying the mechanisms of retinal degeneration, it is not suitable for long-term 

evaluation. 

1.4.2 Animal models to study retinal degeneration 

Animal models of retinal degeneration can be classified into two types: the inherited 

and the induced models (Samardzija et al., 2010). In the induced animal models, 

including exposure to light or chemical and physical destruction of retinal structure 

such as retinal detachment, photoreceptors undergo progressive cell death resulting 

in retinal degeneration (Jiao et al., 2015; Nomura-Komoike et al., 2016). In the 

inherited retinal degeneration animal models, the underlying cause of photoreceptor 

degeneration is gene mutations such as rd1 mouse and RCS rat (Chang et al., 2002; 

Shen et al., 2014). Genetic modification has widely used for the generation of animal 
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models to study the consequences of gene mutations on a molecular, cellular or even 

systemic level (Samardzija et al., 2010). 

Most of the models focused on initiating neuronal cell death first, the subsequent 

changes after retinal neuronal degeneration include immune responses (Kohno et al., 

2013; Di Pierdomenico et al., 2017), Müller gliosis (Shen et al., 2014), vascular 

damage (H. Liu et al., 2016) and RPE dysregulation (Rattner et al., 2008; Natoli et 

al., 2017). These models mimic the molecular processes and partially represent the 

mechanisms responsible for retinal degeneration in human patients (Pennesi et al., 

2012; Samardzija et al., 2012; K. Yao et al., 2018). Studies on these models helped 

researchers to understand retinal maintenance and function on cellular and tissue 

levels, identifying various therapeutic targets to treat human patients. 

1.4.2.1 Primary microglial activation model 

Genome-wide association studies implicated microglia in susceptibility of AD 

(Lancaster et al., 2019) and MS (Patsopoulos et al., 2019). Polymorphic variations in 

genes such as IL-1α (Hayes et al., 2004), phospholipase C-gamma 2 (Magno et al., 

2019) and CD33 (Walker et al., 2015) demonstrated altered microglial activities and 

were associated with various neurodegenerative diseases. Polymorphic regulation of 

genes that were exclusively expressed in myeloid cells including TREM2 

(Bhattacharjee et al., 2016) and CX3CR1 (R. Zhang et al., 2015) were found to 

correlate with AMD. Microglia as the only resident myeloid cells in the retina, these 

gene polymorphisms may cause microglial functional changes resulting in sustained 

retinal neuronal alterations. These observations in clinical patients have risen a 

question-What effect does primary microglial activation have on neurons? Current 

knowledge has revealed the correlation between microglia with polymorphic genes 

and neurodegenerative diseases, however deeper understanding of this correlation is 
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needed. However, there is no animal model available at present to investigate 

primary microglial activation and its consequences. 

1.5 Hypothesis and aims of this study 

The pathogenesis of retinal degeneration is multi-factorial and current management 

is limited primarily to the late stage of the disease. It has been established that 

inflammation plays a role in neurodegeneration (Amor et al., 2014) and that 

immunomodulation of microglia is efficient in minimising neuroinflammation and 

promoting neuroprotection (Dannhausen et al., 2018; Peña-Altamira et al., 2016). 

Current understanding of microglial responses to retinal degeneration mainly focuses 

on existing neuronal damage and consecutive microglial activation (Natoli et al., 

2016; Peng et al., 2014). The theory of microglial activation as a consequence of 

degenerated retina is widely accepted (Pierdomenico et al., 2018). On the contrary, 

the effect of primary microglial activation on the retina is poorly understood, 

especially in vivo (Ma et al., 2009; Xing, Bachstetter and Van Eldik, 2011; Adams et 

al., 2015).  

Thus, we established an animal model for the investigation of primary microglial 

activation and the consequential effects. This murine model has been conditionally 

knocked out two genes (SOCS3 and CX3CR1) in myeloid cells.  

We hypothesized that (Figure 1.8): 

1) Combined SOCS3 and CX3CR1 deficiency in myeloid cells causes primary 

microglial activation.  

2) Primary microglial activation induces secondary retinal degeneration by producing 

cytotoxic cytokines.  
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3) Inhibiting microglial activation prevents microglia-induced retinal degeneration. 

The aims are:  

1) To investigate age-related alterations on microglia in a mouse model with 

combined deficiency of SOCS3 and CX3CR1 in myeloid cells (Chapter 3). 

2) To characterize the effect of uncontrolled microglial activation on retinal 

degeneration (Chapter 3). 

3) To study the microglial activities in vitro and their relationship with retina, 

identifying the mechanisms underlying the pathogenesis in microglia induced 

neuronal degeneration (Chapter 4). 

4) To target microglial activation for the management of retinal degeneration in vivo 

(Chapter 5).  
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Figure 1.8 Hypothesis of this study. 

Inflammatory etiology can play a part in the pathogenesis of retinal degeneration. 

We hypothesized that 1) Neurotoxic potential of microglia is activated and 

exacerbated in our established gene-modified murine model causing retinal neuronal 

degeneration and RPE alteration; 2) Targeting microglia induced neuroinflammtion 

might be a way to prevent retinal degeneration. In healthy retina microglia are 

distributed mainly in the GCL, IPL and INL maintaining the immune homeostasis of 
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the retina (A). Diverse insults induce microglial activation resulting in microglial 

proliferation, migration and releasing inflammatory factors (B). Prolonged 

accumulation of microglia and soluble neurotoxic factors lead to sustained damage 

of retinal neurons and RPE (C).  



 

46 
 

 Material and methods Chapter 2
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2.1 Donor samples 

Donor eyes with a known history of either dry AMD or wet AMD and age-matched 

healthy controls were obtained in accordance with the tenets of the Declaration of 

Helsinki for research involving human tissue and as approved by the Institutional 

Review Boards of the Queen’s University Belfast. The eyecups were fixed 4 h in 4% 

paraformaldehyde (PFA, Agar Scientific Ltd. Cambridge, UK), transported in 

phosphate buffered saline (PBS, Appendix 8.1.1), dissected, imbedded in paraffin 

and sectioned. The data of the human samples was shown at the introduction chapter 

(Figure 1.4). 

2.2 Animals 

C57BL/6J wild type (WT), SOCS3fl/fl, LysMCre-SOCS3fl/fl (M. Chen et al., 2018), 

CX3CR1GFP/GFP (Chen et al., 2013) and LysMCre-SOCS3fl/flCX3CR1GFP/GFP DKO 

mice (all in C57BL/6J background) were used in the study. The SOCS3fl/fl mice were 

used as controls in all experiments. The LysMCre-SOCS3fl/fl mice were obtained by 

crossbreeding the SOCS3fl/fl mice and the LysMCre mice. The CX3CR1GFP/GFP mice 

were obtained from Jackson Lab. Crossing between homozygous LysMCre-

SOCS3fl/fl mice with homozygous CX3CR1GFP/GFP mice generated heterozygous 

LysMCre(+/-)-SOCS3fl/flCX3CR1+/GFP mice. Subsequent crossings between offspring 

mice allowed the generation of LysMCre-SOCS3fl/flCX3CR1GFP/GFP DKO 

(Abbreviated as DKO in the following context) mice.  

All animal procedures were conducted in accordance with the Animals (Scientific 

Procedures) Act of the British Home Office 1986 and were approved by the Animal 

Welfare and Ethics Review Body of Queen's University of Belfast. All mice were 

housed at the Biological Research Unit at Queen's University Belfast and had free 

access to water and food in a 12-hour light / dark cycle.  
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The lifespan of LysM-SOCS3fl/flCX3CR1GFP/GFP mice is 12-15 months. Mice at the 

age of 3-5 months were labeled as ‘young mice’ in this thesis while 10-12 months 

old mice were called ‘aged mice’. 

 

Figure 2.1 Crossbreeding and rationale of the DKO mice.  

The LysMCre-SOCS3
fl/fl

 mice were obtained by crossbreeding the SOCS3
fl/fl 

mice and 

the LysMCre mice. The LysMCre-SOCS3
fl/fl

CX3CR1
GFP/GFP 

DKO mice were 

generated by crossbreeding LysMCre-SOCS3
fl/fl

 mice and the CX3CR1
GFP/GFP

 mice 

(A). The LysM-Cre line drove the expression of Cre recombinase specifically in 

mouse myeloid cells (B). In CX3CR1
GFP/GFP

 mice, CX3CR1 loci was replaced by 

green fluorescent protein (B).  
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2.3 Genotyping 

2.3.1 Isolation of genomic DNA from mouse ears for genotyping 

DNA isolation from the ears was performed according to a standard protocol. Briefly, 

ear punch was collected and disintegrated by 200 µL lysis buffer with proteinase K 

(ThermoFisher Scientific, UK) overnight at 55°C. After several washes with ethanol 

and centrifugation, DNA was dissolved in DNase free water and stored in -20°C until 

further application. The quality and concentration of the DNA was tested by 

Nanodrop 2000. Readings at OD 260/280 was used to assess quantification and 

quality of DNA. 

2.3.2 Primers and polymerase chain reaction (PCR) 

The LysM-Cre line drove the expression of Cre recombinase specifically in mouse 

myeloid cells. In CX3CR1GFP/GFP mice, CX3CR1 loci was replaced in microglia by 

green fluorescent protein (GFP). Genotyping PCR for the cytokine loci was 

performed using primer combinations distinguishing the WT and knockout (KO) 

alleles for CX3CR1, SOCS3 and LysMCre respectively (Table 2.1). The genotypes 

of SOCS3fl/fl, LysMCre-SOCS3fl/fl, CX3CR1GFP/GFP and DKO mice were determined 

by normal PCR (Appendix 8.1.2). Three primer sets were applied for the 

identification of three different alleles, ie. SOCS3fl/fl, LysMCre and CX3CR1GFP/GFP. 
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Table 2.1 Primers for CX3CR1, SOCS3 and LysMCre alleles 

Loci Primers Sequence Size 

CX3CR1 
CX3CR1-WT reverse TTCACGTTCGGTCTGGTGGG WT-970bp 

CX3CR1-common forward GGTTCCTAGTGGAGCTAGGG   

CX3CR1-KO reverse GATCACTCTCGGCATGGACG Mutation-1200bp 

SOCS3 
SOCS3-common forward CTCTCACAATCTCGGGTTTG   

SOCS3-flox reverse ACCAGCTGGTACTCGCTTTTGGA Mutation-700bp 

SOCS3-WT reverse AGTGTGGCCAGAAAGCCATT WT-550bp 

LysMCre 
LysM-common forward CTTGGGCTGCCAGAATTTCTC   

LysM-WT reverse TTACAGTCGGCCAGGCTGAC WT-350bp 

LysM-CRE8 reverse CCCAGAAATGCCAGATTACG Mutation-700bp 
 

 

2.3.3 Agarose gel electrophoresis of DNA 

Nucleic acid molecules amplificated from PCR were separated by agarose gel 

according to the size of the product. Gels were prepared using 200 ml 0.5X tris-

borate-ethylenediaminetetraacetic acid (TBE) buffer (Recipe please see Appendix 

8.1.3) containing 1.0% agarose (ThermoFisher, UK). The suspension was heated in 

microwave until boiling, the agarose powder was melted by stiring. After cooling to 

approximately 60°C, 15 µl SYBR® safe (Invitrogen, UK) was added. The mixture 

was poured into a horizontal gel chamber, the comb was inserted into the mixture to 

form the wells for adding DNA samples. The gel was then sit until solidified. TBE 

buffer (0.5X) was used as the electrophoresis running buffer. Before loading the 

samples, 1:6 volumes of loading buffer was added and the mixture was pipetted up 

and down. Electrophoresis was carried out by powerpac supply (BIO-RAD, UK) at a 

steady voltage of 80-120 V. The size of the DNA fragments in the agarose gels was 

determined using appropriate size standard DNA ladder (NEW ENGLAND BioLabs, 
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UK). DNA fragments were detected and visualized using a GBOX imaging system 

(Syngene, UK). 

2.4 In vivo experiments 

2.4.1 Electroretinogram (ERG) 

The ERG is a noninvasive way to evaluate the function of specific layers or neurons 

of the retina. The origin of the ERG is complex and has been reviewed extensively 

(Pinto et al., 2007). In this study, we mainly focused on a-waves, b-waves and 

oscillatory potentials (OPs) representing the function of photoreceptors, inner retina 

and amacrine cells respectively. 

The animals were dark-adapted overnight and all further handling was performed 

under deep red illumination. Mice were anesthetized with an intraperitoneal injection 

of 60 mg/kg ketamine hydrochloride (Fort George Animal Centre, Southampton, UK) 

and 5 mg/kg xylazine (Pharmacia & Veterinary Products, Kiel, Germany). The 

pupils were dilated with a drop of tropicamide and phenylephrine (Chauvin, Essex, 

UK). The head was secured with a frame and the body temperature maintained with a 

thermal pad at 38°C (Kobayashi Healthcare, London, UK). The ground needle 

electrode was placed subcutaneously at the base of the tail, the reference needle 

electrodes were placed subcutaneously at the forehead. The contact lens electrodes 

(Diagnosys, UK) were placed on the cornea of each eye, intermediated by Viscotears 

(Novartis Pharmaceuticals Ltd., Surrey, UK). ERG was recorded using mouse 

corneal ERG electrodes in response to single white light flash, delivered by a 

standard Ganzfeld Stimulator (LKC Technologies, Gaithersburg, MD, USA). For 

each animal, 8 light intensities were applied, ranging from 0.008 candela per square 

metre (cd·s/m2, a unit of illuminance) to 25 cd·s/m2. ERG signals were averaged 
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from 5 responses at each intensity level. Oscillatory potentials (OPs) were recorded 

using 25 cd·s/m2 flash intensity.  

ERG recordings were analyzed in accordance to the International Society for Clinical 

Electrophysiology of Vision (ISCEV) guidelines. The following ERG parameters 

were measured: a-wave amplitude (Figure 2.2, green double arrows), b-wave 

amplitude(Figure 2.2, blue double arrows)  and OPs amplitude (the summed 

amplitude of wavelets 2–5).  

 

Figure 2.2 Example of scotopic ERG recordings.  

In this figure an example of scotopic ERG trace of a mouse is presented. The red 

arrow indicates the flash onset. The a-wave amplitude (green two-way arrow) is 

measured from the pre-stimulus, or baseline, to the trough of the a-wave, and the b-
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wave amplitude (blue two-way arrow) is measured from the trough of the a-wave to 

the peak of the b-wave. The oscillatory potentials can be observed on the ascending 

part of the b-wave. 

 

2.4.2 Optical coherence tomography (OCT) and retinal thickness analysis 

Mice were anaesthetized and pupils were dilated with the same drug in ERG 

examination as described above. Viscotears were used to moisten the ocular surface. 

OCT scans were carried out by the spectral domain–OCT (SD-OCT) system 

(Heidelberg Engineering Ltd., Hertfordshire, UK). Neuro-retinal thickness (from 

RNFL to RPE) and photoreceptor layer (from the inner margin of ONL to RPE) 

thickness were measured 500, 1000 and 2000 µm eccentricities from the optic disk 

respectively in nasal-temporal sector.   

Retinal thickness was measured from the SD-OCT images (N≥ 6 animals per 

strain/age). Two types of measurements were conducted: 1) Neural retinal thickness: 

from the RNFL to the outer margin of photoreceptor outer segments (OS) (Figure 

2.3); 2) Photoreceptor thickness: from the OPL to the outer margin of OS and RPE 

(Figure 2.3). The retinal layers in the OCT image were defined according to 

previous investigations in the mouse retina. Retinal thickness was measured at 500, 

1000 and 2000 µm respectively eccentricities from the optic disc in nasal-temporal 

sectors. 
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Figure 2.3 OCT measurement. 

Manual measurement of retinal layer segmentation in an OCT image of a 3 months 

old SOCS3fl/fl mouse. (A) Retinal thickness was analyzed by the cross section of the 

green arrow indicated. (B) Native OCT used for thickness comparison. (C) The 

retinal layers are manually segmentated and the thickness quantified. Red arrow 

indicated the whole neural retinal thickness while the blue arrow showed the 

thickness of photoreceptor layer. 

 

2.4.3 Topical endoscopy fundus imaging (TEFI) 

Prior to imaging, mice were anaesthetized as described previously. The pupils of 

both eyes were dilated and eye surface kept moist as described above. Upon full 

pupillary dilation, fundus images were taken from each eye using the TEFI system 

adapted from papers (Paques et al., 2007; Xu et al., 2008). Briefly, we connected an 

endoscope suitable for mouse eye with a retinal imaging microscope 

(Phoenix MICRON IV™, USA). For imaging, the camera with endoscope was 

attached to a bench-clamp, and the mouse placing on a movable mat was slowly 

moved toward the tip of the endoscope. Once the tip contacted the eye with 
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viscotears, focus and illumination were adjusted, the bright-field fundus images were 

captured (Figure 2.4).  

For some cases such as mice with GFP loci or injected with Evans Blue, fluorescent 

fundus images were acquired with the same orientation using filters (Green 

fluorescent channel: excitation at 488 nm and 520 nm filter barrier; Red fluorescent 

channel: excitation at 620 nm and 680 nm filter barrier). The illumination settings 

and the gain were consistent in each subject. Images were saved in TIFF format 

transferred to computer for further processing. Office powerpoint software was used 

to adjust image brightness and contrast. 

 

Figure 2.4 Normal appearance of retinal fundus image from a 3 months old 

SOCS3fl/fl mouse.   

The media (cornea, vitreous, etc.) are clear. Normal fundus appearance is presented 

with consistent orange colour. The optic disc shows sharp margins (indicated by 
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white arrow) and is surrounded by radial distribution of retinal arteries and veins 

(labelled on the image).  

 

2.4.4 Evans blue assay 

Evans blue is a dye with strong binding capacity to serum albumin and can emit 

bright red fluorescence (L. Yao et al., 2018). Upon intravenous injection, vascular 

permeability can be detected readily (L. Yao et al., 2018). Under anesthesia (same as 

previously described in ERG investigation), each mouse received tail vein injection 

of 50 µL Evans Blue dye (2% W/V in PBS) with a 27-gauge needle. The pupils were 

dilated and the cornea kept moist as described previously. After 5 minutes of 

circulation, fluorescent fundus images were examined by TEFI described previously. 

After in vivo examination, the eyes were collected and fixed by 2% PFA for 2 hours 

in room temperature for further investigation. 

2.4.5 LPS intravitreal injection 

Animals were anaesthetized and pupils dilated with the same drug described 

previously. The eye was covered with viscotears to keep moisture. A glass coverslip 

was placed on top of the viscotears to improve the visibility of the fundus. A 27-

gauge needle (BD Microlance, Ireland) with sharp end was inserted from the limbus 

with a 45° angle to create the incision. A 33-gauge needle (Hamilton Bonaduz AG, 

Switzerland) with blunt end was then inserted from the same incision into the 

vitreous. The site of the needle was monitored through the surgical microscope. 1 µL 

LPS (1 ng/mL in PBS, Sigma-Aldrich, USA) was injected by a repeating dispenser 

(PB-600-1; Hamilton Bonaduz AG, Switzerland). 
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2.4.6 In vivo minocycline administration 

Experimental mice were administered with minocycline (Glentham LIFE 

SCIENCES, UK) solution or distilled water via oral gavage at the age of 5 months. 

Minocycline was administered once daily at 25 mg/Kg (volume: 100 µL/25 g body 

weight, dissolved in distilled water) for 3 months. Water vehicle was administered in 

volume mirroring those for minocycline. Detailed administration can be seen in 

section 5.2. 

2.5 Tissue preparation 

2.5.1 Tissue collection and fixation 

Eyes and brains of the animals mentioned in section 2.2 were collected and 

investigated in this study. Mice were either sacrificed by carbon dioxide (CO2) 

asphyxiation or intra-peritoneal injection of 100 µL pentobarbital followed by 

cervical dislocation. After deceased, eyes were collected by curved tweezer and 

immediately immersed in 2% PFA in PBS. After 2 hours in room temperature, eyes 

were transferred to PBS and were stored in the 4°C	fridge until further processing 

could be performed. 

2.5.2 Retinal and RPE/Choroid flatmounts preparation 

The eyes from mice of different ages and genotypes (section 2.2) were collected and 

fixed with 2% PFA for 2 hours in room temperature. The anterior segment (cornea, 

iris and ciliary body, and lens) of the eye was removed. Retinal tissue was carefully 

removed from the eyecup, and the remaining cups contained RPE, choroid and sclera. 

Both retinal and RPE/Choroid flatmounts were thoroughly washed with PBS and 

processed for immunofluorescence staining.  
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2.5.3 Wax processing and embedding 

Mouse eyes were collected and fixed as described previously before paraffin 

processing (Leica, TP1020, UK). Samples were embedded in paraffin (Leica, 

HistoCore Arcadia, UK), cut at a thickness of 6 µm (Leica, HistoCore BIOCUT, UK) 

and then processed for hematoxylin and eosin (H&E) staining as well as 

immunohistochemistry. Sections were then examined for signs of pathology using a 

fluorescence microscopy (Leica, Dmi8, UK). 

2.5.4 Cryo-section 

After eyes were collected and fixed as described above, samples were embedded in 

optimal cutting temperature compound (Agar scientific, UK) in -20°C. Eye sections 

were then cut at a thickness of 16 µm using a cryostat and microtome system (Leica 

CM1900, UK). Slides were either stored at -20°C or processed for 

immunofluorescence. Sections were then examined for signs of pathology using a 

fluorescence microscopy (Leica Dmi8, UK). 

2.6 In vitro experiments 

2.6.1 Flatmount staining 

After fixation, eyes were dissected for retinal and RPE/choroid flatmounts. 

Flatmount staining was then performed. In brief, the flatmounts were permeabilized 

with 0.5% triton X-100 (Sigma, UK) in PBS for 3 hour at room temperature, 

followed by blocking with 5% bovine serum albumin (BSA, Sigma, UK) in PBS. 

Samples were then incubated with primary antibody shown in Table 2.2 overnight, 

followed by thorough wash. The flatmounts were then incubated with secondary 

antibody (Table 2.2) for 3 hours at room temperature. After thorough washes, 

samples were flatmounted by mounting medium (VECTASHIELD, UK) on glass 
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slides and examined by fluorescence microscope (Leica Dmi8, UK). Images were 

analysed using the imageJ analysis software. 

2.6.2 Hematoxylin-eosin (H&E) staining 

Eyes were enucleated and fixed in 2% PFA in room temperature for 2 hours. The 

eyes were then processed and embedded in paraffin, and serial 6 μm sagittal sections 

of the whole eye were cut through the cornea to the optic nerve. Paraffin-embedded 

serial sections of retina were deparaffinized with xylene and absolute ethanol, 

rehydrated with distilled water, stained with hematoxylin solution, and 

counterstained with eosin. 

2.6.3 IF (immunofluorescence) 

For Immunohistochemistry (IHC), paraffin eye sections were dewaxed by xylene and 

dehydrated by ethanol. Antigen retrieval was then carried out using 0.05% citraconic 

anhydride buffer (PH 7.4, Sigma, UK) in 95°C water bath for 30 minutes. Cryo-

sections were incubated with PBS for 15 minutes in room temperature and processed 

to permeabilization. For immunocytochemistry (ICC), cells were fixed with 2% PFA 

for 10 minutes in room temperature, washed thoroughly and then processed to 

permeabilization. For both IHC and ICC, tissues and cells were permeabilized with 

0.5% triton X-100 in PBS for 15 minutes in room temperature and blocked by 5% 

BSA and 0.1% triton X-100 in PBS for 1 hour. Depending on individual antibodies 

in Table 2.2 below, incubation for primary antibody was performed for 1 hour at 

room temperature or overnight at 4°C. After thorough wash, samples were then 

incubated with secondary antibody for 1 hour at room temperature, washed again 

thoroughly, mounted by 4′,6-diamidino-2-phenylindole (DAPI) with mounting 

medium (VECTASHIELD, UK) and examined by fluorescence microscope (Leica 

Dmi8, UK).   
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Table 2.2 Antibodies, dye and marker 

Antigen Dilution Company Host 
IBA-1 1:200 Wako Rabbit 

Cone arrestin 1:1000 Chemicon Rabbit 
GABA 1:400 Sigma Rabbit 
PKCα 1:500 Santa Cruz Rabbit 

Secretagogin 1:500 Biovendor R&D Sheep 
Synaptophysin 1:200  Dako UK Ltd Rabbit 

GFAP 1:250  Abcam Rabbit 
Marker Dilution     

Isolectin B4 1:200 Vector Lectin 

Alexa Fluor™ 594 
Phalloidin 1:100 ThermoFisher 

F-actin 
probe 

conjugated  
Secondary Ab Dilution     

Alexa Fluor 594  1:400 Invitrogen donkey anti-
rabbit 

Alexa Fluor 488  1:400 Invitrogen donkey anti-
rabbit 

Streptavidin, Alexa 
Fluor™ 594  1:400 Invitrogen Conjugate 

	
	
	
	

2.6.4 Image analysis 

2.6.4.1 Quantification of microglial number in the retinal and RPE/Choroid 

flatmounts 

The number of microglial cells for each flatmount was quantified (N≥3). For retina, 

stack images and four images per flatmount were obtained to quantify the number of 

microglial cells in each sample (Figure 2.5A). Cells in four different layers were 

quantified respectively, ie, GCL+IPL, OPL, ONL+ photoreceptor layer and SRS. 

Averaged values were normalized to 1mm2 retinal area.  

For RPE/Choroid, images were obtained for the whole flatmount and the number of 

microglia in the whole-mount was counted (Figure 2.5B). The IBA1+ or GFP+ cell 
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counts were analysed with two-way Analysis of variance (ANOVA) followed by 

Sidak’s multiple comparison.  

 

Figure 2.5 Microglial cell number quantification in retinal and RPE/choroid 

flatmounts. 

(A) Four 20X images per retinal flatmount were taken from mid-central part of the 

retina as indicated by red squares. Blue circle was an indication for central retina 

with a radius of 1mm. Quantification was normalised to the area and averaged. 

Scale bar: 1mm. (B) Microglial cell number was counted in the whole RPE/choroid 

flatmount. 

 

2.6.4.2 Quantification of retinal neurons 

Fluorescent images were obtained to quantify the number of individual retinal 

neurons and synaptic structures (n ≥3 per group).  

Data was averaged from 4 images per section and 3 sections per eye for each group. 

Central and mid-peripheral retina were investigated for the retinal neuronal cell 
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alteration (Figure 2.6). To achieve this, sections were collected at the same 

eccentricity (600µm apart from the optic nerve in nasal-temporal sector, Figure 

2.6A), images were also taken at the same eccentricities (600 and 1200 µm from 

optic nerve in dorsal-ventral sector, Figure 2.6B). During image acquisition, the 

settings of fluorescence microscope remained constant and images were then 

analyzed using FIJI software (National Institutes of Health, Bethesda, MD). The 

following parameters were quantified and analyzed: 1) Rod and cone photoreceptor 

cell number (rods calculated as difference between the number of cone somata and 

DAPI+ nuclei at the ONL); 2) Cone photoreceptor segment length (outer segment 

plus inner segment, Figure 2.6D); 3) area of synaptophysin-positive at the IPL and 

OPL respectively, 4) cone-bipolar cell density, 5) rod-bipolar cell density and 6) 

GABAergic amacrine cell density. Cell number was counted and normalised to 

100µm of retinal length manually. The data was analyzed with two-way ANOVA 

followed by Sidak’s multiple comparison.  
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Figure 2.6 Quantification for retinal neurons. 

Eye sections were collected starting from the edge of the iris as indicated by red 

square in figure A, the next section was 600 µm away from the first section (blue 

square in figure A) while the last section 600 µm away from the previous section 

(green dash square in figure A). (B) Four 40X images per section were taken from 

mid-central part of the retina as indicated by red squares. (C) 12 images per sample 

were taken and the positions of the images were shown in the fundus image. Each 

colour corresponded to the same colour in figure A and four lines per colour 
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corresponded with the positions in figure B. Quantification of 12 images per sample 

was normalised to the length and averaged. (D) Quantification of cone segment 

length: image on the left panel showed one cone photoreceptor cell while white line 

on the right panel was drawn on the segment of each cone photoreceptor for the 

quantification of cone segment length. Scale bar: 10 µm. 

 

2.6.4.3 Quantification of microglial cells and RPE morphology in aged DKO 

RPE/Choroid flatmounts 

Images were taken to quantify the number of microglial cells and the morphology of 

RPE cells in each RPE/Choroid flatmount. Five images per flatmount and six 

flatmounts from aged DKO mice were investigated. FIJI plug-in Bio-voxxel (Jan 

Brocher, 2015) was used to mask the shape of each RPE cell (Figure 2.7). The size, 

perimeter and shape factor of each RPE cell and the number of RPE cells per image 

were quantified. The relationship between microglial cell number and different 

parameters of RPE cells was analyzed by SPSS statistics software (IBM). 
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Figure 2.7 Quantification of microglial cell number and RPE morphology in the 

aged DKO RPE/choroid flatmount. 

GFP+ cells (A, D) and phalloidin staining (B, E) in aged DKO RPE/choroid 

flatmount were shown. (C) The merged image of A and B showed a strong 

correlation between accumulated microglial cells and distorted RPE. Five 40X 

images per flatmount were taken at random positions. (D, E) Representative images 

showed the GFP+ cells and the RPE morphology. (F) FIJI plug-in Bio-voxxel (Jan 

Brocher, 2015) was applied to mask the morphology of RPE in image (E) and 

quantify the number of RPE cells in each image. The size, perimeter and shape factor 

of each RPE cell were also quantified. Scale bar:1mm (A-C) and 25 µm (D-F). 

 

2.6.5 Cell culture 

2.6.5.1 Primary Brain Microglial cell culture 

4-6 weeks old SOCS3fl/fl and DKO mice were sacrificed and the brains were removed 

and placed in ice-cold Dulbecco’s modified Eagle medium (DMEM)/F12 

(Thermofisher, UK). After the removal of meninges and blood vessels, brain tissues 

were cut into small pieces and treated with 500 µL papain (Worthington, USA) in 

37°C incubator for 30 minutes. The tissues were mechanically dissociated by harsh 

1ml pipetting. Then 40 µL DNase (Worthington, USA) was added to cell mixture. 

Cells were further incubated for another 10 minutes in 37°C. The cell mixture was 

transferred to a 15ml falcon tube and centrifuged. Supernatant was removed and cell 

pellet was resuspended in media, 40 µL of ovomucoid protease inhibitor 

(Worthington, USA) was added to the cell mixture with a 37°C incubation for 10 

minutes. Then cells were centrifuged again and the supernatant removed. The cell 
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pellet was resuspended in 9ml media containing 15% fetal calf serum (FCS, 

thermofisher, UK), 20ng/ml M-CSF (Bio-techne, USA), 1% penicillin/streptomycin 

(Thermofisher, UK), 1 mM glutamine (Thermofisher, UK) in DMEM/F12 and 

filtered through a 70 µm cell strainer (BD Falcon, Biosciences, Oxford, UK). The 

brain single-cell suspension was seeded in the plate. Media was changed daily until 

cell debris was reduced, then media was changed every three days. Confluent mixed 

glial cultures were subjected to mild trypsinization (0.05%) in the presence of 0.25 

mM EDTA (Thermofisher, UK). This resulted in the detachment of astroglial cells 

and left a population of firmly attached cells identified as 90 –95% microglia, as 

determined by immunofluorescence using anti-CD11b, anti-F4/80 and anti-GFAP. 

2.6.5.2 Retinal explant and microglia co-culture 

The method for retinal explants and microglia co-culture was adapted from a 

previously published paper (Eandi et al., 2016). Briefly, Microglial cells from 

SOCS3fl/fl and DKO mice were seeded on polycarbonate filters (TTTP02500, Merck, 

UK) floating on DMEM/F12 and left to attach for 24 hr. Cells were then treated with 

M0/M1/M2 (see 2.6.6 for details) treatments overnight. Cells were washed with PBS 

for 3 times. Retinal explants was dissected from eyes of C57BL/6J mouse. After 

removing the cornea, iris and the lens, the RPE/choroid layer and the vitreous 

attached to the neural retina were gently removed. The neural retina were then placed 

on top of the polycarbonate membrane with the photoreceptors facing adherent 

microglia for 24 hr at 37˚C. 

2.6.6 Microglial polarization treatments 

Microglia were seeded in 24-well plates at a density of 1 × 105 cells per well. Cells 

were then treated with 50 ng/ml LPS (Sigma-Aldrich, USA) + 100 ng/ml IFN-γ (Bio-

Techne, USA) for M1 polarization. M2 polarization was achieved by treatment with 
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20 ng/mL IL-4 (Bio-Techne, USA). 24 hours later, the supernatants were collected 

for Luminex analysis and the cells for ribonucleic acid (RNA) extraction. 

2.6.7 Total RNA isolation and purification 

2.6.7.1 Tissues 

Mice were culled by CO2 chamber or with intraperitoneal injection of terminal dose 

of pentobarbital sodium (120mg/kg, Sigma, UK), eyes were collected as described in 

2.5.1 tissue collection and fixation. After enucleation, muscles at the back of the eye-

cup were carefully removed, corneas and lenses were cut with fine forceps and 

scissors. The retinal tissues were gently squeezed out by one forcep grabbing the 

back of the choroid and one forcep pushing the eye-cup.  

Tissues were then immediately transferred into a 1.5 ml micro-centrifuge tube 

containing 350 µL of RLT RNA lysis buffer (QIAGEN, UK) with 1% β-

mercaptoethanol (Sigma, UK). Tubes with tissues were either snap frozen and stored 

in -80°C for future purification or processed immediately by homogenization. A 

syringe with an attached needle (TERUMO, UK) was used to mechanically disrupt 

the retinal tissues by aspirating up and down 50 times on ice, 350 µL of 70% ethanol 

was added and mixed well by pipetting. The following steps were the same for RNA 

extraction from tissues or cells (section 2.6.7.2). The mixture was then transferred to 

the RNeasy spin column placed in a 2 ml collection tube and centrifuged for 15 

seconds at 12,000 × rpm. The flow-through was discarded. Then 350 µL buffer RW1 

was added to the RNeasy spin column and centrifuged for 15 seconds at 12,000 × 

rpm. The flow-through was discarded. DNA digestion step was performed by 

incubating samples with 50 µL of 12.5% RDD buffer (QIAGEN) for 15 minutes at 

room temperature. 350 µL buffer RW1 was added to the column and centrifuged for 
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15 seconds at 12,000 × rpm, the flow-through was discarded. 500 µL RPE buffer was 

added to the column and centrifuged for 2 minutes at 12,000 × rpm twice and the 

flow-through was discarded. The RNeasy spin columns were then placed in a new 2 

ml collection tube and centrifuged at full speed for 1 minute. 30 µL of RNase-free 

water was added directly to the spin column membrane and left at room temperature 

for 5 minutes. The lid was then closed gently, then the tube with column was 

centrifuged for 1 minute at 12,000 rpm to elute the RNA. 

2.6.7.2 Cells grown in monolayer 

Microglial cells were gently washed with ice-cold 1× PBS 2 times, 350 µL of RLT 

RNA lysis buffer (QIAGEN) with 1% β-mercaptoethanol was added to the cell 

monolayer. The cell mixture was then processed immediately or stored at -20˚C. The 

mixture was transferred to the DNase column and centrifuged, the flow-through was 

mixed with 350 µL 70% ethanol with gentle pipetting. The following steps were the 

same as tissue RNA extraction introduced in section 2.6.7.1. 

2.6.8 Bioanalyzer for RNA 

To analyze the quantity and quality of the RNA in each sample, a small aliquot (1.0 

µL) was submitted to the NanoDrop 2000 spectrophotometer (ThermoFisher 

Scientific, UK). Protein absorbs at 280 nm while nucleic acids absorb at 260 nm. The 

260/280 ratio is an indicator of purity from protein contaminants. As a general rule of 

thumb, DNA should have a 260/280 ratio approaching 1.8, while RNA should have a 

260/280 ratio nearer to 2.0-2.1. Based on the evaluation of absorbance at the 260nm 

wavelength vs. 280nm wavelength (A260/A280). Analysis of RNA quality 

(degradation and DNA contamination) and the total amount of RNA in each sample 

were determined. The ratio of A260/A280 for all samples were within the range of 

1.98~2.08. 
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2.6.9 cDNA synthesis 

After analysis of RNA quality and quantity, reverse transcription was performed 

using a Reverse Transcriptase kit (ThermoFisher Scientific, UK) according to the 

manufacture’s instruction. Briefly, all samples are diluted in equal concentration in 

the RNase free H2O and denatured at 70°C. Allowing the samples to sit on the ice for 

5 minutes, random primers, nucleoside triphosphate, dithiothreitol, the reaction 

buffer and the transcriptase were added to each sample. The mixture was then 

pipetted up and down to allow uniform mixing and processed in the thermocycler 

(TECHNE, UK) for the reaction (Appendix 8.1.4). 

2.6.10 Quantitative real-time polymerase chain reaction (qRT-PCR) for evaluation 

of mRNA expression levels 

The mRNA expression levels of different genes were quantified by qRT-PCR in the 

retina or the cultured cells. A total of 4µl of mixture solution was reacted in 384-well 

plates using the LightCycler 480 system (Roche Applied Science, Mannheim, 

Germany) (Appendix 8.1.5). Each 4 µl of reaction mixture contained 2 µl of SYBR 

Green Master (Roche Diagnostics GmbH, Mannheim, Germany), 0.5 µM primers, 

and diluted cDNA. The primers used are listed in Table 2.3, the expression levels 

were normalized to housekeeping gene β-actin or glyceraldehyde 3-phosphate 

dehydrogenase (GAPDH). Gene-fold changes of different groups were calculated by 

dividing the gene expression levels of corresponding samples. 
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Table 2.3 Primer sequences for qRT-PCR 

Genes Forward Reverse 
GAPDH AGGTCGGTGTGAACGGATTTG TGTAGACCATGTAGTTGAGGTCA 
βactin GGCACCACACCTTCTACAATG GGGGTGTTGAAGGTCTCAAAC 
TNFα TCTCATGCACCACCATCAAGGACT ACCACTCTCCCTTTGCAGAACTCA 
iNOS TCTTTGACGCTCGGAACTGTAGCA ACCTGATGTTGCCATTGTTGGTGG 

ICAM-1 CACGTGCTGTATGGTCCTCG TAGGAGATGGGTTCCCCCAG 
IL-1β AAGGGCTGCTTCCAAACCTTTGAC ATACTGCCTGCCTGAAGCTCTTGT 
IL-6 ATCCAGTTGCCTTCTTGGGACTGA TAAGCCTCCGACTTGTGAAGTGGT 
IL10 GGCAGAGAACCATGGCCCAGAA AATCGATGACAGCGCCTCAGCC 

IL12p40 ATGGCCATGTGGGAGCTGGAGAAAG GTGGAGCAGCAGATGTGAGTGGCT 
IL12p35 AGACATCACACGGGACCAAAC GGCACAGGGTCATCATCAAAGAC 
IL23p19 ATGTGCCCCGTATCCAGTGT GGGGTGATCCTCTGGCTGGA 
ARG1 TTATCGAGCGCCTTTCTCAA TGGTCTCTCAGGTCATACTCTGT 
CD68 TTGCTAGGACCGCTTATAG AAGGATGGCAGGAGAGTA 

CD206 TCAGCTATTGGACGCGAGGCA TCCGGGTTGCAAGTTGCCGT 
CCL2 GCATCCACGTGTTGGCTCA CTCCAGCCTACTCATTGGGATCA 
CCL4 CCCACTTCCTGCTGTTTCTC GAGGAGGCCTCTCCTGAAGT 
CCL5 ACTCCCTGCTGCTTTGCCTAC GAGGTTCCTTCGAGTGACA 

CCL17 CAGGAAGTTGGTGAGCTGGTATA TTGTGTTCGCCTGTAGTGCATA 
CXCL1 TGCACCCAAACCGAAGTCAT TGGGGACACCTTTTAGCATCT 
CXCL2 AAGTTTGCCTTGACCCTGAA AGGCACATCAGGTACGATCC 
CXCL5 GCTGGCATTTCTGTTGCTGT AGTTTAGCTATGACTTCCACCGT 

CXCL10 GGATGGCTGTCCTAGCTCTG ATAACCCCTTGGGAAGATGG 
 

2.6.11 Bradford assay and Luminex assay 

Bradford assay (Bio-Rad, Hercules, CA) was used to measure the protein 

concentration in the cell supernatant for the normalization of Luminex assay.  

Cytokine & chemokine magnetic bead panel kit (LXSAMSM-10, R&D, USA) was 

designed to detect CCL2, CCL5, CXCL2, CXCL10, Granulocyte-macrophage 

colony-stimulating factor (GM-CSF), IL-1β, IL-6, IL-10, IL-12p70 and TNF-α in the 

supernatant from culture microglial cells after different treatments. All procedures 

were processed according to the manufacturer’s instruction. The signals were 

detected and analyzed by using Bio-plex 200 System (BIO-RAD, UK). Chemokine 
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concentrations were calculated using StarStation software (Applied Cytometry 

Systems, UK) with a four parameter curve-fitting algorithm applied for standard 

curve calculation. 

2.6.12 Phagocytosis assay 

Microglia from SOCS3fl/fl or DKO mice were seeded into a 96-well plate at the 

density of 1×105/100 µl/well) respectively. Phagocytosis was evaluated in cultured 

microglia by using two different particles- pHrodo™ Red E. coli BioParticles™ 

(P35361, Thermofisher, UK) and Escherichia coli (K-12 strain) BioParticles™ 

(E2861, Thermofisher, UK), the former particle is conjugated with Alexa 594 

fluorescence and gives an intuitive perception indicating the ‘eating’ process of 

microglia while the latter is conjugated to the pH-sensitive indicator pHrodo red. 

This indicator maintains a non-fluorescent state at neutral pH but becomes bright red 

under acidic conditions (i.e., in phagosomes). Both kits were used according to the 

manufacturer’s instructions. For pHrodo E.coli, fluorescence intensity was measured 

at different time points (0.5 hour, 1 hour, 2 hours, 3 hours) using Fluostar Omega 

microplate reader (BMG Labtech, Ortenberg, Germany) with 550 nm excitation 

wavelength and a 600 nm emission filter. Bioparticle conjugates alone acted as a 

background control. The phagocytosis was calculated by subtracting the average 

fluorescence intensity of the negative control wells (particles without cells) from the 

experimental wells. While fluorescence conjugated E.coli was washed with PBS 

after 0.5 hour incubation, fluorescence intensity was measured after washing with the 

same wavelength as pHrodo E.coli. Images were taken by microscope (Leica Dmi8, 

UK). 
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2.6.13 Statistical design and analysis 

In vivo data were obtained from different sample sizes as indicated in individual 

experiment while in vitro data were obtained from three independent experiments 

with triplicates from each experiments. Statistical analysis was conducted by Prism 8 

(GraphPad Software, CA, USA). In vitro datasets have passed the KS normality test 

and were analysed by unpaired student t test, or multiple t-test (as indicated in 

individual figure legend). The in vivo data have passed the KS normality test and 

analysed by either unpaired student t test, one-way ANOVA or two-way ANOVA (as 

indicated in individual figure legend). Multiple comparisons were made using 

appropriate post-hoc tests to determine the statistical significance of the interactions 

between each group (P <0.05). All figures and graphs are shown as mean ±SEM.  
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 Age-dependent retinal microglial activation and Chapter 3

neuronal degeneration in LysMCre-SOCS3fl/fl 

CX3CR1GFP/GFP DKO mice 
  



 

74 
 

3.1 Introduction 

Clinically, genome mapping has revealed a strong relationship between 

neurodegenerative diseases such as AMD and the polymorphisms of myeloid 

specific genes including TREM2 and CX3CR1 (Ma et al., 2015; Cheng-Hathaway et 

al., 2018; Song et al., 2018). This observation has drawn our attention on the effect 

of primary microglial activation on neurons. Currently, diverse in vitro and animal 

models have revealed that microglia play an important part in the immune responses 

in neuronal degeneration (Gresa-Arribas et al., 2012; Bo Peng et al., 2014). However, 

most of these models focused on primary neuronal damage and secondary microglial 

activity. Evidences are still lacking for the effect of primary microglial activation on 

neurons. 

Microglia are resident immune cells which continuously survey the CNS and mediate 

processes such as pathogen elimination, phagocytosis of apoptotic cells and cell 

debris, as well as synaptic pruning (Wolf, Boddeke and Kettenmann, 2017). 

Microglia respond to diverse signals with immunophenotypic (Zhou et al. 2017) and 

morphological alterations (Fernández-Arjona et al. 2017) as well as proliferation 

(Yuan et al. 2015), migration (Sliwa et al. 2007) and production of inflammatory 

cytokines (Klettner et al. 2014; Ma et al. 2013; Schultzberg et al. 2010). Increasing 

evidence shows a subtle balance between the protective role and deleterious effect of 

microglial activation on neurons (Czeh, Gressens and Kaindl, 2011; Marín-Teva et 

al., 2012; Chen and Trapp, 2016). 

Uncontrolled microglial responses following sustained neuronal damage can lead to 

chronic and excessive inflammation. Neuroinflammation is considered to be the main 

aetiological factor of age-related neurodegenerative diseases in the CNS (Madeira et 

al. 2015). Studies have shown that microglial activation plays a crucial role in several 
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neurodegenerative diseases, such as AD  (Bachstetter et al. 2015; Biscaro et al. 2012; 

Bla, Go, and Guzma 2005; Füger et al. 2017), PD (Kostuk, Cai, and Iacovitti 2018), 

AMD (Ma et al. 2009; Natoli et al. 2019), DR (Omri et al. 2011; Zeng, Green, and 

Tso 2008), inherited retinal degeneration (Gupta, Brown, and Milam 2003) and 

glaucoma (Bosco et al. 2015).  

However, microglia can protect against ischemia induced neuronal death in vitro 

(Neumann et al., 2006) and in an artery occlusion model in rats (Narantuya et al., 

2010). Recent research found that in retinal degenerative conditions, microglia 

migrate to SRS where they undergo transcriptional reprogramming and contribute to 

retinal cytoprotection (Koren et al. 2019). Microglia have also been found to mediate 

the process of remyelination, which promote CNS regeneration (Miron et al., 2013; 

Lloyd et al., 2019). 

To investigate the impact of primary microglial activation on retinal neurons, we 

generated a murine model of spontaneous microglial activation, namely LysMCre-

SOCS3fl/fl CX3CR1GFP/GFP mice.  SOCS3 gives negative feedback for the JAK/STAT 

pathway which is involved in numerous processes such as immunity, cell 

proliferation and cell death (Alexander 2002). SOCS3 deficiency results in prolonged 

JAK/STAT activation leading to uncontrolled upregulation of downstream 

inflammatory cytokines (Croker et al., 2003; Qin et al., 2014). CX3CR1 is the 

receptor of CX3CL1. The CX3CL1/CX3CR1 signalling plays a role in keeping 

microglia at resting state. Lack of CX3CR1 in microglia is associated with increased 

inflammatory response and accelerated neurodegeneration (Dagkalis et al., 2009; 

Beli et al., 2016). Both SOCS3 and CX3CR1 are key factors which maintain 

microglial immune homeostasis. By knocking out these genes, microglia have a 

lower threshold for activation and become readily activated. 
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3.2 Hypothesis, aim and study design 

Hypothesis 

We hypothesized the combined depletion of SOCS3 and CX3CR1 in microglia leads 

to a reactive phenotype. In addition, microglia are pathologically activated and 

exacerbated in DKO mice during ageing causing retinal neuronal degeneration and 

RPE alteration.  

Aim 

The aim of this chapter was to characterize the microglial status as well as retinal 

neuronal modification and RPE alteration in the DKO mouse model.  

Study design 

In this chapter, experiments were conducted on young (3-5 months) or aged (10-12 

months) mice of the following 4 strains (all on a C57Bl/6J genetic background): 

SOCS3fl/fl (as WT control), LysMCre-SOCS3fl/fl, CX3CR1GFP/GFP and LysMCre-

SOCS3fl/flCX3CR1GFP/GFP DKO (Abbreviated as DKO in the following context) mice 

(n ≥3 per group, 8 groups in total). The activation state of microglia and the 

retinal/RPE alterations were investigated.  

3.3 Results 

3.3.1 Genotyping of DKO mice 

To confirm the presence or absence of targeted genes for further research, 

genotyping was performed. Three primer sets were applied for the identification of 

three different alleles, ie. SOCS3fl/fl, LysMCre and CX3CR1GFP/GFP (Figure 3.1). The 

generation of DKO mice was introduced in section 2.2 (Figure 2.1). The LysM-Cre 

line drove the expression of Cre recombinase specifically in mouse myeloid cells. In 
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CX3CR1GFP/GFP mice, CX3CR1 loci were replaced by green fluorescent protein 

(GFP). Sample preparation, primers and the PCR amplification program used for 

genotyping have been previously described in Chapter 2 (Table 2.1).  

Besides the DKO mice, the genotypes of the control and single KO mice strains were 

confirmed by the same primer sets used for DKO mice. The genotyping results were 

presented in Appendix 8.2.1. 

 

Figure 3.1 Genotyping of the DKO mice.  

Genotyping PCR for the cytokine loci were performed using primer combinations 

distinguishing the WT and knockout alleles for LysMcre, 

SOCS3 and CX3CR1 respectively. For SOCS3fl/fl loci, DKO mice showed the band at 

700bp while wild type (WT) sample showed band at 500bp and the heterozygous 

showed both bands. For the LysMCre loci, both DKO and heterozygous samples 

showed band at 700bp while the WT at 350bp. DKO mice showed a band of 1200bp 

for CX3CR1 allele while WT showed band at 970bp and the heterozygous showed 

both bands. 
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3.3.2 Microglial activation was aggravated in aged DKO mice  

3.3.2.1 Retinal changes in Micro IV examinations  

To investigate the changes of microglial appearance in the aged DKO mice, fundus 

images were taken in CX3CR1+/GFP, CX3CR1GFP/GFP and DKO mice. These mice 

carry green fluorescence proteins in cells expressing CX3CR1 allele making retinal 

microglia visible in green fluorescence channel. Fundus images showed the retina in 

both bright-field channel and with fluorescent filter at the same position (Figure 3.2). 

GFP signal distributed evenly in the retinas from young (3 months) and aged (10 

months) CX3CR1+/GFP or CX3CR1GFP/GFP mice as well as young DKO retina (Figure 

3.2). However clusters of GFP signals were observed in aged DKO retina in green 

fluorescence channel (Figure 3.2, white arrow).  
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Figure 3.2 Aged DKO mice showed accumulated GFP signal.  

Fundus images of bright field and green fluorescence channel (both channels are at 

the same position) from young or aged CX3CR1
+/GFP

, CX3CR1
GFP/GFP

 and DKO 

mice were compared here. GFP signals in young (3 months) CX3CR1
+/GFP (D), 
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CX3CR1
GFP/GFP

 (E) and DKO retinas (F) showed uniform distribution and evenly 

intensity. GFP signals in aged (10 months) CX3CR1
+/GFP (J) and CX3CR1

GFP/GFP
 (K) 

retinas remained the homogeneous while clusters of GFP signals were observed 

(white arrow) in aged DKO retina (L).  

 

3.3.2.2 Microglial cell number in retinal flatmounts 

To further characterize the number of microglial cells, retinal and RPE/Choroid 

flatmounts were immunostained with (SOCS3fl/fl and LysMCre-SOCS3fl/fl mice) or 

without (CX3CR1GFP/GFP and DKO mice) IBA-1 (microglia/macrophage marker). In 

the healthy retina, microglia were only found in 2 distinct retinal layers, ie, 

GCL+IPL and OPL. However, microglia can migrate to another 2 layers in 

pathological conditions, i.e. ONL+ photoreceptor layer and SRS. The former three 

layers (GCL+IPL, OPL and ONL+ photoreceptor layer) were investigated in retinal 

flatmounts while the last layer (SRS) was investigated in RPE/choroid flatmounts 

GCL+IPL 

In the GCL+IPL, there was no significant difference between microglial cell number 

in young (3-5 months) mice of 4 different genotypes (Table 3.1, Figure 3.3A, C). In 

aged (10-12 months) retinas, the average number of microglia showed no difference 

between control or single KO mice (Table 3.1, Figure 3.3A, C) while the microglial 

cell number in GCL+IPL in aged DKO retinas was significantly increased when 

compared with any other group (Table 3.1, Figure 3.3A, C).  
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Table 3.1 Average microglial cell number in different layers (cells/mm2) 

    SOCS3fl/fl LysMCre-
SOCS3fl/fl CX3CR1GFP/GFP DKO 

GCL+IPL 
Young 83.6 85.6 104.5 111.5 
Aged 111.4 124.3 142.8 214.4 

OPL 
Young 84.3 97.6 99.6 109.3 
Aged 138.7 135.2 136.9 213 

ONL+ 
photoreceptor 

layer 

Young 0 0 1 1.9 

Aged 0 0 3.9 29.6 

Total 
Young 167.9 183.2 205.1 222.6 
Aged 250.1 259.5 283.7 457 

 

OPL 

In the OPL, microglia were evenly distributed throughout the entire retina. The 

number of microglia in the OPL showed the same trend as in the GCL+IPL. The 

average number of microglia in young (3-5 months) retinas showed no significant 

difference between groups (Table 3.1, Figure 3.3B, D). In aged (10-12 months) 

retinas, the average number of microglia in the OPL showed no significant difference 

between aged control and single KO retinas (Table 3.1, Figure 3.3B, D). However, 

the microglial cell number in aged DKO retinas was significantly elevated compared 

to any other group (Figure 3.3B, D). 
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Figure 3.3 Microglial cells heavily proliferated and migrated in aged DKO mice.  

Representative images in the GCL+IPL (A) or the OPL (B) of retina flatmounts 

stained with (SOCS3
fl/fl 

and LysMCre-SOCS3
fl/fl

 mice) or without (CX3CR1
GFP/GFP 

and DKO mice) microglia/macrophage marker (IBA-1) were shown. The graphs (C-

F) showed quantification of microglial cell number in different layers. The cell 

number increased significantly in aged DKO mice in all layers respectively: 

GCL+IPL (A, C), OPL (B, D) and ONL+ photoreceptor layer (E) as well as in the 

whole retina (F) when compared with any other ages or genotypes. N=4 mice in 

young and aged  SOCS3
fl/fl 

mice and aged LysMCre-SOCS3
fl/fl

 mice, N= 5 mice in 

other groups. Scale bar: 100µm. 2 way ANOVA, Tukey’s test, ****P ≤ 0.0001, ## P≤ 

0.01(# showed stats between groups that were indicated in the graph, * showed stats 

between aged DKO with other groups that were not labelled with #). Error bar: SEM. 

PRL: photoreceptor layer. 

 

ONL and photoreceptor layer 

Microglia were rarely found in the ONL or photoreceptor layer in young animals 

(Table 3.1, Figure 3.3E), aged control (0 cells/mm2) and aged single knockout 

animals (0 and 3.9 cells/mm2 respectively for LysMCre-SOCS3fl/fl and 

CX3CR1GFP/GFP) (Table 3.1, Figure 3.3E). However, significant larger quantity of 

microglial cells (29.6 cells/mm2) invaded the outer retina in aged DKO mice (Table 

3.1, Figure 3.3E).  

Total microglial cell number in the retinal flatmount 
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When added the microglial cell number in different layers together, we found that the 

average number in total were similar (Figure 3.3F) in young (3-5 months) animals of 

four different genotypes (167.91 cells/mm2 in SOCS3fl/fl, 183.24 cells/mm2 in 

LysMCre-SOCS3fl/fl, 205.13 cells/mm2 in CX3CR1GFP/GFP and 222.64 cells/mm2 in 

DKO retinas respectively, Table 3.1). In aged (10-12 months) animals, the number of 

microglial cells were similar in SOCS3fl/fl retinas (250.09 cells/mm2) and two single 

KO retinas (259.53 and 283.65 cells/mm2 respectively for LysMCre-SOCS3fl/fl and 

CX3CR1GFP/GFP) but significantly increased in aged DKO retinas with a density of 

457.02 cells/mm2 (Figure 3.3F, Table 3.1). 

 

3.3.2.3 Microglial cell number in the RPE/choroidal flatmounts  

To characterise the microglial cell number in the sub-retinal space, microglia were 

labelled with IBA-1 antibody or GFP (Figure 3.4A). A small number of microglia 

were found in the SRS in young animals (Average number of microglial cells: 11 

cells/flatmount in SOCS3fl/fl, 10.67 cells/flatmount in LysMCre-SOCS3fl/fl, 44.67 

cells/flatmount in CX3CR1GFP/GFP and 85.5 cells/flatmount in DKO retinas 

respectively). In aged animals, the number of microglia has no significant difference 

among SOCS3fl/fl retina (Average number of microglial cells: 28.67 cells/ flatmount) 

and two single knockout retinas (Average number of microglial cells: 20.57 and 

80.33 cells/flatmount respectively for LysMCre-SOCS3fl/fl and CX3CR1GFP/GFP). 

However, the sub-retinal microglial cell number was significantly increased in DKO 

retina with an average number of 313.17 cells/flatmount (Figure 3.4). Our data 

demonstrated a significantly elevated microglial accumulation in the SRS in aged 

DKO mice. 
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Figure 3.4 Microglial cells migrated heavily to SRS in aged DKO mice.  

Images showed RPE/choroid flatmounts stained with phalloidin (red). Microglia are 

visualised by IBA-1 staining (green) in SOCS3fl/fl and LysMCre-SOCS3fl/fl mice or the 

GFP tag in CX3CR1GFP/GFP and DKO mice (A). The graph showed that the number 

of sub-retinal microglia increased significantly in aged DKO mice when compared 

with mice of any other age or genotype (B). N=4 mice in young and aged  SOCS3
fl/fl 

mice, N= 5 mice in other groups. Scale bar: 1000µm. 2 way ANOVA, Tukey’s test, 

****P ≤ 0.0001 (* showed stats between aged DKO with any other groups). Error 

bar: SEM. 
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3.3.2.4 Microglial dual staining with IB4  

To further identify the microglial phenotype in aged DKO mice, IB4 was used to 

label the activated microglia. We found not only the cell number but also the 

morphology and protein expression of microglia in aged DKO mice have changed. 

Dual staining with IB4 revealed the presence of activated microglial cells. These 

cells became less ramified displaying enlarged cell bodies and short processes with 

less branching (Figure 3.5A-F). In addition, these IB4 positive microglia were 

mostly found at the photoreceptor layer or SRS, demonstrating active migration and 

accumulation behaviour (Figure 3.5). 

 

Figure 3.5 Microglia in photoreceptor layer and SRS detected by IB4 staining in 

aged DKO retina. 

GFP+ cells were shown at Figure A and D at photoreceptor layer and SRS 

respectively. Activated microglia were labelled by IB4 staining in aged (10-12 

months) DKO retinal flatmounts in both photoreceptor layer (B) and SRS (E). (C, F) 

Merge images of GFP signals and IB4 staining. Retinal section of aged DKO mice 
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showed evidence of GFP positive cell migrating towards the ONL (G) and 

accumulating in the SRS (H). Scale bar: 50µm. 

 

All together these results showed that there was a significantly elevated number of 

GFP or IBA-1 positive cells in both the retina and RPE/Choroid flatmounts of aged 

DKO mice while mice from other strains had very few number of IBA-1 positive 

cells (Figure 3.3). Primed or activated microglia with IB4 positive staining were 

observed mostly in aged DKO mice (Figure 3.5A-F) and very few of them were 

observed in other age-matched genotypes or young mice. Together, our data showed 

that microglia are strongly activated indicating a heightened inflammatory response 

in the aged DKO mice.  

 

3.3.3 GFAP expression in different strains of young and aged mice 

To assess the level of Müller glia cell reactivity, GFAP expression was quantified in 

all animals. In the young retina, GFAP expression was only expressed in astrocytes 

and Müller glia endfeet in the nerve fiber layer (Figure 3.6A). In contrast, in 

the aged retina, GFAP positive area progressed toward the OPL. Especially in aged 

DKO retina, the GFAP positive staining was expressed extensively in cell bodies and 

processes (Figure 3.6A). Our results demonstrate enhanced Müller gliosis in aged 

DKO retina (Figure 3.6B). 



 

88 
 

 

Figure 3.6 Müller cell immunoreactivity is increased in aged DKO retina.  

GFAP immunostained area was quantified to assess level of Müller glia activation. 

GFAP only showed strong positive staining in the endfeet of the Müller glia in the 

retinas from young (3-5 months) retinas. In aged (10-12 months) control or single 

knock-out retinas, the endfeet and a few processes of the Müller glia showed GFAP 

positive staining. However, Müller cell bodies and radial running processes in the 

INL and partial ONL were immunopositive in aged DKO retina Scale bar: 50µm. 2 

way ANOVA followed by Sidak’s multiple comparisons. N=4 mice /group. *P ≤ 0.05, 

**P ≤ 0.01, Error bar: SEM. 
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3.3.4 Retinal neurodegeneration was exacerbated in aged DKO mice 

Retinal examination by Micron IV 

To evaluate whether uncontrolled microglial activation affect retinal integrity, we 

first examined retinal appearance by TEFI. Eight groups of experimental animals 

received funduscopic examinations (N≥3). Control and single knockout mice showed 

normal appearance in all groups (Figure 3.7). However fundus examination of 

the DKO mice revealed abnormalities with age (Figure 3.7). The abnormality was 

not observed in age-matched SOCS3fl/fl nor single knockout mice retina.  

 

Figure 3.7 Retinal landmarks in representative mice of different genotypes and 

ages. 

TEFI investigation showed fundus images of young or aged mice (genotypes labelled 

in the figure). The orange-pink hue of the retina is common in healthy individuals. 

The white arrows showed abnormal appearance of the retina (possibly retinal 

neuronal atrophy) in aged DKO mice. 
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We next identified which retinal cell types were affected in the murine model by 

immunohistological staining. All the quantifications were conducted in central and 

mid-peripheral retina as indicated in Figure 2.6.  

Photoreceptors 

To assess the photoreceptor alterations after microglial activation, cone-arrestin and 

DAPI were counterstained for the quantification of cones and rods. In aged DKO 

mice, we found a significant decrease in the average number of nuclei in the ONL 

compared with aged SOCS3fl/fl mice, from 193.61 cells/100µm to 172.84 

cells/100µm (10.7 % decrease) indicating a robust rod photoreceptor loss (the outer 

nuclear layer is rod-dominated in the retina, Figure 3.8A, D, E). The number of cone 

photoreceptors which were labelled by cone-arrestin was also significantly reduced 

from 11.39 cells/100µm in aged control to 10.14 cells/100µm in aged DKO mice (11% 

decrease, Figure 3.8B, F). In addition to the reduction in cell number, cell 

morphology was also altered. We observed that cones showed shortened segments in 

aged DKO mice compared with young DKO mice (Figure 3.8C, G).  
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Figure 3.8 ONL cell number and PR cell number are significantly reduced in 

aged DKO mice.   

Representative photomicrographs showed DAPI staining of retinal sections (A). 

Cone photoreceptor cell number was counted according to cone arrestin+ cell 

somata (B). Enlarged pictures showed the cone segment (C), the quantification of the 

length was shown in Figure 2.6G and the data was averaged. ONL cell number were 

counted and normalized to 100µm manually (D), rod photoreceptor cell number 
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were ONL cell number minus cone photoreceptor cell number (E). The quantification 

of cone photoreceptor cell number and cone segment length were shown at F and G 

respectively. Values are the mean ± SEM, N=4 mice in all CX3CR1GFP/GFP and DKO 

groups and N=5 mice in all SOCS3fl/fl and LysMcreSOCS3fl/fl groups. *P ≤ 0.05, **P 

≤ 0.01, ***p < 0.001, two way ANOVA, *: Sidak’s multiple comparisons, #: Tukey’s 

multiple comparisons. Scale bar: 50µm (A, B) or 20µm (C). 

 

Bipolar cells 

To evaluate the number of bipolar cells, secretagogin and PKCα were stained for the 

quantification of rod-bipolar cells and cone-bipolar cells respectively (Figure 3.9). 

The densities of both cone- and rod- bipolar cell showed significant reductions in 

aged DKO retina when compared with age-matched control and single knockout 

retinas (Figure 3.9). The number of cone-bipolar cells showed an early decrease in 

young DKO retina compared with young control and single knockout retinas (Figure 

3.9A, C). In aged DKO mice, the cone-bipolar cell density (14.05 cells/100µm) had 

an 11.7% decrease when compared with aged control (15.92 cells/100µm) (Figure 

3.9A, C). The density of PKCα+ cells in aged DKO mice showed a significant 

reduction compared with aged control decreasing 18.3% from 17.99 cells/100µm in 

to 14.70 cells/100µm (Figure 3.9B, D).  
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Figure 3.9 Bipolar cells were altered in DKO mice.  

Secretagogin (A) and PKCα (B) expressions were shown in retinal sections 

representing cone- and rod-bipolar cells respectively. Quantitative analysis of 

secretagogin+ (C) and PKCα+ (D) cells are shown below. Young DKO mice had 

significantly lower number of secretagogin+ cells when compared with other young 
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genotypes, while the number further dropped in aged DKO mice (C). There was no 

difference when comparing the PKCα+ cells between young mice of different 

genotypes. PKCα+ cells were significantly decreased in aged CX3CR1GFP/GFP and 

DKO mice when compared with young mice, while the aged DKO mice had even less 

PKCα+ cells than other aged genotypes (D). Scale bar: 25µm. N=4 mice in all 

CX3CR1GFP/GFP and DKO groups and N=5 mice in all SOCS3fl/fl and 

LysMcreSOCS3fl/fl groups. 2 way ANOVA, *: Sidak’s test, #: Tukey’s test. *P ≤ 0.05, 

**P ≤ 0.01, ***P ≤ 0.001, ****P ≤ 0.0001; Error bar: SEM. 

 

Pre-synaptic alterations and GABAergic amacrine cells 

To investigate pre-synaptic changes, synaptophysin was stainied in retinal sections. 

Synaptophysin was positive at both the IPL and the OPL. Young DKO mice had 

already shown early onset of pre-synaptic changes in the IPL and the OPL before 

retinal neuronal alterations (Figure 3.10). For control or single knockout mice, 

synaptophysin positive area was significantly more extensive in both the IPL and the 

OPL in aged mice when compared with young mice (Figure 3.10). GABA staining 

indicated that GABAergic amacrine cells were significantly reduced in aged 

SOCS3fl/fl, CX3CR1GFP/GFP and DKO retinas (Figure 3.10). 
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Figure 3.10 Pre-synaptic changes at both the IPL and the OPL in DKO retina.  

Pre-synaptic alterations were presented by synaptophysin staining (A). Quantitative 

analysis of synaptophysin positive area at the IPL and the OPL were shown 

individually (C, D). Young DKO mice had shown early onset of pre-synaptic changes 
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in the IPL. The synaptophysin+ area in the IPL was also significantly spreaded in 

aged LysMCre-SOCS3fl/fl and CX3CR1GFP/GFP mice when compared with young mice. 

Synaptophysin+ area was significantly increased in OPL in aged SOCS3fl/fl and 

LysMCre-SOCS3fl/fl mice. GABA positive cells were quantified and normalised to 

100µm (B). Amacrine cells are significantly reduced in aged SOCS3fl/fl, 

CX3CR1GFP/GFP and DKO retina. No difference was observed among young mice. 

Scale bar: 50µm. IPL: inner plexiform layer; OPL: outer plexiform layer. 2 way 

ANOVA. *: Sidak’s test, #: Tukey’s test. N=4 mice/group. *P ≤ 0.05, **P ≤ 0.01, 

***P ≤ 0.001, ****P ≤ 0.0001; Error bar: SEM. 

 

In summary, our results showed fundus abnormalities and degeneration of multiple 

retinal neurons such as photoreceptors and bipolar cells in the aged DKO retina.  

 

3.3.5 The RPE changes in different strains of young and aged mice 

Histology examination 

H&E staining was carried out to investigate the retinal structural changes. 

Histological evaluation on the eye sections of all the young mice or aged control and 

single KO mice showed normal appearance and the RPE layer remained intact 

(Figure 3.11). However, pathologic changes were revealed in the RPE cells in aged 

DKO mice (Figure 3.11, red asterisks). RPE lesions are exemplified by 

vacuolization, hyper- and hypopigmentation, and infiltrating cells (Figure 3.11, red 

arrow).  
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Figure 3.11 Histology examination of the retina.  

Representative images of H&E staining of eye sections showed the retina and RPE 

morphological changes. All the images were taken at the central and mid-peripheral 

but not peripheral area of the retina. RPE vacuoles were labelled with red asterisks 

while the red arrow showed cell nuclei in SRS. Scale bar: 50µm (upper right, red 

line). 

 

RPE morphological alteration has a linear correlation with the number of SRS 

microglia in aged DKO mice 

To further describe the relationship between microglial cell number and RPE 

morphological alteration, the RPE/Choroid flatmounts (N≥4) were labelled with 

(SOCS3fl/fl and LysMCre-SOCS3fl/fl mice) or without (CX3CR1GFP/GFP and DKO 

mice) macrophage/microglia marker IBA-1 for the investigation of microglial sub-
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retinal accumulation (Figure 3.12A). Phalloidin was stained for the investigation of 

RPE morphological alteration (Figure 3.12B). Simulation on the shape of RPE cells 

were achieved by FIJI plug-in Bio-voxxel (Figure 3.12C). A linear relationship 

between the number of subretinal microglial cells and the RPE morphological 

alteration in aged DKO RPE/Choroid flatmount was observed (Figure 3.12). Our 

results revealed that as more microglia accumulated in SRS, a significantly enlarged 

RPE cell size, increased perimeter, reduced cell number and decreased shape factor 

were found in aged DKO retina (Figure 3.12D-G).  

 

Figure 3.12 The relationship between sub-retinal microglia density and different 

parameters of RPE cells in aged DKO mice.  
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Microglial cell number was counted according to GFP+ cell number (A). Images of 

phalloidin staining on RPE/choroid flatmounts (B) were masked (C) and different 

parameters of RPE cell quantified including RPE cell number per image (D), 

individual RPE cell size (E) and perimeter (F), shape factor 

(4𝜋 ∗ 𝐴𝑟𝑒𝑎/𝑃𝑒𝑟𝑖𝑚𝑒𝑡𝑒𝑟!) was calculated per image (G). Statistics were summarized 

according to five individual images per mouse from six aged DKO mice. RPE cell 

number, cell size, cell perimeter and shape factor correlate linearly with sub-retinal 

microglial cell number. As microglia accumulate in SRS, the RPE cell number and 

shape factor decrease while cell size and perimeter increase. Statistics: SPSS linear 

regression. P values were showed in graphs. Scale bar: 25µm. MG: Microglia. 

N=30 FOV. 

 

3.3.6 Breakdown of the inner BRB in aged DKO mice  

The BRB is composed of the inner BRB and the outer BRB. The evidence shown in 

section 3.3.5 has proven that microglial activation has a tight relationship with outer 

BRB breakdown. We next investigated how the inner BRB changed in the model. 

Aged DKO mouse was intravenously injected with evans blue solution and received 

fundus examination 5 minutes after the injection. The images taken with red 

fluorescence filter showed possible retinal vessel leakage (Figure 3.13B, white 

arrowheads). However, the leaked area did not overlap with activated microglia 

(Figure 3.13C, white arrows). The eyes were collected and fixed after fundus 

examination and flatmounted. We then examined the retinal flatmount by confocal 

microscopy. A similar appearance was observed, i.e., vascular leakage (Figure 3.13E, 

white arrowheads) and activated microglia (Figure 3.13F, white arrows) do not co-

localise (Figure 3.13D, merged image).  
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In addition, blood vessel staining was performed on aged DKO retina, young DKO 

retina and LPS intravitreal injected CX3CR1GFP/GFP retina. Among them, young DKO 

retina served as a negative control while LPS intravitreal injected CX3CR1GFP/GFP 

retina served as a positive control. There is no direct evidence of blood vessel 

leakage in aged DKO retina (Figure 3.13G-I). 

 

Figure 3.13 Microglial activation might play a role in retinal blood vessel 

leakage.  
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Fundus images in bright field (A) or by red fluorescence filter (B) or green 

fluorescence filter (C) after evans blue intravenous injection in aged DKO mice were 

shown. Possible blood vessel leakage was observed (B, white arrowheads). White 

arrows indicated activated microglial cells (C). Images of retina flatmount from the 

same mouse were taken by confocal microscope (D-F). White arrowheads showed 

blood vessel leakage (E) while white arrows showed cluster of activated microglia 

(F). The area of blood vessel leakage and activated microglia were not overlapping 

in both in vivo and in vitro investigation. Blood vessel staining by IB4 was 

demonstrated in aged DKO retina (G), negative control (H, young DKO retina) and 

positive control (I, LPS injected CX3CR1GFP/GFP retina). Scale bar: 50µm (D-F), 

200µm (G-I). 

 

Our data suggest that mild localized inner BRB disruption may not be caused by 

direct interaction between active microglia and retinal vascular blood vessels, rather, 

it may be caused indirectly through as yet unknown mechanisms. 
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3.4 Discussion 

3.4.1 An overview of the model 

In this study, we have generated a murine model with spontaneous primary 

microglial activation that allows the specific roles of active microglia in retinal 

health and disease to be dissected. Mice from four different strains (SOCS3fl/fl, 

LysMCre-SOCS3fl/fl, CX3CR1GFP/GFP and DKO) and two different age groups 

(young and aged) were investigated for their retinal and microglial status. For young 

group, 3-5 months old mice were recruited. Mice of this age range are considered 

adult with most of the organs including brain and retina reaching maturity. As 

previously introduced, the lifespan of DKO mice is around 13-15 months old. Mice 

of aged group were chosen at the age of 10-12 months. 

Microglia are resident innate immune cells in the CNS and have unique features of 

morphology, self-renewal and longevity. Depleting SOCS3 in LysM-expressing cells 

and CX3CR1 resulted in age-dependent primary microglial activation. The gene 

alterations should not directly affect retinal neurons or RPE cells. However, we have 

found that uncontrolled age-induced microglial activation (Figure 3.2, Figure 3.3, 

Figure 3.4) in the DKO mice resulted in retinal neuronal degeneration (Figure 3.8, 

Figure 3.9, Figure 3.10) and RPE damage (Figure 3.11, Figure 3.12). The model 

offers unique opportunities to dissect the role of microglial activation in various 

retinal diseases. 

Retinal degeneration models have been widely used to study the effects of 

inflammation and oxidative stress, especially those associated with human retinal 

diseases (Chen and Xu, 2015). Here we characterized the parameters of this model. 

SOCS3 suppresses downstream of JAK/STAT pathway while CX3CR1 binds with 
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its ligand and keeps microglia in the resting state. Both SOCS3 and CX3CR1 are 

inhibitory genes that are important in maintaining microglial homeostasis. The 

outcomes of combined deficiency of SOCS3 and CX3CR1 in microglia 

demonstrated 1) Primary induction of chronic microglial activation, which was 

characterized by increased microglial cell number in all layers (Figure 3.3), 

migrating behaviour (Figure 3.3, Figure 3.5) and altered lectin expression (Figure 

3.5); 2) Secondary retinal neuronal degeneration including photoreceptor cell loss 

(Figure 3.8) and 3) Remarkable RPE damage (Figure 3.11, Figure 3.12). The 

changes we describe are comparable with those elicited in existing age-related retinal 

degeneration models, which also feature a focal lesion of degeneration and 

inflammation in the retina (Fletcher et al., 2014; Lorach et al., 2015).  

As previously mentioned, the key features of this model are microglial activation and 

retinal/RPE degeneration. However, a difference between the existing models and 

the present one is the sequence of microglial activation. It was shown in several 

models that microglial cells react rapidly after sensing degenerated retinal neurons 

and migrate towards apoptotic neurons or cell debris to clear them (Noailles et al., 

2014; O’Koren et al., 2019). However the microglial activation in these existing 

models was secondary reaction to damaged neurons. In our model, microglial 

activation was initiated independently. In the absence of retinal changes, microglial 

cells became activated spontaneously during ageing, subsequently affecting retinal 

neurons, RPE and possibly blood vessels. This is a significant advancement on 

previous models to investigate the role of microglial activation in retinal 

degeneration, which have revealed the influence of uncontrolled microgliosis in the 

retina.  
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3.4.2 DKO genetic deficiency has no primary impact on non-microglial cells in the 

retina 

As previously described, the DKO murine model has deficiency in two genes: 1) 

CX3CR1 loci were replaced by green fluorescent protein (GFP); 2) SOCS3 loci were 

depleted in myeloid cells. Microglia are the only resident myeloid cells and 

CX3CR1-expressing cells in the retina which makes them the only type of cells 

affected by the DKO genetic mutation. Other non-microglial cells, including Müller 

glia (Figure 3.6), photoreceptors (Figure 3.8), bipolar cells (Figure 3.9) and RPE 

(Figure 3.11), do not express either CX3CR1 or lysozyme, thus showing no primary 

effect from the DKO genetic deficiency. 

3.4.3 Microglial activation and heterogeneity 

In the retina, microglia are distributed in two spatially and functionally distinct layers 

under homeostasis, i.e., the GCL+IPL and the OPL (Figure 1.2B). Besides the 

difference in locations, retinal microglia in both locations were usually considered as 

identical such as their response to injury (Fernández-Albarral et al., 2019) and ageing 

(Damani et al., 2011; Singaravelu et al., 2017).  

In the brain, the microglial heterogeneity in phenotype, ontogeny and distribution 

was revealed by various techniques such as high-resolution single-cell sequencing 

(Li et al., 2019; van der Poel et al., 2019) and multiplexed mass cytometry (Böttcher 

et al., 2019). Heterogeneity of brain microglia was also associated with pathological 

settings including LPS induced CNS inflammation (Sousa et al., 2018), EAE (Miao 

et al., 2019), gene mutation (De et al., 2018), MS (van der Poel et al., 2019) and 

ageing (Galatro et al., 2017). Microglial heterogeneity has been widely investigated 

in the brain, however, little is understood about microglial heterogeneity in the retina. 

A recent study found that microglia in two locations have different features 
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(O’Koren et al., 2019). Unlike microglia in the OPL, microglia in the GCL+IPL 

appeared to depend on the microglia maintenance factor IL-34 secreted from RGCs 

for survival (O’Koren et al., 2019). Another difference was that the IL-34-dependent 

microglia but not the microglia in the OPL contribute to the feedback regulation at 

cone-bipolar-cell axons (O’Koren et al., 2019).  

In our study, the retinal microglia were found uniformly activated while heterogenic 

activation was not observed between microglia at different locations. This is 

probably due to that SOCS3 and CX3CR1 are uniformly expressed in microglia in 

both locations.  

3.4.4 Microglia and retinal neuronal degeneration 

Various retinal neurons were perturbed in this model such as photoreceptors and 

bipolar cells (Figure 3.8, Figure 3.9). Among all the retinal neuronal cells, 

photoreceptors are predominant and most commonly investigated. Photoreceptor cell 

death can be due to diverse reasons such as excessive illumination (Natoli et al., 

2016), vitamin A deficiency (Patel, 2017) and mutation (Chang et al., 2002). Various 

cytokines such as TNF-α (Rana et al., 2017) and IL-1β (Natoli et al., 2017) were 

found to promote photoreceptor death. Microglia are the main source of neurotoxic 

mediators after pro-inflammatory stimuli (Hanisch, 2002). Microglia and neuron co-

culture investigations have revealed that various treatments such as N-Methyl-D-

aspartate (NMDA) (Kaindl et al., 2012), immunoglobulin G from ALS patients 

(Zhao et al., 2004) and LPS (Hornik, Vilalta and Brown, 2016) can render microglia 

toxic toward neurons mediating neuronal damage. In this model, it is suggested that 

microglia with SOCS3 and CX3CR1 deficiency undergo activation and produce 

miscellaneous cytokines and proteins leading to retinal neuronal degeneration. 
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Excessive and prolonged microglial activation may lead to chronic inflammation 

(Chen, Forrester and Xu, 2011). Microglia-induced neuroinflammation is associated 

with and often precedes severe pathological events, leading to retinal neuronal 

apoptosis or degeneration (Pierdomenico et al., 2018). To compare the morphology 

of the retina between the eight groups, we found that the number of cells in the ONL 

was significantly reduced in the aged DKO group but the thickness by OCT 

remained the same (Appendix, Figure 8.2). This could be explained by prolonged 

presence of microglia/macrophages in the SRS and apoptotic photoreceptor cells and 

debris. ERG responses remained unchanged between genotypes (Appendix, Figure 

8.1). This is probably due to the natural level of variation in in vivo investigation. 

Morphological alterations occurring prior to functional change could also explain the 

phenomenon as there might be a compensation mechanism among retinal cells.  

3.4.5 Müller gliosis 

Retinal Müller glia are known to undergo reactive changes in various retinal 

degenerative diseases. Under normal conditions, GFAP is only expressed in Müller 

glia’s endfeet and astrocytes (Reichenbach and Bringmann 2010). On the contrary, 

when pathological events take place, Müller glia alter their characteristics to become 

reactive glial cells and express GFAP in cell bodies and processes (Fernández-

Sánchez et al. 2015; Szabadfi et al. 2015). We observed enhanced Müller gliosis in 

the aged DKO retina compared with any other groups regardless of age and 

genotypes (Figure 3.6). The Müller glia showed strong positive staining of GFAP in 

the cell bodies and processes indicating an intense Müller glia activation. However, it 

is not clear if Müller glia reactivity is a secondary reaction towards activated 

microglia or due to the prolonged retinal degeneration. 



 

107 
 

3.4.6 Microglia and BRB breakdown 

The BRB is composed of inner and outer BRB. The outer BRB refers to the barrier 

formed by RPE monolayer while the inner BRB contains endothelial cells lining the 

retinal blood vessels. The BRB is essential to maintaining the eye as a privileged site 

and makes an important impact in normal visual function. Alterations of the BRB 

play a crucial role in the development of retinal diseases.  

3.4.6.1 Microglia and outer BRB breakdown 

The relationship between microglia and RPE has been investigated in numerous 

clinical and experimental studies suggesting a role for inflammation in the 

pathogenesis of RPE degeneration (Anderson et al., 2002; Hollyfield, 2010; O. Levy 

et al., 2015; Olivier Levy et al., 2015; Datta et al., 2017). A human RPE cell line 

cultured with microglia conditioned medium had increased expression of multiple 

pro-inflammatory cytokines such as IL-6, IL-8, IL-1ß, GM-CSF and CCL-2 (Nebel 

et al., 2017). A study showed transplanted microglial cells in the SRS promote RPE 

disorganization and choroidal neovascularization (Ma et al., 2009). Stimulation of 

microglia cells with supernatant of TLR-3-activated RPE cells elevated IL-6, IL-1ß 

and Cox2 expression and reduced iNOS expression (Klettner et al., 2014). Oxidative 

stress is an important cause of RPE cell death (Zhang et al., 2003; Hanus et al., 2013, 

2016; Rajapakse et al., 2017) and microglia can generate large quantities of reactive 

species (Spencer et al., 2016). In our study, the RPE monolayer remained intact in its 

unique hexagon shape with little microglia accumulating in the SRS in young, aged 

control and single knockout mice. The RPE showed variable cell morphology and 

uneven junctional actin in aged DKO eyes (Figure 3.11). The RPE deformity also 

showed a linear relationship with the number of microglia/macrophage in the SRS in 

aged DKO mice (Figure 3.12). However, we do not know if microglia cause RPE 
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damage or microglia sense the damage and migrate to the injured RPE area to clear 

the apoptotic cell and debris. Microglia in the healthy retina reside in the GCL, IPL 

and OPL. Upon activation, microglia initially migrate to the SRS to support the RPE 

in the clearance of apoptotic cell or debris. These activated immune cells in the 

vicinity of the RPE are likely to influence RPE cell function. This can in turn cause 

RPE cells to secrete products that stimulate further microglial migration and 

activation as well as photoreceptor degeneration. A vicious cycle was formed in aged 

DKO mice as increased number of microglia/macrophage were recruited to the SRS 

of the eye to maintain homeostasis of the retina by engulfing dying cells and 

accumulating debris during ageing. Prolonged microglial activation in turn caused 

chronic inflammation leading to retinal/RPE damage.  

3.4.6.2 Microglia and inner BRB breakdown 

In terms of inner BRB, studies have shown that adequate microglial population plays 

a role in retinal blood vessel formation possibly via stimulation from soluble 

products from microglia (Checchin et al., 2006; Rymo et al., 2011). However, the 

interaction of microglia-blood vessel in adults is not fully understood (Dudvarski 

Stankovic et al., 2016; Zhao et al., 2018). It was shown that the perivascular 

microglia were recruited to the lesion site, phagocytosed endothelial cells and 

promote blood vessel disintegration in a cortical stroke model (Jolivel et al., 2015).  

The central mechanism of inner BRB disruption is a change in the permeability 

characteristics of retinal endothelial cells caused by multiple factors including 

elevated levels of growth factors, cytokines, advanced glycation end products, 

inflammation, hyperglycemia and loss of pericytes (Klaassen, Van Noorden and 

Schlingemann, 2013). Our data suggested a potential disruption of inner BRB 

(Figure 3.13). However, the evidence is very weak in identifying the inner BRB 
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integrity as the leakage we found in aged DKO retina might result from the disrupted 

outer BRB. Other approaches are needed to further characterize the function of inner 

BRB. Besides the Evans Blue assay, there are a couple of other methods to assess the 

retinal vascular permeability such as fluorescein angiography and the quantification 

of albumin outside of blood vessels (Shen et al., 2006; Scheppke et al., 2008; 

Sigurdardottir et al., 2019). Study has suggested that activated microglia may play an 

indirect role in damaging blood vessels (Haruwaka et al., 2019). This murine model 

can serve as a tool to investigate the relationship between activated microglia and 

BRB integrity.  

3.4.7 Distinction of microglia and perivascular macrophages 

Perivascular macrophages (PVM) are a distinct population of resident brain/retinal 

macrophages characterized by a close association with the cerebral/retinal 

vasculature (Faraco et al., 2017). The origin of PVM in the normal state is identical 

to microglia with the capacity of self-renewal (Koizumi et al., 2019). While these 

two types of cells share many functions and markers, the differences between them 

land in 1) The location and distribution: PVM are located in the perivascular space 

surrounding arteries and veins, whereas microglia are distributed evenly across the 

brain/retina; 2) Cell markers: Depending on the state of activation, the populations 

can express many of the same markers but that TMEM119 and P2RY12 have 

recently emerged as microglial-specific markers by single-cell RNA-sequencing 

analysis and mass cytometry (Faraco et al., 2017). Due to their close relationship 

with neurovascular unit, PVM contribute to the maintenance of the BRB (Mendes-

Jorge et al., 2009). In pathological conditions, PVM also take part in the immune 

response in initiating neurovascular dysfunction (Jolivel et al., 2015; Park et al., 

2017). 
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3.4.8 Involvement of circulating immune cells 

Microglial activation nevertheless showed potential promotion of retinal 

degeneration, however other long-lived mononuclear phagocytes may potentially be 

targeted and play a role in this model, such as choroidal macrophages which are 

located close to the retina. Similar to retinal microglia, macrophages in the 

circulating system can also respond to retinal immune surroundings. It is difficult to 

distinguish resident microglia and infiltrating macrophages as their behaviours are 

somewhat similar in terms of functions and protein expression such as IBA-1. Even 

though microglia usually presented a ramified shape, they can alter their morphology 

to a round shape when activated, which makes it difficult to identify activated 

microglia from macrophages. Most of the GFP positive cells in this study are 

microglial cells with their unique ramified shape (Figure 3.3). However, the cells 

accumulated in the SRS with rounded morphology may be infiltrating macrophages 

(Figure 3.4, Figure 3.5). The fate mapping technique was used to distinguish 

microglia from infiltrating macrophages and showed that migrated microglia and 

recruited macrophages co-exist in SRS in light damaged retinas (O’Koren, Mathew 

and Saban, 2016). Single-cell RNA sequencing was also a useful tool to profile these 

cells (Ronning et al., 2019). Comparison between normal retina and degenerated 

retina from gene mutated mice showed distinct immune subpopulation (Ronning et 

al., 2019). The resting microglia occupied the majority of the population in normal 

retina (72.4%). However in degenerated retina, apart from the monocytes from the 

blood, immune cells were clustered into 4 big groups- resting microglia (0.1%), 

activated microglia (30.7%), infiltrating macrophages (28.8%) and monocytes 

(35.1%) (Ronning et al., 2019). Future work can be conducted in distinguishing the 

cells in SRS and unraveling the transcriptomic signature of these cells. 
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3.4.9 Conclusion and future direction 

Here, the primary aim was to assess the impact of microglial activation on the 

progression of retinal degeneration. Further studies in this field could open the way 

for new treatment. Our results suggest that microglia can spontaneously develop an 

activated phenotype with age. Activated microglia release pro-inflammatory 

cytokines and aggravate neuroinflammation, thereby degenerating neurons and 

impairing retinal function (Pierdomenico et al., 2018). This is an important evidence 

that microglia play a decisive role in retinal degeneration. These novel data may have 

important implications for our current understanding of the regulation of microglial 

activation and the pathogenesis of retinal degeneration. 

Anti-inflammatory or other treatments might play a pivotal role in preventing or 

significantly ameliorating the manifestation of age-related neurodegeneration 

(Klöppel et al., 2010; Fairless et al., 2012; Katsuno et al., 2018). Exposure to 

inflammatory mediators produced from activated microglia could result in chronic 

parainflammation capable of triggering diseases that might not arise otherwise (Chen 

and Xu, 2015).	In this Chapter, it was shown that there was a strong relationship 

between the microglial activation and retinal/RPE degeneration. This provided a 

possible hypothesis for the underlying mechanisms in the progression of retinal 

degeneration in the murine model. In Chapter 4, in vitro investigation on primary 

microglia isolated from DKO mice was carried out to reveal the underlying 

mechanisms for the microglia induced retinal degeneration.  
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 In vitro investigation the phenotype and function Chapter 4

of microglia from DKO mice 
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4.1 Introduction 

In the last chapter, we characterized the DKO mouse model and found the main 

features of this model include age-dependent primary microglial activation, retinal 

neuronal degeneration and RPE damage. In this model, microglial cells are the only 

retinal resident cells that are deficient for both SOCS3 and CX3CR1 genes while 

other retinal cells remained intact. The microglial activation developed 

spontaneously with age and caused retinal degeneration. In this chapter, primary 

microglial cells were isolated from both DKO and control mice. Investigations on the 

activities of DKO microglia were carried out to elucidate the underlying mechanisms 

in the microglia induced retinal degeneration. 

Microglia, as the resident immune cells in the CNS, have multiple functions 

including surveillance and protection (Wheeler et al., 2018; Zhou et al., 2019), self-

renewal and proliferation (Bruttger et al., 2015; Füger et al., 2017), phagocytosis and 

synaptic transmission modulation (Wake et al., 2009; Paolicelli et al., 2011). 

Microglia in healthy conditions perform these physiological functions and maintain 

the immune homeostasis of the CNS. However, in pathological conditions, microglia 

react to diverse pathologic events, change their phenotypes and interact with 

surrounding cells leading to heterogeneous consequences- neuroprotection or 

neurotoxicity (Rock et al., 2004; Yamasaki et al., 2014; Bachstetter et al., 2015; 

Füger et al., 2017; Lee et al., 2018). 

One of the most important properties of microglia is the ability to sweep apoptotic 

cells. Chromatolysis or disintegration of dying neurons can release toxic components 

and self-antigens leading to autoimmunity. Neuronal corpse engulfment by microglia 

is an essential process of CNS homeostasis (Neumann, Kotter and Franklin, 2009; 

McLaughlin et al., 2019). Impaired phagocytotic capacity results in aggregation of 
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toxic proteins (Marta Bolós et al., 2017) while hyperactive engulfment can lead to 

unnecessary neuron loss (Brown and Neher, 2014). Recent evidence indicates that 

excessive phagocytosis contributes to neuronal loss in the diseased CNS (Zhao et al., 

2015; Hornik, Vilalta and Brown, 2016; Brelstaff et al., 2018). Phagoptosis, also 

known as primary phagocytosis, is a form of cell death due to phagocytosis of living 

cells (Brown and Neher, 2012). Stressed but viable neurons also release ‘eat-me’ 

signals and these signals can be detected by microglia which mediate neuron death 

(Brown and Neher, 2014). When the signals from neurons are dysregulated or the 

phagocytic property of microglia is uncontrolled, neuronal phagoptosis may 

contribute to a variety of neurodegenerative diseases (Brelstaff et al., 2018). 

Microglia induced neuroinflammation is considered a double-edged sword that can 

have either detrimental or beneficial effect on the neurons (Wyss-Coray and Mucke, 

2002). Some evidence implies the neurotoxic nature of microglia (Block, Zecca and 

Hong, 2007; Takeda et al., 2018), while others point out that it can be 

neuroprotective in some cases by releasing neurotrophic factor (Sanches et al., 2013), 

removing aggregate proteins (Narantuya et al., 2010; Mizuno et al., 2011) and 

promoting regeneration (Lloyd and Miron, 2019). These controversial theories on the 

effect of microglia induced neuroinflammation are possibly due to distinct signals 

released from damaged neurons (Davalos et al., 2005; Guan et al., 2015; Kobayashi 

et al., 2015), the clearance of debris (Neumann, Kotter and Franklin, 2009) and 

cytokines that are released into the extracellular space (Hu et al., 2012). Depending 

on the signals microglia received, microglia have the capacity of polarizing into pro-

inflammatory (M1, or classic activation, or neurotoxic) or anti-inflammatory (M2, or 

alternative activation, or neuroprotective) phenotypes (Suibin et al., 2017). 
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4.2 Hypothesis, aim and study design 

Hypothesis 

We hypothesized that DKO microglia may be the source of neurotoxicity in the 

retina due to the production of pro-inflammatory cytokines. 

Aim 

The overall aim in this chapter was to understand the global molecular basis for the 

potential phenotypic alteration of microglia from the DKO mice and to investigate 

what influence of lacking SOCS3 and CX3CR1 in microglia can make to the normal 

retina.  

Study design 

To address the aim, we established a method to efficiently isolate microglia from 

adult mouse brain. The purified microglial cells were evaluated for their 

phagocytosis potential in naive state. We then tested the microglial transcriptional 

profiles of multiple cytokines in the microglia. We postulated that SOCS3 and 

CX3CR1 depletion could influence microglial inflammatory phenotype. 

Subsequently, we investigated the differential expression and functional profiles of 

microglia from SOCS3fl/fl or DKO mice when exposed to LPS/IFN-γ or IL-4. Finally, 

we determined the effect of DKO microglia on retinal pathological transformation by 

established co-culture system. 

4.3 Results 

4.3.1 Validation of microglial purification 

Microglia were cultured from murine brain using the protocol from our lab with 

some slight modifications (Devarajan et al., 2014) and the method was detailed in 
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section 2.6.5.1. To validate the microglial purification, microglia markers CD11b and 

F4/80  were stained. The immunocytochemistry indicated that microglia cultures 

were >90% pure by manually counting the number of CD11b or F4/80 positive cells 

and DAPI (Figure 4.1). Occasionally, 1-2 cells were positive for GFAP suggesting 

minimal contamination with macroglia (Figure 4.1).  

 

Figure 4.1 Microglial cell marker staining and purification identifying. 

Cells were co-stained with microglial markers F4/80 (B) or CD11b (F) and astrocyte 

cell marker GFAP (C, G). Cell nuclei were stained with DAPI. Secondary antibodies 

without primary antibodies staining served as a negative control (I-L). Scale bar: 

100 µm. 
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4.3.2 Phagocytosis of microglia from DKO and SOCS3fl/fl mice 

Microglia display phagocytic activity in both quiescent and reactive states, which is 

essential for synaptic pruning and removal of dead neurons. Here phagocytic activity 

of primary microglia was investigated. The phagocytic potential of both DKO and 

SOCS3fl/fl microglia was evaluated by two fluorescent phagocytic assays respectively 

as described in section 2.6.12. 

Firstly, fluorescence labelled particles were used for investigating the initiating step 

of phagocytosis. 30 minutes after placing the particles in microglial cell culture, the 

fluorescence intensity was read. DKO microglia had significantly higher 

fluorescence intensity than SOCS3fl/fl microglia, representative images also showed 

the comparison between microglial cells from DKO and SOCS3fl/fl mice (Figure 

4.2B-D). These data suggested DKO microglia initiated phagocytic activity 

significantly faster and stronger versus microglia from SOCS3fl/fl mice.  

Secondly, microglia uptake of PHrodo-labeled E.coli particles was investigated. The 

intensities were read at 0.5, 1, 2 and 3 hours after the addition of the particles 

(Figure 4.2A). At different time points DKO microglia all displayed a more robust 

uptake of the particles comparedwith SOCS3fl/fl microglia (Figure 4.2E). Images 

were taken 3 hours after particle addition and showed more intense fluorescence 

intensity inside DKO microglia compared with control (Figure 4.2F&G). 

Analysis of mRNA expression also revealed significant increased expression of 

CD68 in unpolarized DKO microglia when compared with control (Figure 4.3). 

CD68 is a gene directly involved in phagocytosis indicating depletion of SOCS3 and 

CX3CR1 in microglia lead to a phagocytic phenotype. In aged DKO eye sections, 
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immunostaining showed cone-arrestin positive debris inside a GFP positive cell body 

indicating a phagocytotic phenotype of microglia/macrophage (Figure 4.2H-K). 

Our data suggested that the absence of SOCS3 and CX3CR1 signal enhanced both 

‘eating’ and ‘digesting’ processes of phagocytosis in microglia indicating a robust 

phagocytic phenotype of DKO microglia. 

 

Figure 4.2 DKO microglia have robust phagocytosis phenotype.  

Fluorescence conjugated E.coli particles and PH sensitive E.coli particles were used 

respectively for the evaluation of SOCS3fl/fl and DKO microglial phagocytosis 
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function. Fluorescence conjugated E.coli particles were added to microglia and the 

fluorescence intensities (B) and representative images (C, D) of engulfment by 

SOCS3 fl/fl and DKO microglia were shown 30 minutes later after thorough wash (A). 

We also demonstrate phagocytic process at different time points (0.5, 1, 2, 3 hours 

after the addiction of the particles, A) in SOCS3fl/fl and DKO microglial cells with 

PH sensitive E.coli particles (E). PH sensitive E.coli particles were engulfed and 

presented red fluorescence in acidic phagososome in SOCS3fl/fl (F) and DKO 

microglia (G). DKO microglia phagocytose both particles significantly stronger than 

microglia from SOCS3fl/fl mice demonstrating a strengthened phagocytic process. 

N=3 mice with 5 replications/condition. Data are presented as mean±SEM with 

significance determined by unpaired student t-test (B) and multiple t-tests (E). 

*P<0.05, **P<0.01. Scale bar: 10µm. MG=microglia. Images from aged DKO eye 

section (H-K) showed a GFP positive cell with cone arrestin positive (shown as red 

in J&K with white arrows) staining inside the cell body also indicating a 

phagocytosis phenotype of DKO microglia. 
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Figure 4.3 Pro-inflammatory cytokine levels are significantly higher in naïve 

DKO microglia.  

RNA was extracted from SOCS3fl/fl and DKO microglia and the expression of various 

cytokines was investigated. Among all the mRNA expression investigated in 

unpolarized microglial cells, significantly increased expression of TNFα, iNOS, 

ICAM-1, CCL4, CD68 was found in DKO microglia when compared with SOCS3fl/fl 

microglia. The expression of IL-1β, IL-6, IL-10, CCL5, CCL17, CXCL1, CXCL2, 

CXCL5, CD206 showed increasing trend while arginase 1 (ARG1) showed 

decreasing trend in DKO microglia but none of these changes were significant 

comparing to SOCS3fl/fl microglia. IL-12p40, IL-12p35, IL-23p19, CCL2, CXCL10 

expression had no difference between SOCS3fl/fl and DKO microglia. Data are 

presented as mean±SEM with statistical significance determined using the Holm-

Sidak method, with alpha=5.000%. Each gene was analyzed individually, without 

assuming a consistent SD. *P<0.05, **P<0.01. N=3 mice with 3 

replications/condition. 
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4.3.3 DKO microglia express higher pro-inflammatory cytokines at basal level 

To further evaluate the phenotype of microglia in DKO mice, the mRNA expression 

levels of pro-inflammatory and anti-inflammatory cytokines were examined by real-

time RT-PCR at basal level. Microglia from DKO mice expressed significantly 

higher levels of multiple pro-inflammatory cytokines including TNFα, iNOS, ICAM-

1 and CCL4 (Figure 4.3). IL-1β, IL-6, IL-10, CCL5, CCL17, CXCL1, CXCL2, 

CXCL5, CD206 also showed increased expression in DKO microglia but were not 

significant when compared with the expression of SOCS3fl/fl microglia (Figure 4.3). 

There was no significant difference of IL-12p40, IL-12p35, IL-23p19, CCL2, 

CXCL10 or ARG1 expression between unpolarized SOCS3fl/fl and DKO microglia 

(Figure 4.3). 

Our data revealed that microglia from DKO mice adopted an activated and pro-

inflammatory phenotype. 

 

4.3.4 DKO microglia secreted higher pro-inflammatory cytokines at basal level 

Based upon the quantitative RT-PCR results we next assayed by Luminex the 

concentration of the 10 most consistently discriminatory cytokines. Among the 10 

cytokines, IL-12p70 secretion was below the detection level (sensitivity > 42.4 

pg/ml). GM-CSF, IL-1β and IL-10, whose levels were close to lower detection limits, 

did not differ between SOCS3fl/fl and DKO microglia (Figure 4.4). The secretion 

levels of TNFα, IL-6, CCL2, CCL5, CXCL2 and CXCL10 were significantly 

elevated in DKO microglia (Figure 4.4).  
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Figure 4.4 Naïve DKO microglia secreted significantly elevated pro-

inflammatory cytokines.  

GM-CSF, IL-1β and IL-10, whose levels were close to lower detection limits, did not 

differ between SOCS3fl/fl and DKO microglia. Otherwise levels were consistently and 

significantly higher in DKO microglia. After correction of p-values for multiple t-

tests, the largest and significant differences were in CCL2, CCL5 (****P<0.0001), 

IL-6, CXCL2, CXCL10 (***P<0.001) and TNFα (**P<0.01). Data are presented as 

mean±SEM with statistical significance determined using the Holm-Sidak method, 

with alpha=5.000%. Each protein was analyzed individually, without assuming a 

consistent SD. N=3 mice with 3 replications/condition. 

 

4.3.5 Differential changes in inflammatory cytokine expression in response to M1 

or M2 stimuli in SOCS3fl/fl and DKO microglia 

Microglia are the predominant immune cells in CNS and they respond to stimuli or 

alterations of the surroundings actively. Their capacity of transforming into different 
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phenotypes according to diverse signals is one of the most important characteristics 

of microglia (Lively and Schlichter, 2018; Vergara et al., 2019). 

To understand the capacity of microglia with combined deficiency of SOCS3 and 

CX3CR1 to be polarized in the direction of either pro- or anti- inflammatory 

phenotype, LPS+IFN-γ or IL-4 was applied to both SOCS3fl/fl and DKO microglia. 

The mRNA expression of typical M1 pro-inflammatory (iNOS, TNFα and IL-1β) or 

M2 anti-inflammatory (ARG1 and CD206) genes was analyzed. Other genes 

involved in inflammation (ICAM-1, ILs, CCLs and CXCLs), phagocytic monocyte 

related receptor (CD68) were also analysed by quantitative PCR analysis (Figure 

4.5A).  

It has been reported that LPS is a strong activator of microglia M1 polarization 

(Sandiego et al., 2015),  while IFN-γ is also an important activator of M1 microglia 

(Amici, Dong and Guerau-de-Arellano, 2017). It was considered that they may act 

together and contribute to much more enhanced M1 microglial polarization (Fultz et 

al., 1993; Lee and Sullivan, 2001; Southworth et al., 2012). Therefore their 

combined effect was assessed in purified microglia on multiple inflammation 

markers. Unpolarized DKO microglia expressed upregulated pro-inflammtory 

cytokines including TNF-α, ICAM-1 and iNOS. Here, the combination of LPS and 

IFN-γ further increased expression of these genes. Other pro-inflammatory mediators, 

such as IL-1β, IL-6, IL-12p40, IL-23p19, CCL5, CCL17 and CXCL2 also had a 

remarkable increase in DKO microglia compared with control after M1 polarization. 

However, mRNA expression of other cytokines including CCL2, CCL4, IL-12p35, 

CXCL1 and CXCL5 was not altered (Figure 4.5B).  
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In contrast, IL-4 activates M2 microglial polarization (Lively and Schlichter, 2018; 

Vergara et al., 2019). IL-4 treatment induced more significant upregulation of ARG1, 

CD68, IL-10 and CD206 in DKO microglia than M2 polarized SOCS3fl/fl microglia 

(Figure 4.5B). ARG1 expression, almost undetectable in non-stimulated DKO 

microglia, increased dramatically after M2 polarization. The upregulated expression 

of CD68 and CD206 indicated a strong antigen presentation and pathogen 

phagocytosis features of DKO microglia.  
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Figure 4.5 DKO microglia have differential expression of cytokines after pro or 

anti-inflammatory stimuli.  

Pro-inflammatory cytokines including TNF-α, IL-1β, iNOS, ICAM-1, IL-6, IL-12p40, 

IL-23p19, CCL5, CCL17 and CXCL2 were increased, whereas CCL2, CCL4, IL-

12p35, CXCL1, CXCL5 and CXCL10 remained unchanged in DKO microglia, 

compared to SOCS3fl/fl microglia after M1 stimuli (LPS+ IFN-γ).  ARG1, CD68, IL-

10 and CD206 trended higher after anti-inflammatory stimuli (IL-4) in DKO 

microglia comparing with SOCS3fl/fl microglia. Data are presented as mean±SEM 

with statistical significance determined using the Holm-Sidak method, with 

alpha=5.000%. Each protein was analyzed individually, without assuming a 

consistent SD. *P<0.05, **P<0.01, ****P<0.0001. N=3 mice with 3 

replications/condition.  

 

Together, our data suggested the DKO microglia are more sensitive to cytokine 

stimuli (such as LPS+IFNγ or IL-4) than control microglia. 

 

4.3.6 Inflammatory cytokine secretion in response to M1 or M2 stimuli in 

SOCS3fl/fl and DKO microglia 

Soluble factors secreted by microglia of different phenotypes may play an important 

role in mediating neurodegeneration. The marked differences of SOCS3fl/fl and DKO 

microglia on retinal degeneration might be due to intrinsic differences in cytokine 

secretion.  
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The corresponding cell culture supernatants for SOCS3fl/fl and DKO microglia were 

assayed for cytokine content by multiplex analysis. IL-12p70 protein was 

undetectable except in small quantities in M1 treated samples (data not shown). IL-

1β, whose levels were close to the lower detection limits, did not differ between 

SOCS3fl/fl and DKO microglia (data not shown). Constitutive secretion of GM-CSF 

was similar in SOCS3fl/fl and DKO microglia regardless of treatments, the 

concentration tended to increase slightly upon M1 stimulation in both groups. Our 

data showed that DKO microglia released more TNFα, IL-6, IL-10, CCL2, CCL5, 

CXCL2 and CXCL10 than SOCS3fl/fl microglia in response to M1 stimulation 

(Figure 4.6). Of these cytokines, IL-10 secretion was close to lower detection limits, 

otherwise levels were consistently and significantly higher in M1 treated DKO 

microglia. The largest and significant fold differences were in IL-6, CCL2, CCL5, 

CXCL2 and CXCL10 (P<0.0001, Figure 4.6). Interestingly, M2 treated DKO 

microglia also secreted significantly elevated IL-6 than SOCS3fl/fl microglia (P<0.05, 

Figure 4.6).  
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Figure 4.6 DKO microglia have differential secretion of cytokines after pro or 

anti-inflammatory stimulation.  

Microglia can release cytokines and chemokines as well as respond to them. 

SOCS3fl/fl and DKO microglia were cultured with M1 (LPS+ IFN-γ) or M2 (IL-4) 

stimuli and supernatants harvested after overnight stimulation (A). Mouse magnetic 

cytokine Luminex was used to assay a range of cytokines. DKO microglia released 

more TNFα, IL-6, IL-10, CCL2, CCL5, CXCL2 and CXCL10 than SOCS3fl/fl 

microglia in response to M1 stimulation. Results shown are representative of 3 

independent replicates. Data are presented as mean±SEM with statistical 

significance determined using the Holm-Sidak method, with alpha=5.000%. Each 

protein was analyzed individually, without assuming a consistent SD. 

*P<0.05, **P<0.01, ****P<0.0001.  

 

These data demonstrated that DKO microglia release more pro-inflammatory 

cytokines which might be the cause of exaggerated retinal degeneration. 

 

4.3.7 In vitro effect of microglia on photoreceptor survival in retinal explants 

To further test the neurotoxicity of microglia to retinal neurons, we conducted 

microglia-retinal explant co-culture study and examined the survival of cone 

arrestin+ photoreceptors. 

Cone photoreceptor cell number in the retinal explant cultured alone was considered 

as 100%. The co-culture of naïve microglia from SOCS3fl/fl (109.14%) or DKO 

(100.42%) mice with retinal explants did not cause significant photoreceptor 
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degeneration (Figure 4.7). However, when microglia were pre-challenged with M1 

stimuli overnight, the cone photoreceptor cell number dropped dramatically after co-

cultured with SOCS3fl/fl (73.67%) or DKO microglia (64.87%) (Figure 4.7). 

Interestingly, there is no change in the density of cone photoreceptor cell co-cultured 

with M2 pre-treated SOCS3fl/fl (105.14%) microglia but co-cultured with M2 pre-

treated DKO microglia (57.48%) resulted in exacerbation of cone photoreceptor 

density reduction (Figure 4.7). 
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Figure 4.7 DKO microglia have a detrimental effect on cone photoreceptor 

density in an established co-culture system.  

SOCS3fl/fl and DKO microglia were seeded on the isopore membrane for 24 hours. 

Cells were then treated with M0/ M1/ M2 stimuli overnight. After thorough wash and 

media changing, retina explant was placed on top of the microglia monolayer with 

photoreceptor layer facing down for 24 hours (A). Presentated images showed cone 
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arrestin staining on retinal explants co-cultured with SOCS3fl/fl or DKO microglia in 

different conditions or cultured alone (B). No significant change was observed in 

retinal explants co-cultured with unpolarized SOCS3fl/fl or DKO microglia when 

compared with retinal explant cultured alone. However, significantly decreased cone 

arrestin density was observed in retinal explants co-cultured with M1 treated 

SOCS3fl/fl or DKO microglia. Interestingly, M2 treated SOCS3fl/fl microglia had no 

significant effect on cone photoreceptor cell number while DKO microglia had a 

destructive effect on cone photoreceptor density after M2 stimuli (C). Data are 

presented as mean±SEM. N=20 images/condition. # showed significance of t-test 

between experimental samples with no cell control. * showed significance 

determined by one-way ANOVA followed by tukey’s multiple comparisons. ##P<0.01, 

###P<0.001, ****P<0.0001. Scale bar: 50µm. 

 

These data suggested that naïve microglia main retinal neuronal homeostasis, 

inflammatory microglia are toxic. Our results also suggest that the alternatively 

activated microglia (M2) are not toxic to retinal neurons when the activation is 

controlled. Uncontrolled M2 microglia such as the cells from our DKO mice, are also 

toxic to retinal neurons.  

4.4 Discussion 

In Chapter 3, we characterized the microglial state and retinal integrity in the murine 

model and found age-related primary microglial activation, secondary retinal 

neuronal degeneration and RPE deformation. In this chapter, we tried to understand 

the mechanisms underlying the microglia induced retinal degeneration by in vitro 

investigation on microglial cells. 
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To fully understand the role of microglia at the cellular level and study their 

properties under controlled conditions, investigations were conducted in primary 

microglial cell from DKO and control mice in this study. Mechanisms underlying the 

microglia induced retinal degeneration observed in Chapter 3 were investigated. In 

the present study we found that primary DKO microglia behave similarly to cells 

isolated from control mice in a few aspects in basal conditions. No significant 

difference was observed between DKO and control microglia in (1) cell morphology; 

(2) expression of the microglial marker CD11b and F4/80 (Figure 4.1); (3) 

production of cytokines including IL-6, IL-1β, CCL2 (Figure 4.3) and (4) cone 

arrestin density in retinal explants co-cultures with microglia (Figure 4.7).  

4.4.1 Microglial cells from the brain and the retina 

There is very limited study comparing the difference between microglial cells from 

the retina and the brain. There are several limitations using microglia from the brain 

to study the effect of microglia in the retina. For instance, the microglial hererogenity 

remained unclear (Discussed in section 3.4.3). Different subsets of microglia might 

be tuned to perform niche specific functions or regulate specific neuron types or 

geographic areas of the retina (Li, Jiang and Samuel, 2019). Study has found that 

brain differed from retina in that an altered profile of microglial activation markers 

was upregulated (Kercher et al., 2007). Thus, using brain microglia instead of retinal 

microglia in this study may cause some misinterpretation. 

However, regardless of the limitations, evidence suggests that under homeostatic 

conditions, both brain and retinal microglia are from primitive yolk sac progenitors 

(Prinz and Priller, 2014; Saban, 2018). Characterization of primary microglial cells 

isolated from the brain showed similarities with the microglial cells from the retina in 

different aspects: 1) the expression of microglial markers (Devarajan et al., 2014; 
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Genini et al., 2014; Lin et al., 2017; Lim et al., 2019); 2) the phagocytic function 

(Genini et al., 2014; Lim et al., 2019) and 3) the responses to inflammatory stimuli 

(Chhor et al., 2013; Devarajan et al., 2014; Sarkar et al., 2017; Lim et al., 2019). 

Given these similarities, we isolated microglial cells from the brain instead of the 

retina as it yields larger amount of cells for the in vitro experiments.  

4.4.2 Microglial phagocytic ability in retinal degeneration 

Despite their common ground, the DKO and control microglia differed significantly 

in a variety of properties. Particular among the properties we examined in primary 

microglia was the rate of phagocytosis. Phagocytosis is regulated through a variety of 

phagocytic signalling (Rosales and Uribe-Querol, 2017). Macrophages with SOCS3 

deficiency displayed enhanced phagocytosis in several studies (Qin et al., 2014; 

Gordon et al., 2016; Korovina et al., 2019). However the effect of CX3CR1 on 

microglial phagocytic property is controversial. Some studies found 

microglia/macrophage with CX3CR1 deficiency have impaired phagocytosis (Zhao 

et al., 2016; Castro-Sánchez et al., 2019) while others found enhanced engulfment 

(Lee et al., 2010; Zabel et al., 2016). Here we investigated the phagocytic ability of 

microglia with combined deficiency of SOCS3 and CX3CR1 genes to understand if 

phagoptosis plays a role in DKO microglia induced neurodegeneration. Our data 

showed elevated levels of phagocytosis by DKO microglia versus control (Figure 

4.2). Our findings of hyperphagocytosis in DKO mice, as compared with 

corresponding control mice were confirmed in two different phagocytosis assays. 

DKO microglia have significantly increased capacity of phagocytosis compared with 

SOCS3fl/fl microglia at both the ‘eating’ and ‘digesting’ stages (Figure 4.2). 

Phagocytosis involves the digestive removal of foreign bodies or cell debris, and it is 

known that activation of lysosomes occurs following phagocytosis. One marker of 
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phagocytic microglia is the lysosomal protein CD68. The expression of CD68 was 

assessed by RT-PCR to confirm the phagocytic functional assay. DKO microglia in 

basal state have indeed a phagocytic profile with significantly higher level of CD68 

(Figure 4.3). In healthy conditions, the ability of removing damaged or apoptotic 

cells is an important role of microglia in maintaining retinal immune homeostasis 

(Brown and Neher, 2014; Ayata et al., 2018). However exaggerated and prolonged 

phagocytosis may lead to sustained neuron loss (Zabel et al., 2016). DKO microglia 

with strengthened engulfing ability indicated the possibility of retinal neuron death 

by uncontrolled phagocytosis. 

A group in Cambridge has revealed a possible mechanism of microglia induced 

neuron loss, which can be implied in our study. In the concept of neuroinflammation, 

inflammatory factors produced by microglia can induce the exposure of 

phosphatidylserine or other eat-me signals by viable neurons, leading to their 

phagoptosis (Neher et al., 2011). This mechanism of neuron loss requires the direct 

contact of microglia and neurons in the presence of ‘eat-me’ signal unmasking. 

Inflammatory cytokines released by microglia alone were not sufficient to cause 

neuronal death (Neher et al., 2011). Blocking phagocytosis by inhibition of specific 

phagocytic pathways such as milk fat globule-EGF factor 8 protein (MFG-E8) 

pathway (Neniskyte and Brown, 2013), calreticulin/low density lipoprotein receptor-

related proteins (LRP) signalling (Fricker, Oliva-Martín and Brown, 2012) and 

nucleotide uridine diphosphate (UDP)/P2Y purinoceptor 6 (P2Y6) purinergic 

signalling (Neher et al., 2014) may prevent inflammatory neurodegeneration. 

4.4.3 Neurotoxic cytokines produced by microglia in retinal degeneration 

Besides the scavenging and engulfment functions, the ability of microglia to 

communicate with surrounding cells through various extracellular signalling 
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molecules was investigated in both unpolarized conditions and in response to M1 or 

M2 stimuli.  

iNOS 

Microglia are the major source of nitric oxide synthases (NOS) during 

neuroinflammatory diseases (Marques et al., 2008; Chhor et al., 2013). NOS 

catalyzes the production of nitric oxide (NO) which is an essential determinant of the 

innate immune system affects apoptotic pathways (Lowenstein and Padalko, 2004). 

Physiological amounts of NO are neuroprotective, whereas excessively produced NO 

arising from NOS can mediate neurotoxicity (Calabrese et al., 2007). iNOS, as one 

of the forms of NOS, is significantly elevated in unpolarized and M1 polarized DKO 

microglia when compared with unpolarized and M1 polarized control microglia 

(Figure 4.3, Figure 4.5).  

TNF-α and IL-1β  

TNF-α and IL-1β are known as key instigators in immune-mediated inflammation 

(Lee et al., 2014; McFarland et al., 2018) and inducers of neurotoxicity (Eandi et al., 

2016; Natoli et al., 2017). The levels of TNF-α and IL-1β were elevated in PDR 

patients indicating a role in the pathogenesis of the disease (Demircan et al., 2006). It 

is widely accepted that microglial cells are the primary source of pro-inflammatory 

cytokines such as TNF-α and IL-1β in the CNS. Here, mRNA expression level of 

TNF-α and IL-1β was assessed in both control and DKO microglia. The expression 

of TNF-α was increased approximately 2 fold in DKO microglia when compared 

with control microglia in basal condition. After M1 treatment the TNF-α expression 

was further elevated in both control and DKO microglia for 8 fold indicating strong 

pro-inflammatory responses. IL-1β was increased in unpolarized DKO microglia but 
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not statistically significant due to variation between samples. After pro-inflammatory 

treatment IL-1β increased significantly in DKO microglia with 3.7 fold expression 

comparing to control (Figure 4.3, Figure 4.5).  

IL-6 

IL-6 is a highly versatile cytokine and can have either pro- or anti- inflammatory 

property depending on certain condition. As an inflammatory cytokine, IL-6 plays an 

important role in neuroinflammation by affecting gliosis (Chiang et al., 1994; 

Chakrabarty et al., 2010) and BRB integrity (Pan et al., 2011; Cohen et al., 2013; 

Rochfort et al., 2014; J. Zhang et al., 2015). On the other hand, IL-6 can be 

neuroprotective by enhancing neuron differentiation (Wu and Bradshaw, 1996; Oh et 

al., 2010; Storer et al., 2018), promotion of neuronal survival (Pavelko et al., 2003; 

Chong et al., 2008; Spittau et al., 2012; Perígolo-Vicente et al., 2013) and 

regeneration (Cafferty et al., 2004; Leibinger et al., 2013; Storer et al., 2018). IL-6 

mRNA expression was about 2 folds higher in DKO microglia versus control, the 

protein expression of both TNF-α and IL-6 from DKO microglia were significantly 

increased in basal or pro-inflammatory conditions (Figure 4.3, Figure 4.5).  

Other interleukins 

IL-12 and IL-23 respectively have the subunits IL-12p35 and IL-12p19 while share 

the same subunit IL-12p40 (Tait Wojno, Hunter and Stumhofer, 2019). Both IL-12 

and IL-23 promote cell-mediated immunity (Kroenke et al., 2008; Teng et al., 2015). 

The mRNA expression of IL-12p35 had no significant difference between microglial 

cells isolated from DKO and SOCS3fl/fl mice regardless of the cell activation status 

(Figure 4.3, Figure 4.5). The expression of IL-12p40 and IL-23p19 were equivalent 
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in unpolarized microglia from DKO and SOCS3fl/fl mice but significantly increased 

after pro-inflammatory stimulation in DKO microglia (Figure 4.3, Figure 4.5).  

ICAM-1 

ICAM-1, also known as CD54, is expressed in endothelial or immune cells. Upon 

inflammatory stimulation, its expression is increased mediating intercellular adhesion 

(Mesri, Liversidge and Forrester, 1994; Khalfaoui, Lizard and Ouertani-Meddeb, 

2008). The upregulation of ICAM-1 gene expression in DKO microglia in both basal 

and pro-inflammatory conditions suggests a stronger microglial reaction promoting 

the interaction of immune cells with endothelial cells (Figure 4.3, Figure 4.5).  

CCLs 

CC chemokine ligands are formed under pathological conditions and actively 

participate in the inflammatory response. CCL2, also referred to as monocyte 

chemoattractant protein 1 (MCP1) is implicated in pathogeneses of several 

neuroinflammatory processes (Thacker et al., 2009; Trujillo, Fleming and Perlman, 

2013; Kim et al., 2016). The role of CCL2 has been studied in AMD patients (Kamal 

Sharma et al., 2018) as well as retinal degeneration animal models by various groups 

including ours (Luhmann et al., 2009; Chen, Forrester and Xu, 2011; Feng et al., 

2017). Accelerated accumulation of auto-fluorescent spots, increased sub-retinal 

macrophage-like cells and impaired recruitment of these cells to sites of laser injury 

were observed in CCL2 deficiency mice (Luhmann et al., 2009).  

One of the forms of macrophage Inflammatory Proteins (MIP)-CCL4, is best known 

for its chemotactic and pro-inflammatory effects but can also promote homeostasis. 

CCL4 mRNA and protein are overexpressed in the brains of Alzheimer disease 

animal model (Zhu et al., 2014) and in the retina of Stargardt disease model (Kohno 
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et al., 2014). CCL4 and CCL5 mRNA expression were found to be significantly 

elevated in brain tissue of MS patients, among which CCL4 immunoreactivity was 

strongly detected in phagocytic macrophages while CCL5 was predominantly 

localized in reactive astrocyte (Boven et al., 2000). However, a recent study showed 

CCL4 can also play a protective role in methylmercury induced neurotoxicity 

(Takahashi et al., 2018). On the other hand, CCL5 is mainly expressed by astrocytes 

and microglia in CNS (Lanfranco et al., 2018) and plays an active role in recruiting 

immune cells into inflammatory sites (Zhou et al., 2018). CCL17 is involved in 

allergen induced asthma by induction of chemotaxis in Th2 cells (Brody, 2016; Lacy, 

2017) and acts together with its receptor CCR4 similar to CX3CL1/CX3CR1 

signalling for the homeostasis of hippocampal microglia (Fülle et al., 2018). 

The expressions of CCLs such as CCL2, CCL4, CCL5 and CCL17 were investigated 

in this study. Significantly upregulated CCL4 was observed in unpolarized DKO 

microglia comparing with control at mRNA level, while the mRNA expression of 

CCL5, CCL17 and CXCL2 was significantly elevated in M1 polarized DKO 

microglia (Figure 4.5). At protein level, significantly increased CCL2 and CCL5 

were secreted by unpolarized DKO micrglia compared with control, after pro-

inflammatory stimulation, these chemokines were further elevated in M1 polarized 

DKO microglia (Figure 4.5, Figure 4.6). Interestingly, the mRNA expression of 

CCL2 was not altered in DKO microglia in either basal or pro-inflammatory 

conditions, but the secretion of these proteins was significantly upregulated. This is 

possibly due to the post-transcriptional regulation (Wilusz, Wormington and Peltz, 

2001; Fan et al., 2005). 

CXCLs 
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Chemokine (C-X-C motif) ligands are small secreted proteins that attract immune 

cells to the site of inflammation. In the events of neuroinflammatory diseases, 

microglia may contribute to the process of peripheral immune cell infiltration by 

releasing chemoattractant chemokines and recruiting immune cells across the BBB 

(Caravagna et al., 2018; Jordão et al., 2019; Ronning et al., 2019).  

CXCL1 produced by microglia mediates neutrophil recruitment in fungus infected 

brain (Drummond et al., 2019) and also amplifies viral induced demyelination 

(Marro, Grist and Lane, 2016). IFN-γ impairment induced the upregulation of 

CXCL2 by myeloid cells leading to brain inflammation in the EAE model (Stoolman 

et al., 2018). BBB damage is significantly induced by CXCL5 overexpression and 

prevented by CXCL5 inhibitor (L. Y. Wang et al., 2016). HIV-1-infected 

macrophages showed overexpression of CXCL5 and enhanced ability to attract 

neutrophils (Guha et al., 2015). CXCL10 is also involved in HIV-1-infected neuronal 

damage with enhanced neuronal toxicity and showed chemotactic activity (Mehla et 

al., 2012). Besides, CXCL10 was found elevated in the aqueous humor of wet AMD 

patients (F. Liu et al., 2016). Upregulation of CXCL10 in the vitreous was observed 

in patients with diabetes (Maier et al., 2008), rhegmatogenous retinal detachment 

(Takahashi et al., 2016), proliferative DR and retinal vein occlusion (RVO) 

(Takahashi et al., 2016). Studies on the concentration of cytokines in 

serum/vitreous/aqueous humor in patients with various retinal diseases have revealed 

the involvement of inflammatory factors in the pathogenesis of these diseases. 

The expressions of CXCLs including CXCL1, CXCL2, CXCL5 and CXCL10 were 

assessed in this study. mRNA expression of CXCL2 was significantly elevated in M1 

polarized DKO microglia (Figure 4.5). At protein level, significantly upregulated 

secretion of CXCL2 and CXCL10 was observed in unpolarized DKO micrglia 
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compared with control. After pro-inflammatory stimulation, these chemokines were 

further elevated in M1 polarized DKO microglia (Figure 4.5, Figure 4.6). The 

mRNA expression of CXCL10 was not altered in DKO microglia compared with 

control. However, secretion of CXCL10 was significantly upregulated in DKO 

microglia in basal and polarized conditions. 

 

Together, these pro-inflammatory factors are strong contributors to 

neurodegeneration.  Furthermore, The M2 stimulated DKO microglia was 

accompanied by increases in the mRNA expression of CD68 and CD206 suggesting 

that the M2 polarized DKO microglia are in fully activated phagocytic state (Figure 

4.5). These data suggested that silencing of both SOCS3 and CX3CR1 affected the 

responsiveness of microglial cells to interferon-γ and LPS or IL-4, implying a role of 

SOCS3 and CX3CR1 in the modulation of microglia phenotypes from quiescence to 

pro-inflammatory and phagocytic state.  

4.4.4 Microglia on the survival of cone photoreceptors in retinal-explant 

The microglia and retinal-explants co-culture is a well-established system to mimic 

the in vivo microglia-neuron crosstalk. We showed that normal microglia in basal or 

anti-inflammatory conditions have little effect on photoreceptor survival but become 

detrimental to cone photoreceptors in pro-inflammatory conditions (Figure 4.7). 

DKO microglia were destructive to photoreceptors after both pro- and anti- 

inflammatory stimuli (Figure 4.7).  Together, our data suggested that prolonged 

exposure of retinal neurons to DKO microglia was harmful to neurons lead to 

destructive changes. In turn, stressed yet still viable retinal neurons were chemotactic 
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for microglia resulting in a vicious circle of chronic neuroinflammation and retinal 

degeneration.  

4.4.5 Conclusion and future direction 

In summary, microglia in healthy conditions may play a role in balancing retinal 

immune homeostasis by clearing out apoptotic cells and debris, but pro-inflammatory 

immunomodulated microglia can overproduce cytotoxic cytokines affecting 

surrounding neurons. Microglia with dysfunctional phagocytosis might also cause 

prolonged retinal neuron destruction, eventually leading to retinal degeneration. 

Activation of the retinal immune system due to gene mutation and age-related 

phenotypic change from our study can represent a pathology mimicking human 

retinal degenerative diseases. It is likely that major functional properties of microglia 

are relatively sensitive to the lack of the SOCS3 and CX3CR1 proteins.  

Inhibition of microglial activation or immunomodulation of their phenotype might 

provide a therapeutic strategy towards retinal degenerative diseases. However, a 

number of additional characteristics remain to be tested, such as migration function. 

Undoubtedly, the interplay of both genes and their products deserves further 

attention, to unravel both their genetic and functional interactions, which may affect 

not only microglial cells but also other circulating immune cells. However, such an 

investigation is beyond the scope of the current study. 
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 The effect of minocycline on retinal Chapter 5

microgliopathy in the DKO mice   
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5.1 Introduction 

In vivo characterization of DKO retina in Chapter 3 and in vitro investigation on 

DKO microglia in Chapter 4 revealed the mechanisms underlying microglia induced 

retinal degeneration. In this chapter, we sought to inhibit microglial activation, with 

the goal of preserving retinal function and integrity. 

Retinal degenerative diseases, including AMD, RP, DR and glaucoma, are 

responsible for a large proportion of blindness in the world (Wong et al., 2014; 

Pennington and DeAngelis, 2016; Colijn et al., 2017; Jonas, Ming and Cheung, 2017; 

Bourne et al., 2018; Keeffe et al., 2018). Historically, retinal degeneration was 

considered an irreversible progressive disorder with no valid cure (Mitchell, Liew, 

Gopinath, & Wong, 2018; Wong et al., 2014). Prevention or delay of the onset of the 

disease has received much attention in the field of retinoprotection (Chen and Cepko, 

2009; Gupta et al., 2013; Bartollino et al., 2018; Platania et al., 2018). In the past 

decade, immune regulation and its underlying contribution to retinal degeneration 

has been investigated (Hollyfield et al., 2008; Ambati, Atkinson and Gelfand, 2013; 

Camelo, 2014; Chen and Xu, 2015). These studies suggest that the immune system 

plays a critical role in chronic degenerative processes. Microglia are the primary 

contributor of CNS inflammation (Salter and Stevens, 2017). With a rapid response 

to diverse signals, activated microglia mediate either neuroinflammation or 

neuroprotective effects through their ability to adopt diverse activation phenotypes 

(Deczkowska et al., 2018). Animal models and studies on human samples show that 

microglial reactivity is a consistent trait in neurodegenerative diseases (Rasmussen et 

al., 2007; Di Filippo et al., 2016; Coutinho et al., 2017). Chronic microglial 

activation is associated with progressive neuronal damage (Lull and Block, 2010; Di 

Filippo et al., 2016; Laskaris et al., 2016). In rodent AMD models, microglia have a 
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predominantly pro-inflammatory phenotype which becomes more clear over time 

(Zhou et al., 2017). However, the significance of this prolonged extensive microglial 

activation is controversial. The effect of chronic microglial activation in humans also 

remains uncertain. 

Minocycline was originally synthesized as an antibiotic. However, around two 

decades ago minocycline was discovered to have inhibitory effect on microglial 

activation as well as neuroprotective effect (Yrjänheikki et al., 1998). Since then, 

minocycline has been investigated extensively in a variety of in vitro studies and 

animal models of neurodegenerative diseases including stroke, AD, PD, MS, spinal 

cord injury (SCI) and traumatic brain injury (TBI) (Yrjanheikki et al., 1999; Tikka et 

al., 2001). For retinal diseases, minocycline was confirmed to immunomodulate 

microglia and prevent neuronal damage in rat models of branch retinal vein 

occlusion (Sun et al., 2013), DR (Krady et al., 2005) and several retinal degeneration 

animal models including ischemia- reperfusion model (Ahmed et al., 2017; R. Huang 

et al., 2018), light-induced retinopathy model (Dannhausen, Möhle and Langmann, 

2018) and an inherited retinal degeneration model (Di Pierdomenico et al., 2018).  

5.2 Hypothesis, aim and study design 

Hypothesis 

We hypothesized that inhibition of microglial activation in the DKO mice can 

preserve retinal integrity. 

Aim 

The overarching goal of this study was to determine whether minocycline could act 

therapeutically to inhibit microglial activation, preserve visual function and preserve 

retinal integrity in DKO mice. 
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Study design 

DKO mice and SOCS3fl/fl mice as a genotype control (all in C57BL/6J background, n 

≥10 per group) were divided into two treatment groups, minocycline and naïve 

(distilled water) oral administration (Figure 5.1). All mice were housed in cages with 

normal diurnal rhythm (12-h light/dark cycle), temperature 24–26°C, and humidity at 

50–70% having free access to water and food. The position of each cage on the rack 

was changed weekly to ensure animals get similar light exposure owing to the 

uneven illumination from different heights. Experimental animals were randomized 

into four groups, A) SOCS3fl/fl + placebo; B) SOCS3fl/fl + minocycline; C) DKO + 

placebo; D) DKO + minocycline. Each group had ≥ 10 mice, all of which were 5 

months of age at the beginning of the 3 month treatment phase of the experiment. 

Animals in group A and group C received distilled water, while mice from group B 

and group D were administered minocycline at a dose of 25 mg/kg, all groups were 

treated daily by oral gavage for (volume: 100 µL/25 g body weight, Figure 5.1). The 

total body weight of the experimental animal was measured 3 times/week and the 

dosage was modified accordingly. In vivo investigations were carried out to study the 

function of retina 24 hours after the last administration of minocycline. Eyes were 

collected for further in vitro investigation (Figure 5.1).  
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Figure 5.1 In vivo minocycline administration experiments timeline.  

Minocycline administration was conducted in SOCS3fl/fl and DKO mice when the 

animals reached 5 months of age. Age and gender matched animals of both 

SOCS3fl/fl and DKO background received 25 mg/kg minocycline gavage 

administration or same volume of water for 3 months. At the age of 8 months, all 

animals were investigated with live retinal function experiments including TEFI, 

OCT and ERG. Eyes were collected for molecular and histological analyses. 

 

5.3 Results 

5.3.1 DKO retinas exhibit pro-inflammatory phenotype 

Data in Chapter 3 showed age-related moderate pathological defects in the retinas of 

DKO mice, including microglial activation (Figure 3.3, Figure 3.4), retinal neuronal 

degeneration (Figure 3.8, Figure 3.9), RPE damage (Figure 3.11, Figure 3.12) and 

possible vascular leakiness (Figure 3.13), resembling human AMD. mRNA 

expression profile of microglial cells isolated from SOCS3fl/fl and DKO mice has 

been revealed in Chapter 4 and demonstrated the pro-inflammatory and phagocytic 

phenotypes of DKO microglia (Figure 4.2, Figure 4.3).  

Here we investigated the mRNA expression of retinas from SOCS3fl/fl and DKO 

mice in order to understand the inflammatory profile of a whole retina with reactive 

DKO microglia. The mRNA expression of IL-1β, CD68 and CD86 was significantly 

elevated in naïve DKO retinas compared with naïve SOCS3fl/fl retinas (Figure 5.2). 

IL-1β is pivotal in the mediation of neuroinflammation (Cherry, Olschowka and 

O’Banion, 2015; Eandi et al., 2016). IL-1β produced by microglia can promote 

chemokine expression such as CCL2, CXCLl1, and CXCL10 by Müller and RPE 
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cells (Natoli et al., 2017). CD68 and CD86 are both strong indicators of microglial 

M1 polarization (Erkenstam et al., 2016; Smith et al., 2016; Zhou et al., 2017). The 

results indicate that the inflammatory activation and enhanced microglial activation 

in DKO mice retinas is in accordance with the in vitro microglial profile. Together, 

these data provided guidance for therapeutic selection for the prevention of 

microglia-induced neurodegeneration. 

 

Figure 5.2 mRNA expression of inflammatory cytokines is differentially 

regulated in the DKO retinas. 

RT-qPCR of DKO retinas at 8 months suggests onset of microglia activation 

(significantly increased CD68 and CD86 expression compared with 8 months 

SOCS3fl/fl retinas) and pro-inflammatory immune response (significantly increased 

IL1β expression compared with 8 months SOCS3fl/fl retinas). The expression of TNFα, 

iNOS, IL-4, IL-6, IL-10, ICAM1 and CCL2 showed no difference between 8 months 

old retinas from DKO and SOCS3fl/fl mice. Values are mean ± SEM. Student's t-test. 

*P < 0.05, **P < 0.01. N=6 mice. 
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5.3.2 Low dose minocycline administration has no effect on body weight 

Minocycline treatment is safe with limited side effects, especially in short term 

administration (Fouda et al., 2017; Cukras et al., 2018). However in some cases, 

minocycline induced hyperpigmentation (Nisar et al., 2013; Oviedo Briones, Rico 

and Grados, 2017) and autoimmune diseases such as hepatitis (Goldstein et al., 2000; 

Chamberlain et al., 2006) and lupus (Schlienger, Bircher and Meier, 2000). In our 

study, we monitored the body weight of the animals as an indicator of their health 

and condition. 

The body weight of each individual mouse was measured three times per week. Our 

data showed a small decrease of the weight at the first 2 weeks, possibly due to mice 

newly experiencing the gavage process. After the mice acclimatising to the 

procedure, their weight showed a slow rise over time. 3-months low dose 

minocycline gavage has no effect on the body weight in either SOCS3fl/fl or DKO 

mice (Figure 5.3). There was no significant difference between body weight of 

SOCS3fl/fl or DKO mouse (Figure 5.3). 

 

Figure 5.3 The weight of the experimental animal has no difference between 

groups.  
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Mice with either SOCS3fl/fl or DKO background received minocycline or water 

gavage for three months. A small decreasing trend was observed in the first 2 weeks. 

The weight returned to normal level at week 3 or 4 and slowly increased with age. 

The weight of both male and female mice showed no significant difference after 

minocycline administration in either SOCS3fl/fl or DKO mice. N=5 mice/group. 

Values are mean, data was analysed using two way ANOVA with sidak’s multiple 

comparison test. MCH: minocycline. 

 

5.3.3 Minocycline enhances visual function 

To evaluate whether minocycline treatment preserved retinal function in SOCS3fl/fl 

and DKO mice, we performed functional studies by recording scotopic ERG. Similar 

retinal responses after light stimuli were observed between untreated SOCS3fl/fl and 

DKO mice (Figure 5.4). Retinal function in minocycline-treated eyes was markedly 

better preserved with larger scotopic ERG responses than in the untreated SOCS3fl/fl 

eyes. DKO mice after minocycline treatment also showed stronger responses than 

that of untreated DKO mice. 

Minocycline treatment exhibited improvement in scotopic ERG a-wave amplitudes 

when compared with untreated SOCS3fl/fl mice at three light intensities (p < 0.05, 

Figure 5.4B). Compared with untreated mice, SOCS3fl/fl mice treated with 

minocycline also had greater amplitude of b-wave at the highest two light intensities 

(p < 0.001, Figure 5.4C). At the highest light intensity, minocycline treated DKO 

mice showed deeper a-wave (p <0.0001, Figure 5.4B) and higher b-wave (p < 0.01, 

Figure 5.4C) amplitude compared with untreated DKO mice. OP values were not 

altered in mice from either genotypes after minocycline treatment when compared 
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with untreated groups (Figure 5.4D). The scotopic ERG data showed profound 

effects of minocycline treatment indicating that minocycline provided significant 

preservation of photoreceptor and inner retina function.  

 

Figure 5.4 Minocycline improves retinal function.  

Representative images from the in vivo scotopic ERG of Placebo SOCS3fl/fl, 

minocycline-treated SOCS3fl/fl, Placebo DKO and minocycline-treated DKO retina 

were shown in (A). Graphs presented as mean±SEM showed quantification of A (B) 

and B waves (C) amplitudes at 8 different light intensities and summed OP values 
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(D). The recordings showed increased ERG responses in both A and B waves in 

minocycline treated mice compared with placebo mice. OP values showed no 

difference between any grousps. N=8 mice, ****P < 0.0001; ***P < 0.001; **P < 

0.01, *P < 0.05, data was analysed using two way ANOVA with sidak’s multiple 

comparison test. MCH: minocycline. 

 

5.3.4 The effect of Minocycline on neural retinal thickness 

One of the benefits of studying the retina as opposed to the brain is the ease of non-

invasive imaging of the retina. Accordingly, the effect of minocycline on retinal 

structure was assessed in vivo by SD-OCT examination. The deficits in retinal 

morphology at cellular level in DKO mice were thoroughly investigated in Chapter 3. 

To investigate if the in vivo retinal morphological changes match the visual 

functional alteration, and the ability of minocycline to prevent retinal degeneration, 

the thicknesses of the neural retina and photoreceptor layer were measured. The 

measurement was carried out at 0.5, 1 and 2 mm away from the optic nerve 

respectively, at both nasal and temporal sides, to monitor whether retinal thickness 

was affected at specific region or the whole retina. Representative images of OCT 

are shown in Figure 5.5A. The averaged thickness of neural retina and photoreceptor 

layer are shown in Figure 5.5B-C.  

After 3 months of minocycline treatment, the retina was significantly thicker (Figure 

5.5B) relative to the retinal thickness in untreated SOCS3fl/fl mice at 1mm 

(Minocycline group: 204.44±6.32µm; untreated group: 199.28±8.42µm, P < 0.05) 

temporal side. The photoreceptor thickness showed no difference. Compared with 

untreated DKO mice, minocycline treatment also enhances DKO mice retinal 



 

151 
 

thickness at both 1 mm (Minocycline group: 201.19±5.90µm; untreated group: 

196.18±6.09µm, P < 0.05) and 2 mm (Minocycline group: 201.19±5.36µm; untreated 

group: 194.88±5.38µm, P < 0.05) away from optic nerve at the temporal side (Figure 

5.5B). The thickness of the photoreceptor layer after minocycline treatment was 

significantly increased at 2mm temporal side (Minocycline group: 91.44±3.08µm; 

untreated group: 87.76±3.18µm, P < 0.05) compared with untreated DKO mice 

(Figure 5.5C). 

We observed the increase of thickness at mid-peripheral retina (1 and 2 mm away 

from the optic nerve) rather than the central retina (0.5mm away from the optic nerve) 

in minocycline treated mice, especially in the temporal side, indicating a partial 

change in retinal thickness after minocycline treatment. 

 

Figure 5.5 Minocycline improves neural retinal morphology.  
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Representative images from the in vivo OCT scan of Placebo SOCS3fl/fl, 

minocycline-treated SOCS3fl/fl, Placebo DKO and minocycline-treated DKO retina 

were shown in (A), yellow or green tag showed the measurement of the whole neural 

retina or the photoreceptor layer respectively. Graphs presented as mean±SEM 

showed the measurement of neural retinal thickness (B) and photoreceptor layer 

thickness (C) at the positions of 0.5, 1 and 2 mm away from the optic nerve 

respectively at both temporal and nasal site. Statistical significance of the differences 

between minocycline treated and placebo animals was observed at 1mm away from 

optic nerve temporal site. Minocycline treated DKO mice also had increased neural 

retinal and photoreceptor layer thickness at the temporal site 2mm away from the 

optic nerve. N=8 mice, *P < 0.05, data was analysed using two-way ANOVA with 

Sidak’s multiple comparison test. MCH: minocycline. 

 

5.3.5 Fundus images of untreated or minocycline treated control and DKO retinas 

To examine in vivo retinal appearance in experimental animals, mice from all four 

groups received fundus examination. We performed in vivo TEFI to detect if visible 

damage naturally happened in DKO mice and whether the damage still existed after 

minocycline treatment. Retinas from both minocycline treated or untreated SOCS3fl/fl 

mice showed a normal appearance with overall consistent orange colour (Figure 

5.6A-B). On the contrary, 60% untreated DKO retina displayed numerous round 

whitish dots in either the central or the peripheral retina (Figure 5.6C). The dots 

were not observed in minocycline treated DKO retina (Figure 5.6D). This suggested 

that DKO mice exhibit aberrant fundus features and minocycline treatment may 

mitigate the abnormality. 
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Figure 5.6 Retinal abnormality is observed in DKO mice but not in minocycline 

treated DKO retina.  

Representative images from the in vivo fundus investigation of Placebo SOCS3fl/fl (A), 

minocycline-treated SOCS3fl/fl (B), placebo DKO (C) and minocycline-treated DKO 

retina (D). Multiple white dots were observed in placebo DKO mice retina. MCH: 

minocycline. 
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5.3.6 The effect of Minocycline on microglial activation  

To elucidate the effect of minocycline on microglial activation, eyes from four 

groups of experimental animals were collected and fixed. Retina flatmounts were 

separated from the RPE/Choroid for further immunohistochemistry investigation. 

Retinal microglia were visualized by immunostaining of IBA-1 on SOCS3fl/fl retinal 

whole-mounts or GFP signal in DKO retinal flatmounts. Two different ways to 

identify the activation state of microglia were applied- the quantification of 

microglial cell number and the morphological evaluation of microglia. 

Quantification of microglial cell number 

The number of microglial cells was counted at the GCL+IPL and the OPL 

respectively. The microglial cell number from all layers was also added together for 

quantification of the overall cell density. 

In the GCL+IPL, the microglia density was 132.68±11.69/mm2 in untreated 

SOCS3fl/fl retina and 123.09±13.27/mm2 in minocycline treated SOCS3fl/fl retina 

(P=0.21). In untreated DKO retina, the microglia cells is 143.94±15.09/mm2. In 

contrast, a 12.1% drop in cell density was observed in minocycline treated DKO 

retina when compared with untreated DKO retina (126.54±7.07/mm2, P < 0.05, 

Figure 5.7A&C). 

A similar trend was observed in the OPL. The microglia density was 

135.44±12.72/mm2 in untreated SOCS3fl/fl retina and 123.96±9.77/mm2 in 

minocycline treated SOCS3fl/fl retina (P=0.11). The cell number was 

145.52±12.07/mm2 in untreated DKO retina but reduced by 10.5% by minocycline 

treatment (128.46±8.55/mm2, P < 0.05, Figure 5.7B&D). 
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Upon comparison of the total microglia cell numbers in retinas of SOCS3fl/fl mice 

with and without minocycline administration, the IBA-1 positive cell density 

remained constant (Minocycline treated SOCS3fl/fl retina: 247.05±22.95/mm2; 

untreated group: 268.12±23.96/mm2, P=0.23, Figure 5.7E). The overall microglia 

density was found to increase by 7% in untreated DKO retina (287.46±26.40/mm2) 

when comparing with untreated SOCS3fl/fl retina, however the difference was not 

significant (P=0.21). Notably, the increased microglia density was significantly 

restored by minocycline administration (Minocycline treated DKO retina: 

255.00±15.16/mm2; P < 0.05, Figure 5.7E).  

 

Figure 5.7 Increased retinal microglial cell density in DKO retina is attenuated 

by minocycline. 
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 Representative images of microglial cells in GCL+IPL (A) and OPL (B) were 

quantified in whole-mount retinas from 4 experimental mice groups (N=6 mice) 

stained with (placebo and minocycline treated SOCS3fl/fl mice) or without (placebo 

and minocycline treated DKO mice) IBA-1. Average number of microglial cells in 

the GCL+ IPL (C), OPL (D) and total number of microglia (E) in the retinas were 

analyzed. A significant change in the number of microglial cells was observed 

between minocycline treated and untreated DKO mice. *P <0.05, data was analysed 

using two way ANOVA with sidak’s multiple comparison test, scale bar: 50µm. MCH: 

minocycline. 

 

Quantification of microglial cell morphology 

The morphological analysis of microglia is widely used for assessment of their 

activation status We used the cross points quantification method adapted from a 

previously published paper (Lückoff et al., 2017). Briefly, the image was masked 

with 500µm2 grids and each microglia occupied a certain number of grids. The more 

ramified morphology the single microglial cell was, the larger the cross point score it 

can get. The cell morphology was also quantified respectively as GCL+IPL, OPL 

and in total. This method focused on the microglia cell processes revealing the 

parameter was significantly affected in DKO retina. 

The average scores remained unaltered in untreated and minocycline treated 

SOCS3fl/fl retina in both the GCL+IPL (10.76 versus 11.29, P=0.33) and OPL (9.72 

versus 10.04, P=0.39, Figure 5.8B&C) indicating similar microglial reactivity in 

both groups. However, quantitative analysis of microglia morphological changes 

showed interesting differences between untreated and minocycline treated DKO 
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retina. The scores significantly dropped in untreated DKO retina to 8.23 and 8.09 in 

GCL+IPL and OPL respectively characterized by a reduction in the length of the 

processes (Figure 5.8B&C). Minocycline treatment recovered the scores to 10.13 in 

GCL+IPL (P < 0.05) and 11.06 (P < 0.0001) in OPL (Figure 5.8B&C). 

Overall, microglia in untreated SOCS3fl/fl mice (cross points score: 10.24±0.65, 

Figure 5.8E) had a resting shape with elongated dendrites, which remained 

unchanged after minocycline treatment (cross points score: 10.67±0.71, P=0.68, 

Figure 5.8A&E). Manual analysis of microglia morphology detects differences 

between untreated and minocycline treated DKO retina. Alternatively, microglia 

presenting distinctive morphological change with larger cell bodies and retracted 

processes was observed in untreated DKO retina indicating an activated state (cross 

points score: 8.16±1.33, Figure 5.8A&E). In minocycline-treated DKO retinas, 

microglia showed morphological features of surveillance with a ramified appearance 

(cross points score: 10.59±0.76, P < 0.001, Figure 5.8A&E). 
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Figure 5.8 Grid quantification of retinal microglia morphology.  

Processed images of retinal microglial cells from four experimental mice groups: 

placebo SOCS3fl/fl; minocycline treated SOCS3fl/fl mice; placebo DKO and 

minocycline treated DKO mice allowed the detection of characteristic morphological 

changes at the cellular level (A). Average number of grids occupied by single 

microglial cell in the GCL+ IPL (B), OPL (C) and total (D) of the retinas were 

quantified and analysed. Comparison of reconstructed microglia from SOCS3fl/fl 

mice revealed no difference after minocycline administration. DKO microglia 
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showed more activity as denoted by less ramified and thicker nature of the 

morphology and restored by minocycline treatment.  ***P < 0.001; **P < 0.01; *P 

<0.05, Data was analysed using two way ANOVA with tukey’s multiple comparison 

test, scale bar: 50µm. N=6 mice. MCH: minocycline. 

 

Analysis of microglia density and morphology in the experimental retinas together 

revealed that SOCS3 and CX3CR1 depletion in microglia leads to a mild microglial 

activation in untreated 8 months old mice, as evidenced by denser cell number and 

retracted processes, while low-dose minocycline administration extenuates the 

microglia reactivity. Of note, no sign of activation was found when analyzing 

microglial cells in SOCS3fl/fl retinas with or without minocycline treatment. 

 

5.3.7 Minocycline treatment reduced retinal neuronal degeneration in DKO mice 

We next investigated whether minocycline could slow down retinal neuronal 

degeneration in DKO mice. To identify which retinal neurons were affected at the 

histological level, retinal sections were stained with different retinal neuronal 

markers. Images were taken at the central and mid-peripheral retinas to quantify the 

cellular alteration (Figure 2.6).  

Photoreceptors 

The number of cone photoreceptor (109.04±5.61/mm) and the length of cone 

segments (22.27±0.44µm) were significantly reduced in DKO retina when compared 

with SOCS3fl/fl retina (cone arrestin+ cell number: 123.27±5.61/mm; cone segment 

length: 24.54±1.28 µm, Figure 5.9). These defects were attenuated by minocycline 
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treatment (cone arrestin+ cell number: 120.27±8.71/mm; cone segment length: 

24.40±1.17 µm, Figure 5.9). Minocycline treatment did not affect the cone 

photoreceptor in SOCS3fl/fl mice (cone arrestin+ cell number: 123.56±7.69/mm; cone 

segment length: 24.15±1.73 µm, Figure 5.9).  

 

Figure 5.9 Photoreceptor degeneration is attenuated by minocycline in DKO 

mice. 

Representative images showed cone arrestin+ cells from four experimental mice 

groups: untreated SOCS3fl/fl mice; minocycline treated SOCS3fl/fl mice, untreated 

DKO mice and minocycline treated DKO mice (A, B). The cone arrestin+ cell density 

was significantly reduced in untreated DKO mice when compared with SOCS3fl/fl 

mice but completed rescued by minocycline treatment. However there was no change 
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in minocycline treated SOCS3fl/fl retina when compared with untreated SOCS3fl/fl 

retina (C). Cone photoreceptor segment length showed the same trend as cone 

density which was significantly shortened in untreated DKO retina but the alteration 

was prevented by minocycline treatment (D). N=6 mice, *P <0.05, two way ANOVA, 

Sidak’s test, scale bar: 50µm (A) and 10 µm (B). MCH: minocycline. 

 

Bipolar cells 

We observed that minocycline treatment also mitigated the reduction of bipolar cells 

in DKO mice. 15% less PKCα+ cells (135.05±7.29/mm) and secretagogin+ cells 

(138.89±14.19/mm) which marked rod-bipolar cells and cone-bipolar cells 

respectively were found in DKO retina compared with SOCS3fl/fl retina (PKCα+ cell 

number: 159.34±8.31; secretagogin+ cell number: 162.62±14.13, Figure 5.10). 

Minocycline treated DKO retinas, on the other hand, exhibited almost complete 

rescue of bipolar cells (PKCα+ cell number: 150.73±13.47; secretagogin+ cell 

number: 161.95±11.31, Figure 5.10), while there wasno significant difference from 

minocycline treated SOCS3fl/fl retinas (PKCα+ cell number: 154.21±4.43; 

secretagogin+ cell number: 170.28±11.97, Figure 5.10). 
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Figure 5.10 Bipolar cells were degenerated in DKO mice but rescued by 

minocycline. 

 Representative images showed PKCα+ cells from 4 experimental mice groups: 

placebo SOCS3fl/fl mice, minocycline treated SOCS3fl/fl mice, placebo DKO mice and 

minocycline treated DKO mice (A, B). Both PKCα+ and secretagogin+ cell density 

were significantly reduced in placebo DKO mice but completed rescued by 

minocycline treatment. There was no change in minocycline treated SOCS3fl/fl mice 

when compared with untreated SOCS3fl/fl mice. N=6 mice, *P <0.05, two way 

ANOVA, sidak’s test, scale bar: 50µm. MCH: minocycline. 
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Retinal ganglion cells 

Neuronal-specific nuclear protein (NeuN) or RBFOX3 is commonly used as 

a biomarker for neurons (Mullen, Buck and Smith, 1992). In the retina, NeuN labels 

ganglion and amacrine cells. NeuN was demonstrated as red color, localized in the 

neuronal nuclei and some cell processes (Figure 5.11).  

To define ganglion cell alteration in the response of the SOCS3fl/fl and DKO mice to 

minocycline treatment, we quantified the NeuN and DAPI immunostaining in the 

GCL of 4 experimental groups. There was a significant decrease in the number of 

GCL cells in the retinas of untreated DKO mice compared with untreated SOCS3fl/fl 

mice (102.4 cells/mm vs 116.0 cells/mm, p=0.04, Figure 5.11). Minocycline 

significantly increased the cell density of GCL in DKO retinas to 118.3 cells/mm 

(p=0.02) but has no obvious effect on SOCS3fl/fl retinas (119.3 cells/mm, p=0.61). 

We also counted the number of NeuN-labeled cells in the ganglion cell layers of 

untreat retinas and minocycline treated retinas for both SOCS3fl/fl and DKO mice. In 

the untreated SOCS3fl/fl and DKO mice, the average number of NeuN-positive cells 

in GCL was 87.6 cells/mm and 76.9 cells/mm respectively and showed no significant 

difference (p =0.17) (Figure 5.11). In minocycline treated SOCS3fl/fl and DKO mice, 

the number of NeuN-positive cells in GCL was 98.5 cells/mm and 91.9 cells/mm. 

Neither groups were significantly different from untreated mice (Figure 5.11). 

To determine whether there is a difference on the response of retinal ganglion cells to 

microglial activation, we calculated the NeuN+ percentage for each retina, dividing 

the density of NeuN+ cells by all the cells in the GCL. There was 75.5% NeuN+ cells 

in the untreated SOCS3fl/fl mice, while the untreated DKO mice had 74.5% (Figure 

5.11). The percentage of NeuN-labelled cells was significantly increased in 
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SOCS3fl/fl mice (83.6%) (P < 0.05, student t-test) after minocycline treatment. 

However, minocycline did not affect the percentage of NeuN+ cells in DKO mice 

(77.7%) (Figure 5.11). 

 

Figure 5.11 GCL and NeuN+ cell density quantification.  

Representative images showed NeuN+ cells from four experimental mice groups: 

placebo SOCS3fl/fl mice, minocycline treated SOCS3fl/fl mice, placebo DKO mice and 

minocycline treated DKO mice (A). Cell density in the GCL was significantly 

reduced in untreated DKO eyes while minocycline treatment attenuated the 

reduction (B). NeuN+ cell density showed a trend towarda rescue in minocycline 

treated DKO mice compared with placebo DKO mice but this effect was not 

significant (C). There were no significant alterations of both GCL cell number and 

NeuN+ cell number in minocycline treated SOCS3fl/fl eyes when compared with 

untreated SOCS3fl/fl eyes. The percentage of NeuN+ cells in the GCL layer showed no 
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significant change between four groups (D). N=6 mice, *P <0.05, two way ANOVA, 

sidak’s test, scale bar: 50µm. MCH: minocycline. 

Amacrine cells 

The density of GABA positive cells was 42.9 cells/mm, 46.1 cells/mm, 33.5 

cells/mm and 35.6 cells/mm respectively for untreated SOCS3fl/fl, minocycline 

treated SOCS3fl/fl, untreated DKO and minocycline treated mice. No significant 

difference was observed in the GABAergic amacrine cell density between four 

groups (Figure 5.12).  
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Figure 5.12 GABA cell density was not affected by minocycline treatment.  

Representative images showed GABA+ cells from 4 experimental mice groups: 

placebo SOCS3fl/fl mice, minocycline treated SOCS3fl/fl mice, placebo DKO mice and 

minocycline treated DKO mice (A). There was no change in minocycline treated 

SOCS3fl/fl or DKO mice groups when compared with untreated animals. N=6 mice, 

*P <0.05, two way ANOVA, Sidak’s test, scale bar: 50µm. MCH: minocycline. 
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Our data showed that minocycline treatment provided a significant morphological 

preservation of multiple retinal neurons in DKO mice including photoreceptors, 

bipolar cells and ganglion cells. However, in SOCS3fl/fl mice, administration of 

minocycline did not affect any other retinal neurons apart from the percentage of 

NeuN+ cells in GCL. 
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5.3.8 RPE morphological changes in the DKO mice are rescued by minocycline 

treatment 

Previously in Chapter 3, we detected RPE damage in aged DKO mice accompanied 

by increased sub-retinal microglial accumulation. In this study, vacuolated RPE cells 

were also observed in 8 months vehicle treated DKO mice in the histological study 

(Figure 5.13C). RPE/Choroid flatmount examination also uncovered patches of RPE 

dysmorphology in 1/6 of vehicle treated DKO mice (Figure 5.14) accompanied by 

infiltrating GFP+ cells. However, the RPE lesions were not observed in minocycline 

treated DKO mice (Figure 5.13D, Figure 5.14). No RPE dysmorphology was 

observed in SOCS3fl/fl mice regardless of minocycline treatment (Figure 5.13A.B, 

Figure 5.14). 

 

Figure 5.13 H&E staining on paraffin sections to detect retinal morphology.  

Representative images of H&E staining at 20X magnification showing retina layers 

in inset (A) Untreated SOCS3fl/fl eye, (B) Minocycline treated SOCS3fl/fl eye, (C) 

Untreated DKO eye and (D) Minocycline treated DKO eye. Signs of RPE 

degeneration, such as extensive vacuolation (red asterisks) were observed in the 

DKO mice but not in minocycline treated DKO eyes. Scale bar: 50 µm (lower right). 

RPE: retinal pigment epithelium; ONL: outer nuclear layer; INL: inner nuclear 

layer; IPL: inner plexiform layer; RGC: retinal ganglion cells. MCH: minocycline. 
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Figure 5.14 RPE integrity was disrupted in untreated DKO mice but attenuated 

by minocycline. 

IBA-1 labelled microglia/macrophages or natural GFP cells are shown in the 

RPE/Choroid flatmounts. Phalloidin stained F-actin and showed the morphology of 

RPE cells. Microglial sub-retinal accumulation with RPE disorganisation was only 

observed in untreated DKO eye but not in other experimental groups. Scale bar: 25 

µm. MCH: minocycline. 

5.4 Discussion 

In this chapter, we confirmed the theory of microglia inducing retinal degeneration 

we established in previous chapters. By inhibiting microglial activities with 

minocycline, we observed diminished microglial activation characterized by reduced 

microglial cell number and ramified microglial morphology. In addition, the retinal 
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degeneration we observed in aged DKO mice in Chapter 3 was prevented with 

supressed microglial activity. 

5.4.1 The overview of this study 

We first showed that 8-months DKO retinas displayed pro-inflammatory gene 

expression profile (Figure 5.2). In Chapter 3, we observed microglial cells remained 

in the resting status in young (3~5 months) DKO retina but showed strong reactivity 

in aged (10~12 months) DKO retina (Figure 3.3, Figure 3.4). The retinal 

neurodegeneration was also presented in aged but not in young DKO retina (Figure 

3.7, Figure 3.8, Figure 3.9). We then decided 5 months of age as the therapeutic 

window for inhibiting microglial activation, as this age was established to have low 

basal microglial activation. Minocycline, as the most commonly used agent to inhibit 

microglial activation (Rong Fan et al., 2007; Zhao et al., 2011), was administrated in 

DKO mice for three months (Figure 5.1). Considering the acidic PH value of 

minocycline as well as the consistency of drug doses, oral gavage instead of 

dissolving the drug into drinking water was chosen. At the end of the study, we 

carried out in vivo and histological investigations, demonstrated the capability of 

minocycline to inhibit microglial activation and provide neuroprotective effects. 

5.4.2 The cytokine profile of DKO retina 

The cytokine profile of DKO retina (Figure 5.2) was different from that of 

microglial cells (Figure 4.3, Figure 4.5). Microglia are the immune cells in the CNS 

which react to different stimuli and respond with differential cytokine expression. 

However, the whole retina consists not only microglial cells but also different kinds 

of retinal neuronal cells such as photoreceptors. In the DKO retina, retinal neuronal 

cells showed differential effects secondary to activated microglia, which result in 

differential expression of inflammatory genes. 
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5.4.3 Effective microglial inhibition by minocycline 

Increasing evidence links chronic microglial activation to neurodegeneration 

(Labandeira-Garcia et al., 2017; Mathys, Adaikkan, Gao, Young, et al., 2017; 

Hickman et al., 2018), our in vitro findings in Chapter 4 suggested DKO microglia 

exhibit a predominantly pro-inflammatory activated phenotype and promote 

photoreceptor degeneration under certain stimulations. Upregulated pro-

inflammatory genes including IL-1β, CD68 and CD86 also revealed an inflammatory 

environment induced by chronic microglial activation in the DKO retina (Figure 5.2). 

Our results provide evidence of chronic microglial activation in untreated DKO mice, 

as demonstrated by condensed cell processes and elevated cell number. These 

changes were inhibited by minocycline treatment (Figure 5.7, Figure 5.8). 

Compared with untreated DKO retinas, the microglial density was significantly 

reduced in minocycline treated DKO retinas (Figure 5.7). Microglia possessed 

hypertrophic, thickened and contracted processes in untreated DKO retinas (Figure 

5.8). However, the microglia extended thin ramified processes with minocycline 

treatment (Figure 5.8). 

There are a variety of drugs that can inhibit microglial activation which were 

mentioned in Chapter 1. Here we used minocycline to immunoregulate microglial 

activity. Minocycline is proved to inhibit microglial activation (Ai et al., 2005; 

Möller et al., 2016) and regulate microglial polarization (Miao et al., 2018). The 

anti-inflammatory effects of minocycline worked through many aspects, including 

decreasing IL-6 (Switzer et al., 2012), inhibiting inflammatory enzyme 5-

lipoxygenase (5LOX) (Chu et al., 2007), inhibiting T cell-microglia interactions 

(Giuliani, 2005), reducing iNOS and caspase 1 expression by inhibiting the 

phosphorylation of p38 mitogen activated protein kinase (MAPK) (Du et al., 2001), 
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inhibiting MMP-9 (Modheji et al., 2016), blocking TNFα and IL-1β (Lee et al., 2004; 

Ai et al., 2005; Gong et al., 2015). Some researchers believe that minocycline is not 

a selective microglia inhibitor (Möller et al., 2016). However its anti-inflammatory 

property via inhibition of multiple pro-inflammatory cytokines produced by primed 

or activated microglia makes the drug a novel choice for microglial activation 

inhibitor. 

5.4.4 Retinal structural and functional preservation after inhibiting microglial 

activation 

Whether inhibiting microglial activation can prevent microglia-induced retinal 

degeneration was investigated in this DKO murine model. Results of the visual 

functional test by ERG showed that DKO mice treated with minocycline showed 

greater responses than vehicle controls (Figure 5.4). Measurements of whole retinal 

thickness and photoreceptor thickness in OCT images were used as a metric for 

retinal neuron or photoreceptor cell health respectively. In vivo retinal thickness 

investigation revealed changes in line with ERG data (Figure 5.5). Consistent with 

in vivo results, histological analysis of retinal neurons has presented a dramatic 

reduction of cell numbers in photoreceptor, bipolar and GCL cells, when DKO mice 

were compared to control (Figure 5.9, Figure 5.10, Figure 5.11). Further, when 

microglial activation was inhibited in DKO mice consistently for 3 months, a 

complete prevention of these retinal neuronal degeneration mentioned above was 

observed (Figure 5.9, Figure 5.10, Figure 5.11). The data of microglia-induced 

damage to the photoreceptor and bipolar cells in the DKO retina, and the total 

recovery by inhibiting microglial activation was in line with what we observed in the 

ERG and OCT results.  
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Microglia activation can exert cytotoxic effects by releasing potentially harmful 

mediators, such as pro-inflammatory cytokines (Smith et al., 2012) and ROS 

(Spencer et al., 2016), which may contribute to neuronal toxicity and induce 

neurodegeneration. Indeed, in Chapter 3 we demonstrated that the loss of retinal 

neuronal markers in 10-12 months DKO mice was accompanied by intense activation 

of microglia in the retina, suggesting that microglia induce neuroinflammation is 

involved in this process. Although in this chapter the activation of microglia in the 8 

months DKO mice was moderate, the impressive protective effect on retinal neurons 

provided by 3-months low-dose minocycline administration provides evidence that 

the microglia induced neuroinflammation contribute to progressive retinal neuronal 

death over time. Previous reports have shown that inflammation causes neuronal cell 

loss, which can be prevented by nonsteroidal anti-inflammatory drug (NSAID) 

treatment (Woodling et al., 2016). Therefore, microglial activation may play a 

significant role in neuronal damage, and anti-inflammatory treatment may provide 

protection for retinal neurons, as evidenced herein. 

OCT measurement also showed thickened retina in minocycline treated SOCS3fl/fl 

mice compared with untreated SOCS3fl/fl mice. However immunohistological 

staining didn’t match the in vivo investigation for SOCS3fl/fl mice, this is possibly due 

to several reasons: 1) The N number of in vivo investigation and immunostaining was 

not equal which results in matchless statistics; 2) Immunohistochemistry showed the 

average quantification of individual neurons in the mid-peripheral retina, however, in 

vivo measurement on OCT images indicated the thickness of the neural retina or the 

photoreceptor layer in different positions. When added the measurement at these 

positions together, the thickness showed no difference between minocycline treated 

and untreated SOCS3fl/fl mice (Appendix, Figure 8.3) while significant differences 
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of the thickness in both neural retina and photoreceptor layer were found between 

minocycline treated and untreated DKO mice (Appendix, Figure 8.3); 3) Structural 

alterations and functional changes are not always in line (Talamini et al., 2011; Zhao 

et al., 2013). Many factors can affect ERG responses, not only the structural integrity 

of retinal cells but also other factors such as body temperature, the level of anesthesia, 

the transparency of ocular tissues, the pupil diameter (Drazek et al., 2014). 

5.4.5 RPE integrity after inhibiting microglial activation 

The RPE damage was not as intense as we observed in Chapter 3 possibly due to the 

age differences: the profound RPE disruption was demonstrated in 10~12 months 

DKO mice but in this chapter the DKO mice only reached 8 months of age. Although 

RPE vacuolation and a small lesion of RPE with GFP+ cells accumulating on the 

surface was only found in untreated DKO mice (1 in 6 retinas) but not after 

minocycline treatment (Figure 5.13, Figure 5.14).   

We discussed previously the relationship between microglia and RPE in Chapter 3. 

Here, the findings of moderate RPE damage in untreated DKO mice and the possible 

rescuing effect of minocycline remained to be further investigated. A study 

investigated the direct role of minocycline on RPE cells and showed that RPE cells 

react to minocycline at a dose-dependent manner (Hollborn et al., 2010). Low-dose 

minocycline induced chemotaxis and decreased the proliferation of RPE cells while 

high-dose minocycline induced RPE cell degeneration (Hollborn et al., 2010). 

5.4.6 Minocycline has both microglial inhibition and neuroprotective effects 

The data showed that minocycline enhance not only the visual function and neural 

retinal thickness of DKO mice but also those of control mice (Figure 5.4, Figure 

5.5). Minocycline was widely used in inhibiting microglial activation (Kobayashi et 
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al., 2013; Scott et al., 2018). Strong evidence suggests that minocycline reduces 

neuroinflammation (Scholz et al., 2015). However, minocycline was found to have 

neuroprotection effect. Recent findings suggest that the drug may display direct anti-

apoptosis (Sakata et al., 2012; R. Huang et al., 2018) and anti-oxidant activities 

(Shahzad et al., 2016; Dai et al., 2017). Therefore, it is possible that the 

neuroprotective effect of minocycline we observed in this chapter was caused by a 

combination of anti-inflammatory properties and direct action on the retinal neurons.  

Even though the mechanisms of minocycline are not completely understood and the 

effect of neuroprotection might mask the effect of microglial inhibition, our results 

clearly demonstrate a profound effect of minocycline on inhibiting microglial 

activation quantitatively and morphologically in DKO mice but not in control mice 

(Figure 5.7, Figure 5.8). The protective effect of minocycline on retinal neurons at 

cellular level was also only observed in DKO mice but not in control mice (Figure 

5.9, Figure 5.10). These data suggest that minocycline protect DKO retinas from 

microglia-mediated neurodegeneration.  

5.4.7 The vasculature evaluation 

Minocycline can restore vascular permeability (Abcouwer et al., 2013) and induce 

protective autophagy in vascular endothelial cells (Dong et al., 2016). However, 

there are limited researches investigating the effect of minocycline on vascular 

morphological changes. Our study did not carry out any investigation on retinal 

vasculature after minocycline administration either. Several approaches can be used 

to assess retinal vasculature such as machine learning (Mazzaferri et al., 2018) and 

fluorescein angiography (Powner et al., 2016). 
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5.4.8 The therapeutic uses and mechanisms of minocycline 

Minocycline is used to treat a wide variety of infections (Dutta and Basu, 2011). 

Most frequently minocycline is used for the treatment of acne vulgaris among other 

skin infections (Goulden, Glass and Cunliffe, 1996). A study was performed to 

evaluate the activity of minocycline in patients with periodontitis (Ciancio, Mather 

and McMullen, 1980) and showed that minocycline is cogent against oral 

microorganisms and produced an improvement in gingival health. Another study also 

showed significant improvement with greater probing depth reduction, gingival 

index reduction, and more attachment gain in experimental lesions after minocycline 

treatment (Lu and Chei, 2005). 

Several studies have showed that minocycline may have advantageous effectiveness 

in patients with rheumatoid arthritis in terms of mitigating joint swelling, easing 

tenderness, reducing erythrocyte sedimentation rate and haemoglobin levels 

(Langevitz et al., 2000). Significantly reduced hemorrhage frequency in the brains 

with enhanced microvascular tight junction and increased basal lamina proteins were 

found with minocycline treatment in a mouse model of cerebral amyloid angiopathy 

(Yan et al., 2015). Minocycline has shown effectiveness in asthma due to immune-

suppressing effects (Naura et al., 2013). 

The neuroprotective effect of tetracycline derivatives was first demonstrated in a 

brain reperfusion injury rabbit model which showed doxycycline not only decreases 

leukocyte counts and adhesion but also has the effect of delaying ischemia induced 

paraplegia (Clark et al., 1994). The property of microglial activation inhibition and 

neuroprotective by minocycline has been discovered about two decades ago in a 

ischemic stroke rat model (Yrjänheikki et al., 1998). Among three tetracycline 

derivatives in this study, minocycline provided the most remarkable neuroprotective 
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effect (Yrjänheikki et al., 1998). Since then, minocycline has been extensively 

investigated in a variety of in vitro studies and animal models of neurodegenerative 

diseases including stroke, AD, parkinson’s disease (PD), multiple sclerosis (MS), 

spinal cord injury (SCI) and traumatic brain injury (TBI) (Yrjanheikki et al., 1999; 

Tikka et al., 2001). Minocycline lowered the risk of conversion from a clinically 

isolated syndrome to MS over 6 months (Metz et al., 2017) and proved to be safe and 

potentially beneficial in relapsing-remitting MS patients (Zhang et al., 2008). In 

animal models of SCI, minocycline facilitated a neuroprotection effect by 

significantly improving both hindlimb function and strength as well as reducing 

gross lesion size (Wells, 2003). The degree of motor neurological and functional 

recovery appeared greater in minocycline-treated SCI patients (Casha et al., 2012). 

Similarly as SCI, murine models or TBI patients presented reduced lesion volume 

and neurological deficits with attenuated microglial activation after minocycline 

treatment (Sanchez Mejia et al., 2001; Bye et al., 2007). 

However the mechanism underlying is still controversial. Study found high 

concentrations of minocycline delivered locally into the CNS with supplementation 

from systemic administration can improve the prospect of neuroprotection (Xue et al., 

2010). While a research investigated the systematic effect of minocycline on a mouse 

model of age-related neuron loss and found the gliosis markers GFAP and IBA-1 as 

well as inflammation marker IL-6 were significantly reduced but levels of neuronal 

markers and the total number of apoptotic cells remained unaltered (S. Cheng et al., 

2015). 

Minocycline binds to bacterial ribosomal subunits for 30S and interferes with tRNA 

binding to ribosomal complex, thus inhibiting protein translation in bacteria. The 

immunoregulation and neuroprotection activities of minocycline were carried out via 
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its anti-inflammatory, anti-oxidant, and anti-apoptotic properties (Kraus et al., 2005; 

B. Peng et al., 2014; Shultz and Zhong, 2017). 

5.4.8.1 Anti-inflammatory 

Minocycline exhibits anti-inflammatory properties independent of its antibiotic 

activity, ameliorating inflammatory responses in immune cells such as monocytes 

and macrophages.  

5.4.8.2 Anti-apoptosis 

Minocycline displays anti-apoptosis activity by both caspase –dependent and –

independent pathways. The former activity includes regulation of phosphoinositide 

3-kinase (PI3K)/ protein kinase B (Akt) (Pi et al., 2004), reducing caspase-3 

activation (Noble et al., 2009), inhibiting mitochondrial permeability-transition-

mediated cytochrome c release (Zhu, 2002), upregulation of B-cell lymphoma 2 

(Bcl-2) (Kernt et al., 2010). The caspase-independent cell death which is mediated 

by Poly (ADP-ribose) polymerase 1 (PARP-1) can also be inhibited by minocycline 

treatment (Wu et al., 2015). 

5.4.8.3 Anti-oxidant 

Oxidative component causes cell death, minocycline exert anti-oxidant property 

directly by reducing oxidative stress and free radicals such as ROS, superoxidase 

dismutase (SOD) and lactate dehydrogenase (LDH) (Shahzad et al., 2016; Dai et al., 

2017).  

5.4.9 Summary 

Microglia as the primary immune cells in CNS have been employed in many retinal 

degeneration studies (Zabel et al., 2016; Wang et al., 2019). We first proposed the 

microglia induced retinal degeneration in a DKO mouse model in Chapter 3, then 
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investigated part of the underlying mechanisms in Chapter 4. Systemic 

administration of minocycline has been reported to selectively inhibit microglial 

activation (Rong Fan et al., 2007; Guasti et al., 2009). In this chapter, we 

investigated inhibiting microglial activation on the prevention of retinal degeneration. 

Our data showed that retinal neuronal degeneration was prevented (Figure 5.9, 

Figure 5.10, Figure 5.11) in the mouse model by inhibiting microglial activation 

(Figure 5.7, Figure 5.8). These results extended previous findings on the microglial 

inhibition and neuroprotective effects of minocycline (R. Fan et al., 2007; Sun et al., 

2013; Bo Peng et al., 2014) and reinforced our hypothesis of microglia induced 

retinal degeneration (Chapter 3&4).  
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  Discussion  Chapter 6
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6.1 The findings of this thesis 

This thesis proffered a few contributions to the field of microglial-neuronal research. 

1) We characterized a new murine model of microglia induced retinal degeneration 

which bridged the gaps of previous in vitro and animal models; 2) We identified 

microglial activation as a primary cause for retinal degeneration and confirmed that 

DKO microglia contributes to neurotoxicity by inflammatory cytokines and 

phagocytosis; 3) We revealed retinal neuronal degeneration can be prevented through 

the inhibition of microglial activation by minocycline.  

6.2 A neuroinflammatory role in retinal degeneration 

Retinal degenerative diseases are the leading cause of blindness and characterized by 

progressive damage to the retinal neurons and RPE. The etiologies of retinal 

degeneration differ in different concepts. For example, a combination of risk factors 

interplay in the pathogenesis of AMD such as advanced age and cigarette smoking 

(Mitchell et al., 2018); RP is associated with gene mutation (Hartong, Berson and 

Dryja, 2006); chronic hyperglycemia, hyperlipidemia and hypertension contribute to 

DR (Antonetti et al., 2006) while elevated IOP can cause glaucoma (Jonas et al., 

2017). However, a common factor that have now become associated with retinal 

degeneration is inflammation (Omri et al., 2011; Ha et al., 2015; O. Levy et al., 2015; 

Eandi et al., 2016). Dysregulated immune system can lead to upregulation of pro-

inflammatory cytokines and oxidative stress causing neuroinflammation and 

neurodegeneration. 

6.3 The trigger of microglial activation in this model 

Damage-associated molecular patterns (DAMPs) are endogenous danger molecules 

that are released from damaged or dying cells and activate the innate immune system 

by interacting with pattern recognition receptors (PRRs). Release of DAMPs such as 
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high mobility group box 1 and heat shock proteins from stressed/dead neurons to the 

extracellular space can activate microglia (Schaefer, 2014; Chen, Oyarzabal and 

Hong, 2016; Gülke, Gelderblom and Magnus, 2018; Gomes-Leal, 2019). 

Intracellular DAMPs such as mitochondrial-derived DAMPs including mitochondrial 

DNA, formylated peptides and ATP can also activate microglia (Wilkins et al., 2017).  

In this model, both extracellular and intracellular DAMPs serve as potential inducers 

of microglial activation. Furthermore, microglia can be activated by age-related 

changes such as accumulated production of ROS and RNS (Garaschuk, Semchyshyn 

and Lushchak, 2018). 

6.4 The behaviours of microglia facing various situations 

Microglia are the main cells in the retina undertaking immune response and play an 

important role in retinal inflammation and retinal degenerative diseases. They can 

either respond to diverse stimuli on their own by phagocytosis apoptotic cells and 

releasing cytotoxic cytokines, or mediate infiltration of other immune cells. Taken 

together, microglia are the central player in neuroinflammation and their behaviours 

in different circumstances are meaningful to explore. 

6.4.1 Microglia during retinal ageing 

In the healthy retina, the activities of microglial cells are tightly controlled by 

multiple signalling pathways, such as microglia-neuron communication, to maintain 

immune homeostasis (Figure 1.6, Figure 6.1A). During aging, accumulated 

oxidative stress compromises retinal function and immune regulatory properties 

(Chen et al., 2019) (Figure 6.1B). Aged microglia become more susceptible to 

pathologic alterations and undergo processes with quantitative and morphological 

changes, reduced homeostatic function and latent activation (Figure 6.1B). They 
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themselves showed diminished neuroprotection effect, impaired phagocytosis and 

migration during ageing (Garaschuk, 2017; Koellhoffer, McCullough and Ritzel, 

2017) (Figure 6.1B). Upon age-related accumulation of oxidative stress from the 

surroundings, microglia also reacted with chronic but prolonged immune response 

releasing inflammatory cytokines (Koellhoffer, McCullough and Ritzel, 2017) 

(Figure 6.1B). 

RNA-Sequencing of microglia in aged human brain confirmed microglial functional 

changes of diminished homeostatic signalling, indicating perturbation of retinal 

immune homeostasis during ageing (Olah et al., 2018). The same study showed 

genetic susceptibility of aging microglia to both AD and MS, reinforcing that a 

significant amount of the genetic load which influences the onset of certain 

neurodegenerative diseases may exert its function through microglia induced 

neuroinflammation (Olah et al., 2018). Gene expression analysis demonstrated aged 

mouse retinal microglia changed their functional phenotypes in several pathways 

including immune regulation, angiogenesis and neuronal survival (Ma et al., 2013). 

Among all the changes, the expression and secretion of complement protein 3 (C3) 

and complement factor B (CFB) were increased in aged microglia (Ma et al., 2013). 

Immunostaining on the eye sections also confirmed the microglial presence of both 

proteins (CFB and C3) in the SRS of aged retinas but not young retinas, suggesting 

an age-related complement activation in the microglia (Ma et al., 2013). 
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Figure 6.1 Microglial behaviors facing different situations. 

Microglial cells remain their resting state in homeostasis (A). This state is achieved 

by constant communication with surroundings such as microglia-neuron crosstalk 

we showed in Figure 1.6. During ageing (B), microglia are exposed to accumulated 

oxidative stress, release more cytokines  and undergo changes such as impaired 
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phagocytic and migration function (Chen et al., 2019). Genetic variants, or 

polymorphisms result in diminished microglial homeostatic function (C). 

Polymorphisms in genes exclusively expressed in myeloid cell line such as CX3CR1 

and TREM2 lead to microglial activation in susceptibility and are strongly related to 

neurodegenerative diseases such as AD and AMD (R. Zhang et al., 2015; Gorenjak 

et al., 2018). Facing both factors, susceptible microglia during ageing are in 

sustained activation lead to prolonged neuronal damage (D). 

 

6.4.2 Microglial polymorphisms 

Genetic mutations and variants via microglia play an important role in increasing the 

risk of neurodegenerative diseases. Recent studies have highlighted the connection 

between AD risk variants with microglial gene network (Rustenhoven et al., 2018; 

Tansey, Cameron and Hill, 2018; Patir et al., 2019), specifically microglia enhancer 

regions (Nott et al., 2019). Studies found a protective variant in phospholipase C-

gamma 2 (PLCG2) (Magno et al., 2019), risk variants in TREM2 (Yeh et al., 2016), 

ABI gene family member 3 (ABI3) (Sims et al., 2017) and CD33 (Bradshaw et al., 

2013) were associated with AD. The reduction of a transcription factor-SPI1/PU.1 

contribute to a delayed onset of AD (Rustenhoven et al., 2018). Other genes such as 

leucine-rich repeat kinase 2 (LRRK2) were found to be significantly associated with 

PD (Ryan et al., 2017).Variants in TREM2 (Gorenjak et al., 2018) and CX3CR1 

(Huang and Xiang, 2018) were also found to be strongly associated with AMD.  

These genes mentioned above are all highly expressed in microglial cells. These 

genes can 1) keep microglial homeostasis (CX3CR1); 2) regulate microglial 

phagocytic ability (TREM2, CD33); 3) regulate intracellular calcium release 
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(PLCG2) or 4) regulate microglial motility (ABI3, LRRK2). Microglia with these 

genetic variations become highly susceptible to stimuli resulting in latent immune 

activation (Figure 6.1C). These findings highlighted the microglia-mediated innate 

immune response contributes directly to the development of these neurodegenerative 

diseases.  

6.4.3 The effect of microglial activation on neurons 

Patients with genetic variants in microglia are more susceptible to various stimuli 

such as oxidative stress during ageing (Figure 6.1D). Primarily activated microglia 

in these patients may lead to unexpected consequences on neurons (Figure 6.1D). 

However, the effect of microglial activation on neurons still remains controversial 

(Okunuki et al., 2018; Song and Colonna, 2018). In response to diverse signals such 

as injury or apoptotic neurons, microglia proliferate and migrate to the affected areas. 

Activated microglia acquire different phenotypic states and release factors that can 

be either neurotrophic or neurotoxic. Chronic microglial activation induced 

neuroinflammation can result in, or exacerbate neurodegeneration (Block and Hong, 

2007). Phagoptosis, also called primary phagocytosis, is a type of neuron death 

induced by excessive microglial phagocytosis. However, other studies found 

microglia can promote neuron regeneration (Lloyd et al., 2019). There was also 

evidence showed that microglia are not demanded for prion-induced retinal 

photoreceptor degeneration (Striebel et al., 2019). These controversial theories of 

activated microglia on neurons have led us to explore more about their relationship. 

Therefore, a model to investigate the primary microglial activation and its effect on 

neurons is needed. 
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6.5 Problems with studying microglial activation in vivo 

A major issue with studying microglial activation in vivo is that microglia usually are 

in response to other damaged cells. For example in rd1 animal model, degenerated 

photoreceptors release apoptotic signals and attract microglial cells for phagocytosis 

(Pennesi et al., 2012). Other substances that are used to activate microglia also have 

actions on other cells. For example, LPS is a strong microglial activator (Zhang et al., 

2014), however, it can also activate astrocytes (Tarassishin, Suh and Lee, 2014) and 

Müller cells (Ren et al., 2018). Therefore, the effect of LPS on neuronal damage 

could not be attributed to the microglia alone. The effect of primary microglial 

activation on neurons remained to be explored. 

6.6 An in vivo model of microglial activation without activating other cells 

This study has updated a microglia-induced retinal degeneration animal model. Two 

inhibitory genes (SOCS3 and CX3CR1) were conditionally knocked out in myeloid 

cells in this murine model. In the retina, microglia are the only resident cells that 

have been gene-manipulated in this model without activating other cells. 

CX3CR1/CX3CL1 signalling is one of the most important axis for microglia-neuron 

communication. Pathological events such as diminished neurogenesis and 

upregulation of IL-1β caused by microglia with CX3CR1 deficiency are exacerbated 

during ageing (Mecca et al., 2018; Chen et al., 2019). In addition, microglia with 

impaired SOCS3 signalling showed a pro-inflammatory and phagocytic phenotype 

(Qin et al., 2014; Gordon et al., 2016; Chen et al., 2018). Upon stimuli such as 

accumulated oxidative stress during ageing, SOCS3 silenced microglia could 

develop more pronounced properties. 

Triggers of microglial activation in this model 
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In this murine model, we found that the microglial cells undergo spontaneously 

activation during ageing (Chapter 3). The activation state of microglia was 

confirmed by significantly escalated cell number in all retinal layers, the behaviour 

of migration and accumulation, as well as altered lectin protein expression. 

Characterization of neuroinflammation of the model has also been investigated 

(Chapter 5). mRNA expression of retinas from 8-months DKO mice revealed 

significantly increased levels of CD68, CD86 and IL-1β when compared with control 

retinas indicating strong microglial activation and inflammatory response. The effect 

on retinal integrity of age-related primary microglial activation has been 

demonstrated with the use of a range of retinal neuronal markers (Chapter 3). 

Multiple retinal neurons, such as photoreceptors and bipolar cells were significantly 

damaged. RPE cell monolayer also lost its integrity labelled by phalloidin, patches of 

RPE cells were highly enlarged and disorganized. In vitro data showed the 

underlying mechanisms such as elevated neurotoxic cytokines and excessive 

phagocytosis behind the microglia induced neuron death (Chapter 4). Inhibiting 

microglial activation by minocycline prevented retinal neurons from degeneration 

(Chapter 5). Microglial density was significantly reduced and ramified morphology 

significantly maintained by minocycline treatment in DKO mice. Retinal neurons 

including photoreceptors and bipolar cells were preserved.  

Together, our data confirmed microglial activation induced retinal degeneration in 

this murine model. 

6.7 Significance of this study 

The development of DKO murine model permitted direct tests of the proposal that 

primarily activated microglia could cause retinal degeneration in vivo. As previously 

discussed, many approaches to manipulating microglial activation have been applied 
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both in animal models and in vitro, however, other retinal cells were also affected in 

these models. Here, DKO mice serve as a tool to manipulate microglial activation 

primarily without activating other retinal cells. In our model, retinal degeneration 

was resulted from a direct action of activated microglia, and reduced microglial 

activation benefited from minocycline administration leading to a decline in neuronal 

loss. 

Emerging evidence has revealed the importance of microglial genetic variants in the 

risk of neurodegenerative diseases such as AD and AMD. However, currently there 

is no available experimental animal model that perfectly elucidates the effect of 

primary microglial activation on neurons. This murine model provides evidence that 

primary microglial activation induces retinal degeneration and enlightens 

inflammatory aetiology of the disease. Although it is not necessarily representative 

of other pathologies in the majority of patients with retinal degeneration, this model 

manifests the importance of identifying patients with microglial polymorphic genetic 

regulation. These findings should highlight to clinicians that retinal degenerative 

diseases such as AMD can be caused by polymorphic regulation induced primary 

microglial activation. Polymorphisms in myeloid cell specific genes increased 

susceptibility of microglial activation. Diverse factors such as ageing cause enhanced 

microglial activity in these patients resulting in neuronal degeneration, degenerated 

neurons in turn aggravate microglial activation forming a vicious circle. 

These results also provide valuable support for further investigation of microglial 

activation as a potential therapeutic target and minocycline as a potential therapeutic 

agent in neuroinflammatory or neurodegenerative diseases. There is currently limited 

treatment that would be considered targeted therapy for the majority of patients with 

retinal degeneration such as RP (Hartong, Berson and Dryja, 2006) and dry AMD 
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(Laurence S Lim, Paul Mitchell, Johanna M Seddon, Frank G Holz, 2012). A drug 

treatment that improves retinal function and prevents the development of 

degeneration would have a major effect on patients’ quality of life and dramatically 

reduce the cost of their long-term care. The contrast of microglial activation and 

neurodegeneration between young (3-5 months) and aged (10-12 months) mice in 

this model we observed in Chapter 3 suggests a window of opportunity for 

immunoregulation therapy. Microglial activation induced chronic neuroinflammation 

as a therapeutic target for neurodegeneration has been investigated in several other 

animal models (Spangenberg et al., 2016; Sucksdorff et al., 2019). A successful 

strategy to prevent neurodegeneration could be to target chronic microglial activation 

in the model. 

Minocycline in in vitro or animal studies has revealed its microglial inhibition 

activity making the drug a suitable intervention in our model. Data in Chapter 5 

showed pleasant outcomes with minocycline administration. Suppressed microglial 

activation, well preserved retinal neurons and improved visual function were 

observed in the model after minocycline treatment. These data not only proved the 

effect of minocycline but also in turn confirmed the microglia induced retinal 

degeneration in the model. 

6.8 Clinical implications 

Neurodegenerative diseases usually have multiple risk factors such as oxidative 

stress, inflammation and genetic factors (Chin-Chan, Navarro-Yepes and 

Quintanilla-Vega, 2015). Recent findings connected microglial genetic work with 

neurodegenerative diseases such as AD and AMD (Connolly et al., 2018; Tansey, 

Cameron and Hill, 2018). In our study, gene-modified microglia underwent primary 

activation during ageing, altered the phagocytic function and released neurotoxic 
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cytokines resulting in retinal degeneration; and inhibiting microglial activation can 

prevent the retinal neurons from degeneration. These data confirmed that primary 

microglial activation can induce secondary neuronal degeneration.  

In populations with microglial genetic variants (Figure 6.1C), our data may provide 

an insight into the possible consequence after long run. In early ages, these 

populations may not show any clinical signs or symptoms. However, during ageing 

or after accumulation of other risk factors, microglial cell with genetic 

polymorphisms may adopt activated phenotypes releasing inflammatory factors and 

causing neuroinflammatory responses (Figure 6.1D). These populations may 

eventually develop corresponding diseases due to uncontrolled microglial activation 

(Figure 6.1D). Genome mapping technique helps identifying the polymorphisms of 

specific genes that exclusively expressed in myeloid cells in patients with 

neurodegenerative diseases (Malik et al., 2015; Tansey, Cameron and Hill, 2018). 

These patients, once recognized, may have a chance to restore their neuronal 

functions or prevent further neuronal damage by immunoregulatory treatments. Or in 

another circumstance, before clinical manifest, epidemiological census may help to 

recognize populations with these genetic polymorphisms and prompt treatments such 

as microglial inhibition might protect neurons from microglia induced damage. 

6.9 Limitations and future direction 

There are several limitations within our study. We have proposed a new model of 

microglia induced retinal degeneration, which would be useful in the area. However, 

there remained some topics to be explored.  

We showed that our model overcame the limitations of other microglial activation 

model, chiefly that our model induced spontaneously age-related microglial 
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activation without activating other cells in the retina. However, we could have 

missed important information on the relationship between systematic inflammation 

and retinal neuronal damage. For example, we hypothesised that age-related primary 

microglial activation can induce retinal degeneration, but we did not examine the 

phenotypes of other possible infiltrating cells such as macrophages in the sub-retinal 

space. In many neurodegenerative cases, microglia is not the only immune cells that 

involved in the immune response. Resident microglia can initiate and amplify retinal 

inflammation by mediating infiltration of circulating immune cells via their antigen 

presenting property. A study of a light exposure retinal degeneration mouse model 

showed monocyte infiltration and microglia migration dominates the early immune 

response in the first 24 hours after neurodegeneration while the proliferation of 

microglia only began 72-96 hours after neurodegeneration (Karlen et al., 2018). A 

single cell profiling study in a photoreceptor degeneration mouse model further 

revealed not only the number of resting and activated microglia, but also monocytes 

and macrophages were increased in the degenerating retina (Ronning et al., 2019). 

Future work on identifying the immune cell types in such mouse model can be 

carried out through several advanced techniques such as single cell sequencing and 

fate mapping.  

Secondly, we discovered that activated microglia might encourage BRB breakdown 

resulting in vascular leakage in the model in Chapter 3. However, the evidence we 

got was not strong enough to support the idea, the effect of activated microglia on the 

inner BRB integrity remained to be further investigated. However, the relationship 

between microglia or inflammation and neurovascular unit disruption has been 

widely reviewed and studied (Tohidpour et al., 2017; Thurgur and Pinteaux, 2019). 

Co-culture with activated microglia resulted in increased ROS and caspase-3 
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expression in retinal microvascular pericytes (Ding et al., 2017), amplified 

inflammatory cytokine expression in astrocytes (Kirkley et al., 2017) and decreased 

tight junction proteins such as ZO-1 and occluding in an in vitro blood-brain-barrier 

(BBB) model (Shigemoto-Mogami, Hoshikawa and Sato, 2018). These data, to some 

extent, second our observation. 

Thirdly, our study identified primary microglial activation as the cause of 

neurodegeneration. We were able to verify this theory in the animal model and in 

vitro. However, it lacks of approach to validate this theory in human patients. The 

signaling pathways that were involved in this process also need further investigation. 

Future work may use the model to understand the microglia induced phagopotosis 

and neurotoxicity.  

Fourthly, minocycline has both neuroprotection and microglial inhibition properties. 

The neuroprotective effect may mask the microglial inhibition effect we observed in 

Chapter 5. In our opinion, these properties teamed up and prevented the neuron loss 

in the model. The detailed proportion of each property needs further elucidation. 

Finally, as highlighted already in the discussion, the small sample size (eg. N=3 in 

PCR) means our findings should be regarded as preliminary. For in vitro microglial 

cytokine profile, there are quite a few statistically negative results such as IL-10 

expression, the powering (n=3) is not strong enough to support the solidity of the 

negative results. Future work/stronger powering is needed. 

In clinics, the polymorphic regulation of microglia can be identified by using genome 

mapping in patients with neurodegenerative diseases. Upon diagnosis, this group of 

patients with specific microglial genetic variants can be recruited for microglial 
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inhibition treatment for the management of neuroinflammation and neuronal 

degeneration. 

6.10 Conclusion 

This study provides the insight for the mechanisms of microglia induced retinal 

degeneration. The involvement of age-related microgliosis in the development of 

neurodegeneration was confirmed in this model. Firstly, we have demonstrated the 

reactivity of age-related microgliosis and the evidence of retinal neuronal loss and 

RPE damage in this model. Then, we have identified that gene-modified microglia 

displayed altered phagocytic function and were more provoked to stimuli. These 

phenotypic alterations of microglia play a role in the loss of retinal neurons such as 

photoreceptors. Finally, we inhibited microglial activation by minocycline and 

rescued retinal neuronal loss.  

We identified microgliosis in both human AMD patients and this model. The 

mechanism of microglia induced retinal degeneration may to some extent apply to 

human patients. Microglial activities such as phagocytosis and inflammatory 

response could be targets for neuroprotective strategies. Using this age-related 

microgliosis model as an approach for the evaluation of microglial inhibiting drugs 

may help to explore potential therapies for AMD patients.  
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8.1 Additional information from Chapter 2 

8.1.1 PBS recipe 

For 1 litre of 10X PBS, 80 g of NaCl (Sigma, UK), 2.0 g of KCl (Sigma, UK), 14.4 g 

of Na2HPO4 (Sigma, UK) and 2.4 g of KH2PO4 (Sigma, UK) were dissolved in 800 

mL distilled H2O. The PH of the mixture was adjusted to 7.4 with HCl (Sigma, UK). 

Then distilled H2O was added until the total volume was 1 litre. 

8.1.2 Thermocycler settings for genotyping PCR 

CX3CR1 
Steps Acquisition Temperature (°C) Time  

Pre-incubation   95 3 minutes 

Amplification (35 cycles) 
Denaturation 95 30 seconds 

Annealing 60 30 seconds 
Extension 72 2 minutes 

Final Extension   72 10 minutes 
Cooling Hold 4 Hold 

    LysMCre 
Steps Acquisition Temperature (°C) Time  

Pre-incubation   95 3 minutes 

Amplification (35 cycles) 
Denaturation 95 30 seconds 

Annealing 63 1 minutes 
Extension 72 2 minutes 

Final Extension   72 10 minutes 
Cooling Hold 4 Hold 

    SOCS3 
Steps Acquisition Temperature (°C) Time  

Pre-incubation   95 3 minutes 

Amplification (30 cycles) 
Denaturation 95 30 seconds 

Annealing 56 30 seconds 
Extension 72 1 minutes 

Final Extension   72 10 minutes 
Cooling Hold 4 Hold 
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8.1.3 TBE buffer recipe 

For 1 litre of 10X TBE buffer, dissolve 108 g tris base (Sigma-Aldrich, UK) and 55 g 

Boric acid (Sigma-Aldrich, UK) in 900 ml distilled water. Add 7.2 g EDTA 

(Duchefa Biochemie, The Netherlands) and then adjust volume to 1 liter with 

distilled water. 

8.1.4 Thermocycler setting for cDNA synthesis 

Temperature 
(°C) Time (minutes) 

25 10 
42 80 
70 15 
4 Hold 

 

8.1.5 Thermocycler setting for qPCR 

Steps Acquisition Temperature (°C) Time  
Pre-incubation   95 10 minutes 

Amplification (45 
cycles) 

Denaturation 95 10 seconds 
Annealing 58 10 seconds 
Extension 72 12 seconds 

Melting curve   
95 10 seconds 
65 1 minute 
97 continueous 

Cooling Hold 40 Hold 
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8.2  Additional data from Chapter 3 

8.2.1 Genotyping of the mice used in the study 

 

8.2.2 ERG changes in different strains and different ages of mice 

In order to understand whether the retinal function was affected by ageing or gene 

manipulation, we recorded the electrophysiological response of the retina to light 

stimulation. The amplitude of both the a-waves and b-waves in the aged group was 

lower than the young group when comparing young and aged mice from the same 

genotype (Figure 8.1A-H). No significant difference was found between four aged 

groups (Figure 8.1I-L). Oscillatory potentials which represent the function of 
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amacrine cells were significantly reduced in aged SOCS3fl/fl and DKO mice when 

compared with young mice (Figure 8.1M).  

 

Figure 8.1 Electrophotography. 

 A (A-D) and B (E-H) waves which represent the function of photoreceptor cells and 

the inner retina respectively are significantly reduced in aged mice when compared 

with young mice for all genotypes. However, there is no difference between 

genotypes (I-L). Oscillatory potentials which represent the function of amacrine cells 

are significantly reduced in aged SOCS3fl/fl and DKO mice when compared with 
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young mice (M). *P ≤ 0.05, **P ≤ 0.01, ***P ≤ 0.001, ****P ≤ 0.0001, N≥3, Two 

way ANOVA, Sidak’s test. Error bar: SEM. 

8.2.3 Retinal thickness presented no variation between mice with different ages or 

genotypes 

The retinal sections were examined and images were taken by spectral-domain OCT 

in vivo. The thickness measurement for the whole retina or the photoreceptor was 

located away from optic nerve end point at 500, 1000, 2000 µm. There was no 

significant decrease for either the neural retina (Figure 8.2A-D) or the photoreceptor 

(Figure 8.2A-D) thickness with ageing when comparing young mice with aged ones 

of the same genotype. Between different genotypes, the neural retinal thickness was 

unaffected (Figure 8.2I). The photoreceptor thickness did not change between 

genotypes (Figure 8.2L). 

 

Figure 8.2 Thickness quantification of neural retina and photoreceptor layer.  
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Neural retina (A-D, I) and photoreceptor layer (E-H, L) thickness were measured at 

the locations of 500, 1000, 2000 µm  away from optic nerve end point respectively by 

spectral-domain OCT in all the animals. However, there is no significant difference 

between all genotypes or ages. N≥3, two way ANOVA, Sidak’s test. Error bar: SEM. 

 

 

8.3 Additional data from Chapter 5 

8.3.1 The thickness of retinal and photoreceptor layer after minocycline treatment 

 

Figure 8.3 Averaged retinal and photoreceptor thickness measured in OCT 

images. 

Measurement of neural retina (A) and photoreceptor layer (B) thickness at different 

locations (500, 1000, 2000 µm away from the optic nerve, details please see Figure 

5.5) of the retina were added together. Minocycline treated DKO retina had 

significantly increased thicknesses in both the neural retina and photoreceptor layer 

when compared with untreated DKO retina. However, there is no significant 
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difference in minocycline treated SOCS3fl/fl retina when compared with untreated. 

N≥16, two way ANOVA, Sidak’s test. Error bar: SEM. 


