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Microglia are the resident immune cells of the central nervous system (CNS) and
play a key role in maintaining the normal function of the retina and brain. During
early development, microglia migrate into the retina, transform into a highly ramified
phenotype, and scan their environment constantly. Microglia can be activated by any
homeostatic disturbance that may endanger neurons and threaten tissue integrity.
Once activated, the young microglia exhibit a high diversity in their phenotypes as
well as their functions, which relate to either beneficial or harmful consequences.
Microglial activation is associated with the release of cytokines, chemokines, and growth
factors that can determine pathological outcomes. As the professional phagocytes in
the retina, microglia are responsible for the clearance of pathogens, dead cells, and
protein aggregates. However, their phenotypic diversity and phagocytic capacity is
compromised with ageing. This may result in the accumulation of protein aggregates
and myelin debris leading to retinal neuroinflammation and neurodegeneration. In this
review, we describe microglial phenotypes and functions in the context of the young
and ageing retina, and the mechanisms underlying changes in ageing. Additionally, we
review microglia-mediated retinal neuroinflammation and discuss the mechanisms of
microglial involvement in retinal neurodegenerative diseases.

Keywords: microglia, morphology, phenotypes, phagocytosis, retina, ageing, retinal neurodegenerative disease

INTRODUCTION

The retina is an extension of the central nervous system (CNS). Retinal ganglion cells (RGCs)
display the typical properties of CNS neurons, and their axons collectively form the optic nerve
that connects the retina to the visual cortex in the brain. As a part of the CNS, the retina
exhibits similarities to the brain in terms of anatomy, functionality, immunology, and pathology.
Thus, the knowledge and insights obtained from retinal research are highly likely to apply to the
brain, and vice versa.

Microglial cells are the resident macrophages of the CNS, including the retina, and they act as
the first line and principle form of active immune defence. Microglia were long considered to be in a
resting state in the healthy CNS. However, mounting evidence has shown that microglia are actively
involved in the maintenance of the CNS. They are extremely sensitive to even subtle changes in
the environment and therefore they are found to be constantly scavenging the CNS for damage,
pathogens, and aggregates or debris. This sensitivity is achieved by the presence of microglial
surface receptors which receive signals from surrounding neurons and the extracellular matrix that
may indicate a homeostatic imbalance (Raivich et al., 1999; Nimmerjahn et al., 2005). In response

Frontiers in Cellular Neuroscience | www.frontiersin.org 1

March 2022 | Volume 16 | Article 804782


https://www.frontiersin.org/journals/cellular-neuroscience
https://www.frontiersin.org/journals/cellular-neuroscience#editorial-board
https://www.frontiersin.org/journals/cellular-neuroscience#editorial-board
https://doi.org/10.3389/fncel.2022.804782
http://creativecommons.org/licenses/by/4.0/
mailto:l.guo@ucl.ac.uk
mailto:m.cordeiro@ucl.ac.uk
https://doi.org/10.3389/fncel.2022.804782
http://crossmark.crossref.org/dialog/?doi=10.3389/fncel.2022.804782&domain=pdf&date_stamp=2022-03-17
https://www.frontiersin.org/articles/10.3389/fncel.2022.804782/full
https://www.frontiersin.org/journals/cellular-neuroscience
https://www.frontiersin.org/
https://www.frontiersin.org/journals/cellular-neuroscience#articles

Guo et al.

Microglia: Retinal Ageing and Neurodegeneration

to these signals, microglia instantly transform their phenotype
from the ramified “standby” to the hyper-ramified and activated
modes, and can even adapt into the amoeboid mode that
enables them to quickly migrate to sites in danger (Deng
et al,, 2009). However, with ageing, the ability of microglia
to maintain immune surveillance and tissue repair declines.
Whilst young retinal microglia exhibit a prompt response to
injury by rapidly polarizing their processes and migrating to
the injury site, aged retinal microglia appear to be less dynamic
with fewer processes (Damani et al., 2011). Aged microglia
associate with an imbalanced polarization by producing and
releasing pro-inflammatory factors that are heavily implicated
in retinal neurodegenerative diseases, including glaucoma, age-
related macular degeneration (AMD), and diabetic retinopathy
(Guzman-Martinez et al., 2019; Table 1).

Microglia are regarded as the professional phagocytes
of the CNS, including the retina (Khurana, 2002; Franco-
Bocanegra et al,, 2019). Microglia actively clear retinal myelin
debris at injury sites to help remyelination. However, the
phagocytic capacity of microglia declines with ageing, and
the age-related increase in myelin debris further challenges
microglia which are already senescing (Safaiyan et al,
2016; Shobin et al, 2017). This ageing process leads to a
progressive accumulation of protein aggregates and myelin
debris, which further contribute to neuroinflammation and
retinal neurodegeneration (Table 1).

TABLE 1 | Overview of the possible roles and behaviour of microglia in the young
retina, ageing retina, and retinal neurodegenerative disease.

Immune defence
and homeostasis

Young o Surveillance of surrounding

microenvironment

e Phagocytic clearance of
pathogens, apoptotic cells, and
protein aggregates/debris

o Tissue repair

Ageing Senescence o | Ability for surveillance and

immune defence
e | Phagocytic ability
— accumulation of protein
aggregates and toxic debris
e | Ability for tissue repair
Neuro-degenerative
disease

Neuroprotection o Facilitation of innate and adaptive

immune responses
e Special phenotypes:
o Rod microglia
o DAM
e Promotion of regeneration

e Promotion of neuroinflammation
— tissue damage — functional
impairment

Neurotoxicity

e Production of pro-inflammatory
cytokines and chemokines

e Abnormal phagocytosis

e €.g. involvement in pathogenesis
of glaucoma, AMD, diabetic
retinopathy

DAM, disease-associated microglia; AMD, age-related macular degeneration.

In this review, we firstly, delineate microglial morphology
and phagocytosis in the healthy young retina and secondly,
discuss changes of microglial phenotypes and phagocytosis in
the ageing retina. We also focus on the role of microglia in
retinal neuroinflammation and the mechanisms of microglial
involvement in retinal neurodegenerative diseases.

MICROGLIA IN THE HEALTHY ADULT
RETINA

Microglial Migration and Distribution
Microglia are derived from the primitive yolk sac progenitors
(Alliot et al,, 1999). They migrate into the retina in a well-
organised fashion, from the central to peripheral regions and the
inner to outer retinal layers (Marin-Teva et al., 1998, 1999). The
development of microglia in the retina plays a key role in shaping
neuronal development and sculpting the initial population of
early neurons to the organised subsets, i.e., photoreceptors,
bipolar, amacrines, horizontal cells, and RGCs. With maturation,
the five types of retinal neurons become arranged into three
cellular layers and two synaptic layers with their specific input
of light transmission (Figure 1). Photoreceptors, comprising the
outer nuclear layer (ONL), relay visual information to the bipolar,
amacrine, and horizontal neurons in the inner nuclear layer
(INL) via the synapses in the outer plexiform layer (OPL). The
visual information in the INL is further relayed to the RGC layer
through the synapses with bipolar and amacrine cells in the inner
plexiform layer (IPL) before being transmitted to the visual cortex
in the brain (Figure 1).

Developing microglia migrate radially through the inner
to outer retinal layers and predominately settle in the retinal
synaptic layers (OPL and IPL) in a territorial and non-
overlapping manner (Lee et al, 2008). While microglia can
be also located in the retinal cellular layers (INL and RGC
layer), they are notably devoid in the ONL, a specialized
microglial exclusion zone (Santos et al, 2008; Figure 1).
Microglia-specific locations in the retina may reflect their direct
role in synaptic development and mature systems. Indeed,
microglial processes in the plexiform layers allow them to
frequently and dynamically contact dendritic, axonal, and
synaptic compartments of neurons, being well-positioned to
influence neuronal structure and therefore function.

Microglial Morphology and Function

Microglia have diverse morphologies which are closely related
to their activation status and functional phenotypes (Wolf
et al, 2017). As the principal resident immune cells of
the brain and retina, microglia are constantly engaged in
the surveillance of their surrounding neural tissues. Whilst
microglia are in “standby” mode, they are always ready to
respond to or interfere with any homeostatic disturbances
which may endanger neurons and threaten tissue integrity
(Van Rossum and Hanisch, 2004). Under physiological (resting)
conditions, microglia exhibit a ramified appearance with small
and round somas, and many long and thin processes (Figure 2
and Table 2). This typical morphology allows microglia to
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FIGURE 1 | Schematic representation of microglial distribution in layers of normal mature retina. As development progresses, microglia migrate from the GCL and
IPL towards the outer layers of the retina (yellow arrow). In the young retina, the number of microglia in their ramified appearance is found predominantly in the
synaptic layers: the OPL and IPL. They can also be found in lesser numbers in the GCL and INL. However, no microglia are found in the ONL, a specialised microglial
exclusion zone. The concentration of microglial processes in the plexiform layers facilitates frequent and dynamic contact with neuronal dendrites, axons, and
synapses. The ramified morphology allows microglia to constantly extend and retract their processes. Together, these features facilitate constant surveillance of the
surrounding microenvironment. ONL, outer nuclear layer; OPL, outer plexiform layer; INL, inner nuclear layer; IPL, inner plexiform layer; GCL, ganglion cell layer;

RNFL, retinal nerve fibre layer.

- RNFL

constantly extend and retract their processes to scan and monitor
their local microenvironment while their somatic positions
maintain relatively stable (Nimmerjahn et al, 2005; Askew
et al, 2017). In vivo two-photon brain imaging has shown
that microglial processes are remarkably motile in the “resting”
stage, continuously undergoing cycles of de novo formation and
withdrawal within a time scale of minutes. In addition, their
processes and protrusions directly contact neuronal cell bodies,
astrocytes, and blood vessels, suggesting that in the healthy brain,
microglia dynamically interact with other cortical elements to
monitor neuronal well-being (Nimmerjahn et al., 2005). In vivo
brain imaging has additionally demonstrated that the application
of the ionotropic y-aminobutyric acid (GABA) receptor blocker
to change the level of neuronal activity evokes a significant
increase in microglia volume sampling (Nimmerjahn et al., 2005).
Like microglia in the brain, those in the retina also exhibit
extensive dynamic behavior in ex vivo retinal whole-mounts (Lee
et al., 2008; Liang et al., 2009).

Episodes of transient and localised microglial activation
occur throughout life without necessarily being obvious or
easily detected. However, relatively severe homeostatic alterations
can cause excessive responses from microglia with significant
morphological transformation. Some events may exceed critical
limits of microglial responses, leading to disease pathogenesis.
In such conditions, ramified microglia may become transiently
hyper-ramified by elongating and increasing the number of their
processes in response to initial environmental insult, and then
quickly convert into the activated morphology if significant
disruptions occur. This may occur by enlarging their somas

and thickening and retracting their processes (Hanisch and
Kettenmann, 2007; Figure 2 and Table 2). Activated microglia
can further adapt into the amoeboid morphology when extensive
damage occurs, by completely retracting their processes and
further enlarging their motile somas. This allows them to quickly
migrate to the sites of distress and phagocytose pathogens,
dying neurons, or cell debris (Deng et al, 2009; Figure 2
and Table 2). There is another form of microglia, called rod-
microglia, which has recently gained attention (Holloway et al.,
2019). Rod-microglia, which appear as markedly narrow and
elongated cells with a scanty cytoplasm and few processes
(Figure 2 and Table 2), are thought to be associated with
neuronal pathology in the CNS (Holloway et al., 2019). Rod-
microglia have been reported in retinal degenerative disease
models, such as glaucoma, a major cause of blindness and
characterized by retinal ganglion cell (RGC) death and axonal
degeneration. For instance, rod-microglia were found aligned
with degenerating RGCs and their axons in mouse glaucoma
models (de Hoz et al., 2013; Wang et al., 2014). Interestingly,
these rod-microglia were only found in the affected eye of
animals with unilateral retinal injury models, suggesting that
this particular morphology of microglia in the retina may
be associated with retinal neurodegeneration (de Hoz et al,
2013; Wang et al,, 2014). Conversely, the association of rod-
microglia with a protective role in retinal neurodegeneration was
demonstrated when rod-microglia were found to be eliminating
the degenerating RGC debris by phagocytosis in the retina
of rats modelled with optic nerve transection (ONT) (Yuan
et al., 2015). The morphologies of microglia described above can
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FIGURE 2 | Diagram of microglial morphologies. (A) Microglial morphology varies based on activation state, in response to changing environmental conditions.
Arrows demonstrate possible transitions between states. These transitions can occur in both directions, allowing microglia to switch back and forth between
activation states. (a) Microglia under resting physiological conditions have a ramified appearance. (b) Disruption to environmental homeostasis leads them to elongate
their processes and transiently exhibit a hyper-ramified state. (c) In response to considerable environmental damage, they rapidly adopt an activated morphology,
with an increased soma size, and thicker, shorter processes. (d) Substantial insult leads them to adopt an amoeboid appearance, with complete retraction of
processes, allowing directed motility and phagocytosis of target material. (€) Rod microglia, which are specifically associated with retinal neurodegeneration, exhibit a
uniquely narrow and elongated morphology, with few processes. It is unclear which microglial activation state(s) give(s) rise to rod microglia. Figure based on
Holloway (Holloway et al., 2019). (B) Different predominant morphologies and activation states of microglia may be found in the young, ageing, and
neurodegenerative retina. Generally, ramified microglia may be predominantly found in the young retina. In the ageing retina, the reactive/activated and amoeboid
microglia are predominantly found. In cases of retinal neurodegenerative disease, reactive/activated, amoeboid, and rod microglia are predominantly found. Blue
microglia are illustrative representations to demonstrate morphological changes. Green microglia are from whole-mount retinal images of Iba-1 stained C57BL6
mice, obtained from the Cordeiro laboratory. Scale bar = 50 pm.
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TABLE 2 | Microglial morphological parameters in various activation states.

Activation state Soma shape Soma size Number of processes Length of processes Thickness of processes
Ramified Round

Hyper-Ramified Round/irregular/variable

Activated/reactive Irregular/variable

Amoeboid Irregular/variable None N/A N/A

Rod Elongated ? ? ?

Dots represent relative values. Incomplete information on rod microglial morphological parameters due to limited data and difficulty in comparing their unique morphology.
Sources: Boche et al. (2013), Karperien et al. (2013), Chidlow et al. (2017), Davis et al. (2017), Holloway et al. (2019).

switch back and forth between activation states but it is unclear
which microglial activation state(s) give(s) rise to rod microglia
(Figure 2; Holloway et al., 2019). Moreover, a unique microglial
phenotype, so-called disease-associated microglia (DAM), has
recently been discovered (Keren-Shaul et al.,, 2017). DAM are
characterised by the downregulation of homeostatic genes and
the upregulation of genes involved in lysosomal, phagocytic,
and lipid metabolism pathways, linked to Alzheimer’s disease
(AD) and other neurodegenerative conditions. Their activation
requires TREM2 (triggering receptor expressed on myeloid cells
2) (Keren-Shaul et al, 2017). Identified as phagocytic cells,
DAM have an activated morphology, and have been found to
colocalise with amyloid-beta (AB) plaques (Keren-Shaul et al.,
2017). The DAM phenotype, as a common signature of microglial
response to CNS pathology, may play a protective role in
neurodegeneration (Deczkowska et al., 2018). By profiling the
mouse retinal microglia across development, a recent study has
demonstrated that microglia in the postnatal retina highly express
disease-associated genes (DAM), which are similar to microglia
in ageing, disease, and in developmental white matter (Anderson
et al,, 2019). In addition, this study identified developmental
apoptosis as a major driver of the DAM-related profile in
the postnatal retina (Anderson et al., 2019). DAM were also
found in the adult retina in a transgenic mouse model of
glaucoma (DBA/2J). By analyzing the transcriptome of retinal
microglia with age, the authors found that DAM cells had
a significant increase in the degenerative retina at 10months
old compared to the pre-degenerative retina at 5 months old.
Additionally, the shift to the DAM profile during the course of
DBA/2J was similar to that in brain neurodegeneration, with
the upregulation of genes related to phagocytosis and lipid
metabolism and downregulation of select homeostatic genes
(Bosco et al., 2019). Although it was unclear whether DAM
are detrimental or protective in DBA/2], the authors have
found a more pronounced DAM gene expression signature after
neuroprotective complement inhibition, suggesting a potential
protective role (Bosco et al., 2019).

The transformation of ramified microglia into their activated
mode can be triggered by signals reporting homeostatic
disturbance. Such signals can be any abnormal appearance,
unusual concentration, or altered features of soluble and
insoluble factors indicating local danger or damage (Hanisch,
2002; Streit, 2002). In a retinal degeneration model of rd
mice, some chemokines were demonstrated to initiate microglial
activation (Zeng et al., 2005). By identifying sequential events

and factors associated with microglial activation, migration,
and cytotoxicity during retinal degeneration, this study found
that the expression of the chemokine mRNA transcripts: MCP-
1, MCP-3, MIP-lalpha, MIP-1beta, and RANTES, was first
noted at P8, reaching a peak at P12, well before the initiation
and peak of microglial migration. This suggests the role of
these chemokines in microglial activation and trafficking of the
retinal microglia to the degenerating photoreceptor layer. It
has been hypothesized that in the rd retina, the gene defect
in beta-PDE causes the initial injury to the photoreceptors
which produce chemokines to activate and recruit retinal
microglia to the outer retinal layers (Zeng et al, 2005).
The primary death of photoreceptors triggering microglial
activation and their migration to the outer retina has also
been observed in retinitis pigmentosa (RP) mice (Noailles
et al, 2014). Endogenous photoreceptor proteins have been
reported to trigger microglial activation via toll-like receptor
4 (TLR4) (Kohno et al, 2013). Early alarm signals from
retinal degeneration might initiate TLR-dependent activation
of microglia (Langmann, 2007). In the retina of retinoschisin-
deficient mice, early microglial TLR4 induction has been detected
with a strong up-regulation of early microglial activation-related
transcription (Gehrig et al., 2007). TLR-dependent pathways in
initiating microglial activation have also been observed in other
models of neuronal injury, including spinal nerve transection
(Lehnardt et al., 2003). Microglia can sense these warning
signals via their surface receptors and ion channels, such as
receptors for cytokines, chemokines, complement fragments,
immunoglobulins, and inflammatory stimuli (Raivich et al., 1999;
Nimmerjahn et al., 2005). As such, endangered or stressed
neurons emit signals of cytosolic or membrane origin, which
cause gradual transformation of microglia. Such signals can
be subtle or even remote (Streit, 2002). ATP concentrations
rising beyond a critical threshold could signal abnormal firing
activity and cellular disintegration in the retina and brain
(Hide et al., 2000; Honda et al., 2001; Damani et al., 2011).
Additionally, excessive neurotransmission may result in a high
state of microglial activity (Hide et al, 2000; Honda et al,
2001; Inoue, 2002). Microglia will subsequently respond with
supportive and protective activities, safeguarding the innate
defence mechanisms, or assisting in the adaptive (i.e., antigen-
specific) immune reactions (Van Rossum and Hanisch, 2004). For
example, microglia may facilitate the removal of excitatory amino
acids (Nakajima et al.,, 2001; Vallat-Decouvelaere et al., 2003),
the expression of neurotrophic factors (Elkabes et al., 1996;
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Hanisch, 2002), or the stimulation of other cells, e.g., Miiller
cells to release neurotrophic factors (Harada et al, 2003;
Wang et al., 2011). However, microglial activation can also
be harmful, producing pro-inflammatory cytokines/chemokines,
promoting neuroinflammatory responses, and causing tissue
damage (Mantovani et al., 2004; Orihuela et al., 2016).

Microglial Phagocytosis

One of the important physiological functions of microglia is
to clear cellular debris and dead cells, the so-called process of
“phagocytosis.” Microglial phagocytosis starts initially during
the development of the CNS, when excessive neurons and
synapses need to be removed in a process known as “synaptic
pruning” (Paolicelli et al., 2011). In the mature brain and retina,
highly motile microglia constantly change their morphology to
adapt to the environment and transform into macrophage-like
amoeboid shapes in response to alarm signals indicating tissue
damage and debris accumulation. This amoeboid morphology
allows microglia “directed motility” or “chemotactic motility”
toward the source of injury (Khurana, 2002; Franco-Bocanegra
et al.,, 2019). It is thought to be driven by complex molecular
machinery, directing the actin cytoskeleton to the site of injury
(Khurana, 2002; Franco-Bocanegra et al., 2019).

Phagocytosis occurs in several steps characterised by
recognition (“find-me”), phagosome formation (“eat-me”),
and ingestion (“digest-me”) (Sierra et al, 2013; Gabandé-
Rodriguez et al, 2020). The phagocytic activity relies on
specific receptors expressed on the macrophagic/microglial
cell surface and downstream signaling pathways to direct
the phagocytes toward the “eat-me” targets (pathogens, dead
cells, or protein aggregates). The process is initiated by the
activation of several membrane receptors that in general,
can be categorized into two distinctive types, one having a
high-affinity binding to foreign microbial pathogens, such
as TLRs, and another mainly recognizing apoptotic cells
exposing phosphatidylserine (PS), such as TREM-2 (Takahashi
et al., 2005; Mazaheri et al.,, 2017) and TAM (Tyro3, Axl and
Mer) receptors (Stefanova et al,, 2011; Venezia et al, 2017;
Gabandé-Rodriguez et al., 2020). In addition to their roles in
the recognition of pathogenic or dead cell-associated targets,
TLRs also recognize danger-associated molecular patterns,
such as deposited AP fibrils and a-synuclein (Marsh et al,
2009; Hanke and Kielian, 2011). TREM-2 can signal for the
internalisation of protein aggregates, such as AP (Cho et al,
2014; Han et al, 2017; Krasemann et al., 2017). In the end,
degradation of the engulfed target or the apoptotic cell takes
place once the phagosome becomes mature and fuses with
lysosomes within the phagocyte, a process known as corpse
processing or phagosome maturation (“digest-me”) (Sierra et al.,
2013; Gabandé-Rodriguez et al., 2020).

MICROGLIA IN THE AGEING RETINA
Microglial Phenotype Changes in Ageing

Microglia are long-living cells with prolonged residence in the
brain and retina, and senescent alterations may compromise their

physiological roles in immune surveillance and tissue repair. In
the young healthy retina as mentioned above, ramified microglia
exhibit long branching processes, and rapid and constitutive
motility of their processes enables the cells to effectively survey
the extracellular milieu in the surroundings. Upon local injury,
microglia promptly polarize their processes and migrate in
the direction of the injury site. However, with ageing, these
featured phenotypes of retinal microglia may progressively
change. Studies on microglial ageing in the retina have shown
that, compared to young (3-4 months old) mice, microglia in
aged (18-24 months old) mice had fewer branches with shorter
total process lengths indicating significantly smaller ramified
dendritic arbours (Figure 2). Despite this, they still maintained
their ramified morphology in a “tiled” distribution in the IPL
and OPL (Damani et al,, 2011). Aged microglia also exhibited
slower dynamic movement of their processes than their younger
counterparts (Damani et al., 2011). Similar observations on aged
microglia have also been reported in the cortex and hippocampus
(Hefendehl et al., 2014; Davies et al., 2017). These ageing changes
in both morphology and constitutive motility may undermine
microglial ability to survey and continuously interact with their
environment. Interestingly, the densities of microglia soma in the
IPL and OPL appeared to be slightly but significantly greater in
the aged retina compared to the young retina (Damani et al,
2011). However, instead of an increase in soma densities and
a decrease in process lengths, a more recent study found that
ageing mice had significantly increased microglial soma area and
vertical processes in OPL, IPL, and NFL-GCL layers (Fernandez-
Albarral et al., 2021a). These results imply that with ageing,
microglia may shift their morphology and activity status to
accommodate the ageing process. Indeed, increased microglial
activation in the retina has been observed in old (20-month-
old) mice compared to young (3-month-old) mice, along with
increased complement activation (Chen et al., 2010). This study
investigated microglia in retinal whole-mounts by dual staining
using Iba-1 (microglial marker) and Isolectin B4 (IB4, a marker
for activated microglia). Whilst no IB4™ microglia were observed
in the young retina, intense IB4™ staining was found in the
old retina in Iba-1* microglia in the superficial layer and INL
which appeared small and round or amoebic with short dendrites
(Chen et al., 2010). In addition, the ageing retina has been
associated with dysregulation and changes in their genetic profile
including those genes linked to local inflammatory responses
and phagocytosis (Chen et al., 2010; Ferndndez-Albarral et al.,
2021a).

Whilst in young animals, few or no microglia were shown
to be located in the outer retina (a microglial exclusion zone),
aged animals had significantly greater numbers of microglia
in either the subretinal space or with their processes oriented
toward the subretinal space (Xu et al., 2008; Damani et al,
2011). The subretinal microglia exhibited an activated phenotype
with a large cell body and short dendrites, associated with
autofluorescent lipofuscin granules (Xu et al., 2008). It has been
suggested that the subretinal presentation of microglia may
be attributed to age-related changes in microglial behaviour
in response to extracellular signals (Wynne et al, 2010) as
the relocation of microglia to the outer retina was also seen
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in mice deficient in chemokines and chemokine receptors
(Combadiere et al., 2007).

Microglial responses to injury have also been shown to alter
with ageing in mice. For example, when being exposed to
extracellular ATP (an injury-associated signal), young microglia
were found to exhibit instant dynamic responses by becoming
more ramified and increasing their motility. However, aged
microglia appeared to be less ramified and dynamic (Damani
et al., 2011). These age-dependent dynamic behaviours were
also evident in response to laser-induced focal retina injury,
where aged microglia not only migrated to the injury site
more slowly, but also exhibited a slower disaggregation from
the injury site compared to their young counterparts (Damani
et al, 2011). The age-related changes of microglial response
to injury have also been seen in the brain, correlating to
increased neuronal damage and functional loss (Conde and
Streit, 2006; Wasserman and Schlichter, 2008; Ritzel et al., 2019).
This suggests that aged microglia have a decreased capacity
for tissue repair.

Microglial ageing in the human retina has been less studied
than animal models. However, a recent study has demonstrated
that, similarly to the aged retina in animal models, the human
retina also showed an increased number of microglia during
ageing (Yi et al.,, 2020). This study provided a comprehensive
transcriptomic atlas based on 119,520 single cells of the human
retina covering different ages. It was found that the proportion
of microglia was remarkably increased in the aged samples,
consistent with the up-regulated genes, which were enriched
in response to hypoxia and microglial activation (Yi et al,
2020). Neuroinflammation and microglial activation have been
implicated in retinal ageing and neurodegenerative diseases,
and increased pro-inflammatory factors in the aged retina
may indicate increased microglial involvement. 7-ketocholesterol
(7KCh) is a cholesterol oxidation product localized to the
outer retina with pro-inflammatory and cytotoxic properties
in AMD (Rodriguez et al, 2014). Quantification of 7KCh
showed that the levels of 7KCh were significantly higher in
older human donors (Rodriguez et al., 2014). By exploring the
potential relationship between 7KCh and microglia, another
study demonstrated an age-dependent accumulation of 7KCh
in subretinal microglia of mice. 7KCh was shown to exert
a prominent dose-dependent chemoattractive effect on retinal
microglia in vivo and in vitro (Indaram et al, 2015). In
addition, subretinal injection of 7KCh induced a remarkable
increase in the number of Ibal positive microglia into the
outer retina (Indaram et al, 2015). Taken together, it is
possible that higher levels of 7KCh found in the aged
human retina may recruit microglia into the outer retina and
stimulate microglial internalization of 7KCh as that occurred
in animal models.

Microglial Phagocytosis Changes in
Ageing

In order to maintain homeostasis and tissue repair, microglial
phagocytosis is essential for the clearance of cellular debris,
abnormal proteins, and pathogens from the CNS, including

the retina (Li, 2013). However, the phagocytic capabilities of
microglia tend to be compromised with ageing, resulting in
a more toxic CNS environment, and leading to neuronal
degeneration (Li, 2013). Studies on the uptake of neurotoxic
materials by cultured microglia have provided evidence of an
age-dependent decline in microglial phagocytosis. For instance,
microglia from aged mice appeared to have a reduced capacity
to internalise AP compared to young mice (Njie et al.,, 2012).
The age-related loss in microglial ability to phagocytose AP
fibrils has also been demonstrated to be associated with altered
expression of AP interacting protein (CD36) (Floden and Combs,
2011). Similar findings have been seen with neonatal microglia
cultured for an extended period compared to those cultured over
a shorter period of time (Caldeira et al., 2017). The extended
period microglia showed lower efficiency in phagocytosis of
AB. This was associated with the dysregulation of phagocytosis-
related receptors or proteins, including increased expression
of CD33 and reduced levels of TREM2 and MFG-E8 (milk
fat globule-EGF factor 8 protein) (Caldeira et al., 2017). AP
deposits in the retina have the potential to be a targeted
biomarker for early AD diagnosis and disease progression.
The natural compound curcumin binds to AP with a high
degree of specificity and thus, retinal imaging of fluorescent
curcumin has been explored in AD clinical trials and shown
promising results (Koronyo et al., 2017; Dumitrascu et al,
2020; Ngolab et al, 2021). A positive correlation between
retinal curcumin-positive spots and brain amyloid has been
observed in patients, suggesting that retinal curcumin imaging
holds potential for the detection of preclinical AD and the
progression of dementia (Ngolab et al., 2021). Regarding the
treatment and clearance of amyloid deposits, a recent study
has co-cultured brain slices from aged AD mice with young
WT mice and has shown that the phagocytic ability of aged
microglia can be restored through factors secreted from young
microglia, resulting in increased amyloid plaque clearance. Also,
exposing aged microglia to conditioned media of young microglia
was sufficient to induce microglial proliferation and reduce
amyloid plaque size (Daria et al., 2017). Age-related decline in
microglial phagocytic capacity has also been observed in the
uptake of a-synuclein, a presynaptic neuronal protein (Koronyo
et al., 2017) linked to Parkinson’s disease (PD) pathology. By
comparison of microglia isolated from adult mice to neonatal
mice, researchers have shown that adult microglia exhibited
less efficiency in phagocytosis of free or exosome-associated
oligomeric a-synuclein compared to microglia from young mice
(Bliederhaeuser et al., 2016).

Instead of assessing microglial phagocytosis by ex vivo
culture systems which have lost tissue integrity, a recent study
has used immunohistochemistry and stereology to identify
and quantify activated and phagocytic microglia in rhesus
monkeys (Shobin et al., 2017). They found that microglia
became activated with age and had an increased phagocytic
phenotype in regions of white matter. The age-related increase
in phagocytic activation of microglia has been associated with
accumulating myelin pathology (Shobin et al., 2017). Myelin
phagocytosis is the pathological hallmark of multiple sclerosis
(MS), but it remains unclear what triggers resident microglia
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and infiltrating macrophages to start phagocytosing myelin.
To investigate this, researchers have isolated myelin from
brain samples of MS patient donors and normal controls, and
assessed its uptake by primary human microglia and THP-
1 macrophages. The authors found that both microglia and
macrophages appeared to be more efficient at phagocytosing
MS-derived myelin than control myelin, and microglia from
aged donors had an increased myelin uptake compared to young
donors, indicating that changes in myelin composition during
ageing may trigger phagocytosis and contribute to MS pathology
(Hendrickx et al., 2014).

Myelin breakdown has significant consequences for axonal
health and conduction velocity (Saab and Nave, 2017). Microglia
actively clear myelin debris at injury sites to help remyelination.
However, an age-related steady increase in myelin debris
would overwhelm microglial phagocytosis, leading to myelin
accumulation and accelerated neural degeneration. Using
electron microscopy to analyse the white matter of ageing mice,
progressive accumulation of multilamellar myelin fragments
has been demonstrated with age (Safaiyan et al, 2016). An
increased number of microglia in the white matter was also
reported in aged mice (Poliani et al, 2015). To determine
whether microglia were responsible for the uptake of myelin
fragments, researchers have used immunohistochemistry to
localise microglia, myelin basic protein (MBP), and proteolipid
protein (PLP) in white matter (Safaiyan et al., 2016). An increased
number of Iba-1T microglia were found to be in contact with
myelin fragments and also phagocytosing them. There was
also an age-related increase in markers for endosomes and
lysosomes in microglia, including scavenger receptor (CD68)
and lysosomal-associated membrane protein 1 (Lampl), along
with increased surface markers for myelin phagocytosis (Mac-2)
in the white matter (Safaiyan et al., 2016). Furthermore, a
steady accumulation of lipofuscin granules, one of the most
specific biomarkers for ageing, was observed in microglia with
increased age, and also associated with the uptake of myelin
debris. Taken together, this suggests that microglia are not
only actively involved in the clearance of myelin, but with
ageing, this process is also associated with the accumulation of
undegradable lysosomal aggregates, which may contribute to
microglial senescence and immune dysfunction in the aged CNS
(Safaiyan et al., 2016).

RETINAL MICROGLIA IN
DEGENERATIVE EYE DISEASES

Degeneration within the retina is a common pathological
mechanism in various neurodegenerative diseases, involving
microglia-associated neuroinflammation (Karlstetter et al,
2015; Ramirez et al., 2017; Silverman and Wong, 2018; Rashid
et al., 2019). Neurodegeneration in the retina occurs not only
in eye diseases, e.g., glaucoma, AMD, and DR, but also in
neurological disorders, e.g., AD, PD, and MS. There is currently
no efficient treatment for retinal neurodegeneration. In this
section, we focus only on retinal microglia in neurodegenerative
eye diseases. Imbalanced microglial activation is heavily

implicated in retinal neurodegeneration (Karlstetter et al,
2015; Ramirez et al., 2017; Silverman and Wong, 2018). The
activated microglia can release pro-inflammatory cytokines
which can aggravate and propagate neuroinflammation,
thereby promoting neuronal degeneration and eventually
functional impairment (Rashid et al, 2019). Microglial
activation in these diseases has been related to toxic
protein aggregates, abnormal phagocytosis, and neuronal
degeneration (Karlstetter et al, 2015; Ramirez et al., 2017;
Silverman and Wong, 2018).

Glaucoma

Glaucoma is the leading cause of irreversible blindness, predicted
to affect approximately 112 million people by 2040 (Rashid
et al.,, 2019; Allison et al.,, 2020). It is a multifactorial disease
with several causative factors, such as myopia, intraocular
pressure (IOP), and optic nerve blood supply. Several sub-
types, such as primary open angle, primary angle closure,
secondary open angle, secondary angle closure, and normal
tension glaucoma have been identified (McMonnies, 2017;
Dietze et al., 2022). Generally, these types of glaucoma can
be characterized by RGCs and their axonal death, leading
to vision loss (Davis et al., 2016; Rashid et al., 2019). The
underlying mechanisms are not fully understood although ocular
hypertension (OHT) has, for a long time, been correlated to RGC
death and vision loss (Rashid et al., 2019). Neuroinflammation
induced by microglial activation has been observed since
the 1970s and has become increasingly recognised as a key
mechanism in the pathogenesis of glaucoma (Vrabec, 1975;
Rashid et al., 2019).

There is evidence to show that microglia-associated
inflammation occurs throughout glaucoma progression. In
a mouse model of glaucoma (induced OHT), distinctive changes
in expression of M1 and M2 associated factors were noticeable
from the first day (Ferndndez-Albarral et al., 2021b). From day
1 post OHT, anti-inflammatory factors such as IL-4, VEGE
and BDNF were all significantly increased in expression.
Meanwhile, pro-inflammatory factors such as IL1-8, were
decreased in expression (Ferndndez-Albarral et al., 2021b).
This suggests there may be initial M2-associated activation
in an attempt to reduce inflammation, repair damage, and
recover a healthy microenvironment. Additionally, levels of
microglial activation regulator, Cx3CL1, were significantly
increased only on the first day post OHT, then this decreased
to a level that was significantly lower than healthy controls
from day 3 onwards (Fernandez-Albarral et al, 2021b).
Interestingly, the number of RGCs was also significantly
reduced from 3 days post OHT. A previous investigation
that used the same glaucoma model also showed retinal
microglia activation peaking at 3 days post OHT, with
increased microglia cell density, but enlarged cell bodies
and fewer dendrites (Ramirez et al., 2020). These amoeboid
microglia were found to lack expression of P2RY12, a common
marker of resting microglia associated with the M2 phenotype
(Ramirez et al., 2020). This suggests that in this model, up
to day 3, there may be M2 activation and fractalkines may
have a chemoattractant effect on the surveillant processes
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of microglia and by day 3, microglia may start their process
of eliminating deleterious cell fragments. Furthermore, in
another model using laser induced OHT rats, at Day 14 post
OHT, amoeboid microglia were found to be co-localised with
major histocompatibility complex (MHC) II (de Hoz et al,
2018), an M1 marker associated with toxic cell fragments
and pathogens (Charles et al., 2001). A similar finding of
MHC II+ co-localisation with microglia was also found to
coincide with OHT-induced axonal and RGC loss (Chidlow
et al,, 2016). de Hoz et al. (2018) suggest that MHC II may
influence ramified surveillant cells to transform into the
amoeboid phagocytic microglia. Additionally, in patients
with mild to advanced stages of glaucoma, the expression of
proinflammatory or M1 associated factors, such as TNF-alpha
and TGF-beta, and microglial densities are significantly higher
compared to healthy volunteers (Yuan and Neufeld, 2001).
These studies indicate an initial neuroprotective microglial
response, to produce neurotrophic factors with efforts to remove
deleterious cell debris, that may, when prolonged, transform
into a pathological inflammatory response. Although the exact
mechanisms and orders of these events are still unknown,
this suggests that microglia-associated immunomodulatory
changes may occur from the early stages of glaucoma, and is
similar to other CNS neurodegenerative disease process, as
described earlier.

Age-Related Macular Degeneration
Age-related macular degeneration (AMD) is the leading cause
of blindness in the elderly population worldwide (Miller et al.,
2021). In 2020, ~70 million of those in the EU were living
with AMD and this is predicted to increase by at least
15% by 2050 with the rise in average life expectancy (Li
et al, 2020). AMD affects the central macular region of
the retina, resulting in abnormalities of the structural and
molecular composition of photoreceptor (PR), retinal pigment
epithelium (RPE), Bruch’s membrane, and choriocapillaris
(Chirco et al., 2016). Early AMD is characterised by yellow
drusen, which are composed of proteins and lipids such
as lipofuscin and AP peptides (Wu et al, 2021), that lie
within or beneath the RPE (Silverman and Wong, 2018), and
RPE and photoreceptor degeneration (Borucki et al., 2020).
The disease may progress to later stages, broadly defined by
two types: dry AMD advancing to geographic atrophy (GA)
(Waugh et al.,, 2018) or wet AMD characterized by choroidal
neovascularisation (CNV) (Silverman and Wong, 2018). These
pathophysiological features of AMD have been correlated with
microglia-associated inflammation.

The characteristics of microglia have been investigated
in the context of drusen-associated pathogenesis using Af
injections as AP is a component of drusens and has been
associated with inflammation (Wu et al., 2021). Whole
retinal mounts of C57 mice administered with Af by
subretinal injections (to model drusen) were found to have
more retinal cells expressing Iba-1, exhibiting amoeboid
morphologies by the 3™ day post administration, with
almost x3 greater cell diameter compared to healthy controls
administered with PBS (Wu et al., 2021). There was also

higher expression of pro-inflammatory cytokines including
translocator protein (TPSO), COX-2, and IL-1f, and this
was also observed in in vitro primary microglial cell cultures
when modelled for drusen with AB administration (Wu
et al., 2021). When these primary cultures were co-cultured
with photoreceptor-like cells (661W), there was a significant
reduction of 661W cells and significantly greater caspase
3 (apoptosis assay), compared to the control cultures (Wu
et al, 2021). This suggests that early microglial activation
with morphological and transcriptional changes may be
an initial response to drusen-associated insult, in efforts to
remove deleterious debris. In addition, drusens and AMD
have been associated with polymorphisms in CX3CR1
which are only expressed by microglial cells in the entire
retina. For instance, 12 month old CXCR1™/~ mice were
found with subretinal drusen deposits co-localised with
microglia whilst age-matched CXCR1*/* mice did not
(Combadiere et al, 2007). Additionally, such subretinal
microglial accumulation seen in the CXCR1™/~ mice was
associated with retinal degeneration including photoreceptor
loss (Combadiére et al., 2007). This further supports the role
microglia and inflammatory mediators may play in AMD
drusen pathology.

Microglia-associated inflammation is also implicated in
the pathogenesis of CNV formation. For example, microglial
transforming growth factor (TGF) B plays a major role in
the development and maintenance of neurons and retinal
blood vessels (Ma et al, 2019). Although TGFp has been
associated with AMD and CNV pathologies, its exact role
and mechanism of action in disease pathogenesis is still
uncertain (Tosi et al., 2018). For instance, increased expression
of TGFB has been found in the retinal endothelial cells in
CNV animal models and systemically induced TGFf inhibition
resulted in reduced CNVs, suggesting TGFB may play a role
in inducing CNV pathology (Tosi et al, 2018). In contrast,
tamoxifen-induced elimination of TGFf receptors on retinal
microglia resulted in greater CNV growth, suggesting that
the suppression of microglial TGF signaling may contribute
towards CNV pathogenesis (Ma et al, 2019). Additionally,
flat-mount retina studies demonstrated ramified microglia in
normal conditions, but 2-5 days post tamoxifen administration,
microglia had much fewer and thicker processes, resembling the
activated morphotype (Ma et al, 2019). By 3-10 weeks post-
tamoxifen, they appeared “elongated” and aligned along the
retinal vasculature. Despite the general consensus of amoeboid
microglia being the phagocytic morphotype, both activated
(Namekata et al., 2019) and rod (Yuan et al., 2015) microglia
have also been reported in association with phagocytic functions
(Maetal.,, 2019). Interestingly, post-mortem histology assessment
of retinae from CNV donors showed amoeboid microglia with
rhodopsin labelled inclusions located in the ONL where there
was undergoing rod photoreceptor degeneration (Gupta et al.,
2003). Thus, the authors suggest that microglia phagocytose
rod cells as a result of microglial activation, triggered by
rod photoreceptor degeneration (Gupta et al,, 2003). To our
knowledge, there are no studies that investigate the changes in
the characteristics of retinal microglia in relation to phagocytic
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functions that may be induced by CNV-associated changes
to TGFB expression. There are, however, studies that have
found that TGFpP is associated with phagocytosis by retinal
cells including microglia (Sheu et al., 1994; Bialas and Stevens,
2013; Sharma et al., 2014; Silverman and Wong, 2018). Bialas
and Steven have observed that Tgfbr2~/~ animals had a
deficient expression of complement protein C1q (which has been
associated with AMD), and both Tgfbr2~/~ and Clq deficient
(Clqa=/~) animals had reduced rates of RGC phagocytosis
compared to age-matched controls (Bialas and Stevens, 2013).
Future investigations could explore if similar observations
in relation to protein expression, microglial morphologies,
and microglial phagocytosis may be seen in the context
of CNV formation.

Additionally, there are senescent molecular changes that
may trigger microglial activation ultimately resulting in AMD-
associated structural changes. Immunobhistological observation of
7-ketocholesterol (7-KCh), a derivative of cholesterol associated
with pro-inflammatory responses, showed greater expression
in 24 month old mice than in 2 month old mice, and
the 7-KCh expression was also co-localised with GFP-positive
microglia (Indaram et al., 2015). In vitro observations showed
that microglia transition from ramified to amoeboid with
the administration of 7-KCh. Additionally, quantitative reverse
transcription polymerase chain reaction (qQRT PCR) analysis
showed 7-KCh-induced reduction of neurotrophic factors, e.g.,
BDNF and NGE and an increase in angiogenic factors, e.g.,
VEGF (Indaram et al., 2015). Finally, CNV was observed in 3-
4 month old mice, 7 days post-transplantation of microglia which
had exposure to 7-KCh, whilst those that had the administration
of microglia exposed to control media did not (Indaram
et al., 2015). This further supports that senescent changes in
the expression of proteins are capable of polarising microglia
from the M2 to M1 pro-inflammatory type as evidenced by
morphological and transcriptional observations and in turn
resulting in CNVs.

Photoreceptor degeneration, a pathological feature of late-
stage AMD, has been associated with changes in the metabolic
process of PRs (Cheng et al, 2021). For this investigation,
microglia were observed from flat mounted retinas. Flat mounted
observations may be advantageous especially with advanced
imaging equipment and image processing software as it may
allow analysis of the retina as a whole with the additional
option to observe across extended depths of fields through the
different layers of the retina. Whilst cross sectional observations
of the retina may allow a more refined observation of the
distinctive layers of the retina, it typically allows observation
of one slice per time with limited location and information.
Although it would be possible to create a montage of several
slices to observe a more comprehensive view of the retina,
this would require a more complex and lengthy process. In
this study, the removal of tuberous sclerosis complex (TSC)
proteins, TSC1 and TSC2, was performed on mice to mimic
such altered metabolic profiles of PRs (Cheng et al, 2021).
Whilst TSC1~/~ mice were found with more ramified retinal
microglia from flat-mount observations, TSC2~/~ mice were
found with more amoeboid which also co-localised with MHCII

(Cheng et al, 2021). Interestingly, whilst both groups of
mice were found to develop GA, TSC27/~ mice developed
changes in a gradually enlarging circular pattern which is
typical of that seen in AMD patients with GA (Cheng et al,
2021). Additionally, TSC2™/~ mice were found with reduced
expression of complement protein C3, compared to TSC2+/+
whilst TSC27/~ also had reduced phagocytic activity of RPE
compared to controls and TSC1~/~ (Cheng et al, 2021).
Although C3 has been associated with microglial phagocytosis
(Borucki et al., 2020), this particular observation in this study
was not made exclusively in microglial phagocytosis (Cheng
et al., 2021). Overall, TSC-mediated clinically translatable AMD
GA pathology may be associated with observations of retinal
amoeboid microglia, reduced C3 expression, and reduced ability
to clear RPE debris by phagocytosis. Despite this, there has also
been contradicting evidence whereby both amoeboid microglia
and increased expression of C3 have been reported in the ageing
retina (Chen et al., 2010). Since age is a major risk factor for
AMD, it has also been reported that an increase in microglial
C3 may contribute to AMD pathology by modification of the
phagocytic functions essential for synaptic pruning and removal
of debris including RPEs, PRs, and amyloid deposits (Ma and
Wong, 2016). There has also been a clinical trial that looked
at intravitreal administration of pegcetacoplan, a C3 inhibitor,
which slowed down the rate of GA progression, although a large
proportion of patients who took the drug were reported to have
developed new CNVs (Liao et al., 2020).

Diabetic Retinopathy

Diabetic retinopathy (DR) is the most common cause of visual
disease seen in patients with diabetes mellitus (Karlstetter et al.,
2015). DR is characterised by inflammation, elevated vascular
endothelial growth factors (VEGFs), and neuronal, vascular, and
blood-retinal-barrier (BRB) damage, with proliferative disease
and macular oedema commonly treated with intravitreally
administered anti-VEGFs (Kinuthia et al., 2020; Xie et al., 2021).
The major role that microglia-associated neuroinflammation may
play throughout the pathogenesis of DR has become increasingly
evident (Karlstetter et al., 2015; Kinuthia et al., 2020), whilst there
has also been emerging evidence of deficiencies in therapeutic
success with anti-VEGFs (Kinuthia et al,, 2020; Wallsh and
Gallemore, 2021).

There are early microglial changes that occur in DR
pathogenesis which may also be prolonged through to later stages
of DR. Using streptozotocin (STZ), a commonly used antibiotic,
diabetes can be induced in animal models by causing toxicity to
cells in the pancreas that normally produce insulin (Graham et al.,
2011). Although no difference in microglial density has been
found, significantly more amoeboid and hypertrophic microglia
have been found in rat retinal cross-sections, following 4, 8, and
12 weeks of intraperitoneal administration of STZ, compared to
healthy controls (Chen et al., 2015). Interestingly, the authors
included both hypertrophic and amoeboid microglia as a part
of their observations in “activated” microglia. Furthermore,
by 12 weeks post STZ-administration, microglial levels in
the IPL decreased, whilst they increased in the RNFL and
GCL (Chen et al.,, 2015). This re-organisation may be due to
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the gradual thinning of the IPL or attempts at the removal
of deleterious RGCs in the RNFL/GCL (Chen et al., 2015).
Similar occurrences have been reported in a different model of
diabetes and DR (Goto Kakizaki rats, GK) in hyperglycaemic
GK rats from 2 to 12 months of age. There were significant
increases in Iba-1 positive microglia in the inner layers of
the retina which appeared amoeboid by 12 months (Omri
et al., 2011). Similar observations have been seen in human
tissue with hypertrophic microglia present across all retinal
layers in the earlier stages of DR (non- and pre-proliferative
DR) (Zeng, 2008). Amoeboid microglia have been observed
around the retinovascular exudates in the later stages of DR
(proliferative DR) (Zeng, 2008). This could imply that the
phagocytic amoeboid morphotype is more actively involved
in later stages of clinical DR, however, further validation and
a greater sample size is necessary. In terms of microglia-
associated factors, there have been reports showing early changes
in expression of CD11b, Clr, IL-1B, IL-6, and TNF-q, in the
context of DR-associated pathologies e.g., vascular permeability,
neuronal function, and neovascularisation (Rangasamy et al.,
2014; Karlstetter et al, 2015; Madeira et al., 2015; Kinuthia
et al., 2020; Li et al,, 2021; Xie et al.,, 2021; Yun, 2021). Such
changes in expression have also been correlated with amoeboid
and activated microglia, microglial ‘activation) apoptosis, and
phagocytosis (Rangasamy et al., 2014; Karlstetter et al., 2015;
Madeira et al,, 2015; Kinuthia et al., 2020; Li et al., 2021;
Xie et al, 2021; Yun, 2021). Primary retinal cell cultures
subjected to hypoxic conditions (as a model of DR), show
increased levels of Clr, a marker of phagocytosis, and CD11b, a
marker of microglial activation, by 135.5 and 170%, respectively,
compared to normoxic conditions (Xie et al., 2021). In the
same study, STZ-administered rats showed amoeboid retinal
microglia, compared to ramified microglia in healthy retinas
(Xie et al, 2021). By 8 weeks post STZ-administration, these
amoeboid microglia were found phagocytosing endothelial cells,
causing increased acellular capillaries and vascular permeability,
both distinctive features of DR (Xie et al., 2021). There are,
however, contradictory reports (which could be due to different
animal models used) where GK rats were found with retinal
microglia that were mostly ramified and some hyper-ramified
(Hachana et al., 2020), even though they had higher expression
of Ibal, CD11, and VEGF compared to age-matched controls.
There was also a greater number of blood vessels and greater
vessel tortuosity that progressively developed, indicating DR-
related endothelial abnormalities (Hachana et al., 2020). The
initial elevation in the expression of cytokines (IL-1f, IL-6, and
TNF-a) may induce microglia to release complement proteins
in an attempt to restore physiological conditions in DR (Chen
and Xu, 2015; Xu and Chen, 2017; Kinuthia et al., 2020).
However, as DR progresses and hyperglycaemic conditions are
prolonged, mechanisms involving protein kinase C (PKC) are
activated, resulting in the build-up of advanced glycation end-
products (AGEs) (Kinuthia et al., 2020). This in turn can
disrupt the complement system, thereby impairing the ability
to restore health and promoting vascular and PR-associated
DR pathologies (Inafuku et al, 2018). In addition, as the
accumulated AGEs interact with their receptors, this encourages

pro-inflammatory M1 microglia which contributes further to the
release of inflammatory cytokines and a neurotoxic environment
(Kinuthia et al., 2020).

Previous literature has reported that up to 50% of patients
on anti-VEGF therapies have had insignificant levels of
or a complete lack of improvement (Kinuthia et al, 2020;
Wallsh and Gallemore, 2021). This resistance to anti-
VEGFs has recently been found to also be associated with
microglia-associated inflammatory responses. Hence, anti-
VEGF treatment could not aid recovery of BRB damage
and microglial activation (identified by increased CDI11b™
CD80" cells induced by overexpressing VEGF in the mouse
retina) (Arima et al., 2020). Additionally, the expression of
rho kinase (ROCK), a protein that contributes to modulating
microglial inflammatory responses, was increased in these
retinas (Roser et al., 2017; Arima et al., 2020). Interestingly,
the application of a ROCK inhibitor was able to recover the
aforementioned changes induced by increased levels of VEGF
including reduced CD11b* CD80™ cells (microglial activation)
(Arima et al., 2020).

CONCLUSION

Microglia, the resident macrophages of the CNS, plays a
crucial role in innate immunity and neuroinflammatory
pathologies. Microglia act as a double-edged sword
exerting both neuroprotective and neurotoxic functions

in response to age- and retinal  degeneration-
associated stimuli in the brain and retina. Senescent
alterations of microglia have been linked to retinal

neuroinflammation that has been increasingly recognised
as a key contributor to initiate age-dependent retinal
neurodegeneration.

Generally, with ageing, morphological changes were indicative
of increased activated or amoeboid microglia, further confirmed
by increases in expression of markers of microglial activation,
such as IB4 or CD68. Retinal microglia are also reduced in
their motility with age. Interestingly, in models and cases
of glaucoma, AMD and DR, a similar type of microglial
activation with their morphology and expression of activation
markers, was commonly observed. These investigations
have shown that such microglial responses also resulted
in, for example: RGC loss in glaucoma; photoreceptor loss,
drusen formation and CNV in AMD; and leaky vessels and
increased levels of VEGF in DR. This could have major
applications in the use of less invasive techniques to identify
and monitor disease activity via the eye. For instance, the
vitreous humour could be used for cytokine profiling, since
microglial activation in ageing and disease can manipulate
levels of cytokines. Additionally, with advances of retinal
imaging, retinal microglial morphologies could be monitored
to track age- or disease-associated microglial activation. This
could also be a major advancement in therapeutic research
of retinal diseases, enabling de-risking and acceleration of
clinical development programmes by using the eye to monitor
intervention efficacies.
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Despite this, there are also findings of contradicting evidence.
Although these contradictions could have been due to factors
such as different disease models used, this emphasizes the need
to establish and utilize more standardized methods to profile
microglial activation in the retina. As of now, it is still difficult
to delineate between microglial activation profiles in these retinal
diseases compared to normal ageing. This reflects the need
for future investigations to look at both ageing in disease and
the onset of disease at different ages, in order to reveal the
independent and interlinked mechanisms of age-associated and
disease-associated microglial changes. Overall, this may increase
the likelihood of identifying reliable and accurate microglia-
associated biomarkers to identify and track disease activity.
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