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ABSTRACT

Glaucoma is a leading cause of blindness worldwide, with a marked increase in prevalence with
advancing age. Due to the multifactorial nature of glaucoma pathogenesis, dissecting how ageing
impacts upon glaucoma risk requires analysis and synthesis of evidence from a vast literature. While
there is a wealth of human clinical studies examining glaucoma pathogenesis and why older patients
have increased risk, many aspects of the disease such as adaptations of retinal ganglion cells to stress,
autophagy and the role of glial cells in glaucoma, require the use of animal models to study the
complex cellular processes and interactions. Additionally, the accelerated nature of ageing in rodents
facilitates the longitudinal study of changes that would not be feasible in human clinical studies. This
review article examines evidence derived predominantly from rodent models on how the ageing
process impacts upon various aspects of glaucoma pathology from the retinal ganglion cells them-
selves, to supporting cells and tissues such as glial cells, connective tissue and vasculature, in addition
to oxidative stress and autophagy. An improved understanding of how ageing modifies these factors
may lead to the development of different therapeutic strategies that target specific risk factors or
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processes involved in glaucoma.

Introduction

Glaucoma is one of the leading causes of visual impairment
and blindness, with a global prevalence of 3.54%, projected
to increase from 64.3 million in 2013 to 111.8 million indivi-
duals affected by 2040." The risk of developing glaucoma
rises markedly with higher intraocular pressure (IOP) and
advancing age.” Other risk factors include genetics, ethnicity,
central corneal thickness and myopia.? Although how such
factors contribute to increased risk remains incomplete, using
pre-clinical models, significant advances have been made in
understanding the mechanisms underlying retinal ganglion
cell (RGC) injury and how ageing influences glaucoma.

It is now understood that neurons and their supporting
cells sense and respond to stressors (e.g., metabolic, oxida-
tive, immune and biomechanical) via both acute and sus-
tained cellular changes. Given that older age is a strong risk
factor for glaucoma,” it may be reasonable to suggest that
older eyes may have poorer adaptations and a reduced capa-
city to recover from stress.

Using pre-clinical evidence, this review examines retinal
changes observed in both normal ageing and eyes that
encounter glaucomatous stress, in particular elevated 10P.
How ageing changes RGC susceptibility to injury and recov-
ery from IOP elevation is also explored.

Retinal changes in normal ageing

The onset of age-related changes in the retina and optic
nerve often coincides with the increased incidence of glau-
coma. Older adults experience a decline in subjective mea-
sures of visual function, including reduced visual acuity, dark
adaptation and contrast sensitivity.> Using objective

approaches, such as retinal electrophysiology, reduced ampli-
tudes and delayed timing of all cell classes including photo-
receptors, bipolar cells and RGCs have been recorded in older
adults.**> Accompanying these functional changes, structural
thinning of the retinal nerve fibre layer, ganglion cell layer,
inner plexiform layer, and photoreceptor outer segment layer
are seen in older eyes (Figure 1).8

To differentiate normal ageing from disease processes,
well-controlled experimental models have provided impor-
tant insights. Rodent models have become widely used as
they are relatively inexpensive and more accessible.” Adult
(3-month-old) and old (2-year-old) mice approximate 20 and
70 years of human life, respectively.? Due to their life span of
approximately 2 years, despite differences between human
and rodent eyes (such as rod-dominant retina, glial lamina at
the optic nerve head, and lack of macula in rodents), both
inducible and genetic rodent glaucoma models are useful to
study processes involved in RGC death and can be readily
overlaid on ageing to further understanding of complex risk
interactions.

Older mice have shown reduced visual acuity, evident by
reduced optokinetic responses in 21- to 24-month-old com-
pared to 2- to 3-month-old mice.? Like humans, older mice
also showed reduced photoreceptor (a-wave amplitude)
and bipolar cell driven responses (b-wave amplitude) of
the electroretinogram, a measure commonly used to quan-
tify rodent retinal function.” Compared to 2-month-old
mice, reductions in photoreceptor and bipolar cell function
are evident even by 6 months of age, with further decline at
12 months.'® Interestingly, this functional attenuation was
not associated with decline in photoreceptor nuclei,'® even
in 24- to 28-month-old mice."" Similarly, there was a decline
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Figure 1. Schematic of normal ageing changes, including biomechanical, vascular and neuronal changes. Understanding how such changes increase the risk of
retinal ganglion cell injury may point to novel treatment approaches. RGC, retinal ganglion cell; RNFL, retinal nerve fibre layer; LC, lamina cribrosa.

in bipolar cell function between 2- and 6-month-old rats,
with evidence of further decline (cone b-wave) at 22
months.'?

Thinning of total retinal, inner and outer nuclear layer
thicknesses continued with ageing in rats between 6 and
22 months.'? It is worth noting that the growth in eye size,
particularly increased retinal area between 2 and 6 months of
age, may lead to apparent retinal thinning though the total
tissue volume is conserved in rodents.'"'? Cell count esti-
mates in the inner and outer nuclear layers did not show
any significant differences in rodents between 6 and 22
months of age, suggesting that cells were spread over
a larger retinal area.'"'? That age-related functional decline
was not explained by cell loss suggests that other cellular
processes may contribute to age-related functional
attenuation.'? These studies highlight the importance of con-
sidering the choice of age ranges for ‘adult’ and ‘old’ animals
when seeking to understand age-related changes.

Whilst gross cell numbers appear not to change with
age, functional decline may involve reduction in synaptic
density, shrinkage of RGC dendritic field area in the inner
plexiform layer and reduced amacrine cell density as
reported in 24- to 28-month-old compared to 3- to
5-month-old mice."" Single cell recordings did not show
any difference in response from directionally sensitive
RGCs between these ages."’ Consistent with this, RGC func-
tion as measured using the electroretinogram scotopic
threshold response was also relatively preserved in 18-
month-old compared to 3-month-old rats."?

The preservation of RGC function with age may reflect inner
retinal adaptations to maintain retinal output. RGCs in 12-month
-old mice, particularly the ON RGCs, became relatively more
complex than those in 3-month-old mice.'"* Why ON RGCs
might show more prominent age-related changes is unclear,
but their higher energy demand compared with OFF RGCs
may be a contributor.'” It may also be possible that with normal
ageing, RGCs remodel to become smaller but more complex to
modify contact with bipolar and amacrine cells. These adapta-
tions allow for RGCs to maintain visual output despite an age-
related decline in outer retinal function (Figure 2).

Age-related responses to IOP elevation
Are older eyes more susceptible to IOP elevation?

Rodent models have been useful in quantifying age-
related susceptibility to IOP elevation. Acute IOP elevation
(60° head-down position, ~5 mmHg increase) resulted in
a 65% reduction in RGC function in 10-month-old DBA/2J
mice (a model of spontaneous glaucomatous neuropathy),
but no change in 3-month-old counterparts.'® It is worth
noting that 3-month-old DBA/2J mice had normal baseline
IOP, whereas 10-month-old mice showed a spontaneous
increase in baseline I0P, thus the RGC dysfunction in the
older cohort reflects the effect of an acute IOP elevation
overlaid on older age and mild basal chronic IOP eleva-
tion. Nonetheless, this finding is consistent with the idea
that older eyes are functionally more susceptible to IOP
elevation.

In normal rodents, 14-month-old rats showed slower
retinal functional recovery from a stepwise IOP elevation
from 10 to 100 mmHg compared with 3-month-old rats.'”
Similarly, 12-month-old mice showed greater susceptibil-
ity to IOP elevation to 50 mmHg, and poorer recovery
compared with 3-month-old animals, an effect that was
further exacerbated at 18 months of age.'*'®

Anatomically, despite similar levels of chronic IOP
elevation, older rats showed approximately double the
RGC loss (74% in 18-month-old vs 36% in 3-month-old)
and three times the magnitude of retinal nerve fibre
layer thinning (21% in 9.5-month-old vs 7% in 2-month-
old).”®2° Even with shorter periods of IOP elevation, for
example acute IOP elevation from 10 to 100 mmHg (10
mmHg steps each lasting 3 minutes), there was greater
thinning of the retinal nerve fibre layer in 18-month-old
rats compared to 3-month-old rats.?’ Greater age-related
susceptibility has also been exposed with an acute IOP
elevation (50 mmHg for 30 minutes), after which 12-
month-old mice showed inner plexiform layer
thinning.”> Why RGC function in older eyes is more
susceptible and slower to recover from IOP elevation is
a topic of interest, which will be discussed below.
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Figure 2. Retinal ganglion cell (RGC) and glial adaptations with ageing and intraocular pressure (IOP). With age, RGCs show reduced complexity along with

evidence of an attenuated capacity for IOP induced morphological changes.

Microglia, astrocytes and perhaps Miiller cells in older eyes take on a more

proinflammatory state and appear to show a slower but more exaggerated response to IOP elevation. 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; IS, photoreceptor inner segment layer; OS, photoreceptor outer
segment layer; RPE, retinal pigment epithelium; Br, Bruch’s membrane; Sc, sclera; ONH, optic nerve head.

Retinal ganglion cell adaptations to IOP elevation

Ganglion cell axons
Axonal transport of mitochondria was similar in mice between 2
and 23 months of age.”® Whether this can be maintained in the
presence of chronic IOP elevation is an important determinant of
axonal and RGC injury.>* After 2 weeks of chronic IOP elevation
(5 to 10 mmHg higher than controls), there was a 60% reduction
in anterograde axonal transport in 7- to 9-month-old rats, but
not in 3- to 4-month-old rats.?’> However, others reported similar
anterograde axonal transport disruption between 2- and
9.5-month-old rats after chronic IOP elevation for 3 weeks.>®
Age-related deficits may be more profound in rodents of older
ages. Comparing 23- to 25-month-old mice to 4-month-old
counterparts, there were greater reductions in both anterograde
and retrograde transport after 2 weeks of IOP elevation.*®

Few studies have examined axonal transport recovery
from stress. In a recoverable stress model (50 mmHg for 30
minutes), anterograde transport was similar between 3- and
18-month-old mice at day 7 after injury although RGC func-
tion had not recovered in older eyes.'®?° Whilst axonal trans-
port speed may be normal, it may take time to restore the
cellular components needed for normal function. A more
complete time course of axonal transport recovery from
stress would provide novel insights.

Ganglion cell dendrites

It is now well documented that RGC dendrites remodel in
glaucoma. Human eyes with advanced glaucoma had smaller
RGC dendritic trees and fewer dendritic bifurcations.?” Similar
findings have been noted in rodent models of glaucoma.?®*°
In general, studies reported reductions in RGC dendritic field
size, complexity or length following chronic IOP elevation in
3- to 6-month-old rodents.?®?° Comparing 24-month-old to
3-month-old mice, there was a greater decline in RGC den-
dritic complexity, with the same level of chronic IOP elevation
(9 mmHg higher than controls).>°

The extent of remodelling in response to IOP elevation
appears to be RGC specific.3! In general, in 1- to 4-month-old
mice, OFF RGCs are more likely to undergo earlier dendritic
remodelling in response to chronic IOP elevation.3'3?
Furthermore, spontaneous activity and light-evoked recep-
tive field size were reduced in OFF-transient RGCs after IOP
elevation in young mice.>'*? Consistent with these observa-
tions, 3 days after acute mild IOP elevation in 13-month-old
mice, reduced spontaneous and light-evoked responses were
evident in OFF RGCs, but not in ON RGCs.>?

Age-related differences were directly addressed by Lee
et al,, by examining RGC remodelling 7 days after acute mild
IOP elevation, a time point where RGC function had
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recovered in young but not older mice.' IOP elevation in 3-
to 5-month-old mice resulted in changes to both ON- and
OFF-RGCs; ON RGC dendritic fields became smaller and OFF-
RGC dendritic fields became less complex.14 In contrast, 12- to
14-month-old mice showed smaller ON-RGC dendritic fields
with little change to OFF-RGCs.'* These data suggest that
OFF-RGCs dendritic field changes are associated with better
functional recovery, and that attenuation of this adaptive
response in older eyes is associated with poorer functional
recovery from stress. Further studies to examine how these
responses are altered with chronic IOP elevation are
warranted.

Ganglion cell synapses

Several studies have investigated RGC synaptic changes in
response to IOP elevation in young rodents. As with |OP-
induced morphological changes, synaptic changes are also
RGC type specific, with reduction in synapses more evident in
the inner plexiform layer OFF-sublamina in 1- to 4-month-old
mice.>'3? In 2-month-old rats, synaptic disconnection
occurred 5 days after IOP elevation (~10 mmHg higher than
controls), which preceded cell death at 14 days.>* After 8
weeks of |IOP elevation (~17 mmHg higher than controls),
there was a decrease in inner plexiform layer ribbon synapse
density.>® Perhaps in compensation, the total number of
synaptic vesicles per synapse was increased along with evi-
dence of immature synapse formation.*® How dynamic
synaptic plasticity responds to IOP elevation is as yet unclear.
Nevertheless, restoration of synapses®’ or prevention of com-
plement-mediated synapse elimination both via brain-
derived neurotrophic factor-dependent pathways** can
improve RGC function.

Whilst it is accepted that RGCs undergo synaptic, dendritic
and axonal adaptations in response to IOP elevation, how
ageing impedes these adaptations leading to altered func-
tional responses requires further investigations.

Biomechanical changes with age

The sclera, a tough collagenous connective tissue, is the
primary load-bearing tissue of the eye. At the optic nerve
head, the lamina cribrosa forms a perforated scleral structure
spanning the scleral canal. IOP exerts pressure from within
the eye anterior to the lamina cribrosa, whereas cerebrospinal
fluid exerts pressure on the optic nerve through the sheath
surrounding the post-laminar optic nerve. This creates
a pressure gradient, known as the translaminar pressure dif-
ference. A lower cerebrospinal fluid pressure with age,®’
coupled with normal or high IOP, creates an elevated transla-
minar pressure difference which is thought to place greater
biomechanical stress on the lamina cribrosa.

In human donor eyes, multiple studies have shown age-
related stiffening of the sclera and lamina cribrosa (Figure
1).3839 RGC axons and their supporting capillaries are vulner-
able to the additional biomechanical stress encountered as
they traverse the lamina cribrosa. Recent advances in
enhanced depth spectral-domain optical coherence tomo-
graphy imaging have allowed measurements of lamina cri-
brosa deformation and estimation of the strain response to
IOP changes in living human eyes.*®*' This lays a foundation
for future clinical studies to investigate the age-related
changes in glaucoma pathogenesis.

Age-related remodelling of optic nerve head-related con-
nective tissues can magnify IOP-related stress on RGC
axons.*? Ageing leads to reduced turnover and altered con-
nective tissue composition, including increased collagen and
reduced elastic fibres within the sclera and lamina
cribrosa.>®*2 Increased IOP compounds age-related connec-
tive tissue stiffening. In particular, increasing IOP from 25 to
50 mmHg in human donor eyes leads to stiffer scleral
mechanical properties, with higher peak magnitudes of com-
pressive and extensional principal strain (114% and 98%
compared to 24% and 35% in compliant sclera,
respectively).>® Age-related connective tissue alterations are
thought to make tissues less compliant, therefore less cap-
able of absorbing mechanical stress leading to excessive
deformation of the lamina cribrosa and optic nerve head
tissues,>® increasing the risk of RGC injury.*?

Even though the rodent optic nerve head lacks a well-
defined collagenous lamina cribrosa, IOP elevation led to
increased nasal-temporal directional strains on the astrocyte-
dominated glial lamina for both young (2- to 4-month-old)
and older (13- to 15-month-old) mouse eyes, but superior-
inferior strains only in the younger eyes.*® Similar to humans,
slower collagen turnover with age leads to stiffening of scleral
tissues.** In rats, stiffer scleral tissues may contribute to
reduced anterior retinal surface deformation in older (18-
month-old) compared to younger eyes (3-month-old).*'

In the anterior eye, ageing increases pigment and debris
deposition in the trabecular meshwork which results in
increased outflow resistance.*” Additionally, age-related
reduction in the density and size of giant vacuoles and intra-
cellular pores lining Schlemm’s canal leads to impaired
endothelial outflow facility in older eyes.*® These factors
interfere with aqueous humour drainage, possibly leading
to higher IOP and subjecting the RGC axons at the lamina
cribrosa to damage by both vascular deficiency and mechan-
ical strain.*”> Age-related impairment in aqueous outflow,
coupled with scleral tissue stiffening and increased strain at
the optic nerve head, may contribute to the higher suscept-
ibility of RGC injury in older eyes.

Vascular changes with age

Poor vascular perfusion of the optic nerve head and support-
ing structures is thought to contribute to progressive RGC
loss.*” Low ocular perfusion pressure (the difference between
arterial pressure in the ophthalmic artery and I0P) has been
consistently associated with glaucoma.”” Maintaining ade-
quate blood flow, in the face of a constantly variable perfu-
sion pressure (fluctuations in blood pressure or IOP) involves
local modulators of vascular tone, via a process known as
autoregulation.*” Autoregulation occurs for blood pressures
ranging from ~60 to 150 mmHg, where the arteries constrict
or dilate at the higher and lower pressures, respectively to
maintain blood flow.*®

With increasing age, there was a smaller change of
retinal vessel density in the parafoveal region when
blood pressure was increased, suggesting an age-related
impairment in autoregulation.49 Impairment in vascular
autoregulation may be improved, as shown in restoration
of blood flow instability induced by postural changes after
8 weeks of brimonidine treatment in normal tension
glaucoma.>®



Ageing leads to degenerative changes to the vascular
endothelium, loss of pericytes and vascular smooth muscle
cells, and hyalinisation of arterial walls.>' In addition to
endothelial cell dropout, ageing also increases vascular
endothelial dysfunction due to both increased oxidative
stress and chronic low-grade sterile inflammation, termed
‘inflammaging’, leading to overexpression of pro-
inflammatory cytokines.>? This can compromise autoregula-
tion, affecting the capacity of the eye to maintain adequate
tissue perfusion.>® Furthermore, age-related changes to the
biomechanical properties of connective tissue, as previously
discussed, also occur in the vascular tree with blood vessel
remodelling resulting in increased arterial wall stiffness and
thickness (Figure 1).>2

Thickening and hardening of the vessel walls reduce the
maximal vasodilatory capacity of vessels, narrowing the
range of perfusion pressures over which autoregulation can
be effective. In the context of glaucoma, autoregulatory fail-
ure can lead to repeated episodes of hypoperfusion and
ischaemia, particularly in cases where IOP is unstable, ulti-
mately leading to RGC dysfunction and loss.*”

Using optical coherence tomography angiography, age-
related reductions in vessel density in the optic nerve head
and peripapillary area are evident from the 6" decade of
life onwards.>® In glaucoma patients, loss of vessel density
appears to be accelerated and is associated with conver-
sion from suspect to manifest glaucoma, retinal nerve fibre
layer thinning, as well as visual field loss and
progression.>*>>

It is important to note that there are some limitations to
the current paradigms in clinical practice: (1) measurements
vary between instruments and comparisons between devices
are challenging; (2) test-retest variabilities limit the differen-
tiation of disease-related changes from normal age-related
changes; and (3) variability in diagnostic ability depending on
glaucoma severity, e.g., better in advanced glaucoma due to
its expansion of structural dynamic range.>® Nonetheless,
current evidence suggests that compromise to the ocular
microcirculation may be one of the driving factors of increas-
ing prevalence of glaucoma with age.

Although Alnawaiseh et al. did not find a difference in
retinal vessel density between 3- to 4-month-old and 18- to
24-month-old mice,’” it has been shown in mice that the
intercommunication between blood vessels mediated by
pericytes is damaged by IOP elevation, resulting in impaired
local regulation to increased metabolic demand induced by
flickering light.>® Whether blood vessels and their intercon-
nections in older eyes are more easily damaged by IOP eleva-
tion requires further investigation.

As described in this section, current evidence suggests
that vascular insufficiency and compromised perfusion of
the RGCs and supporting structures are associated with glau-
coma development and progression. Age-related alterations
in vascular reactivity and vessel density, converge with this
increasing risk of glaucoma in cases of vascular insufficiency,
culminate in a likely relationship between ageing and glau-
coma risk driven by altered ability to sustain adequate tissue
perfusion with older age.

Oxidative stress with age

Ageing is also associated with reduced energy availability and
increased oxidative stress.>® Age-related impairment of the
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body’s antioxidant defence mechanisms leads to a greater
susceptibility to oxidative damage.>® RGCs house a high den-
sity of mitochondria throughout their long axons to regulate
ion gradients for generating action potentials. Mitochondria
maintain oxidative energy metabolism and regulate intracel-
lular calcium homoeostasis.®

Age-related mitochondrial dysfunction in RGCs is thought
to contribute to glaucomatous neurodegeneration.®' In DBA/
2J mice, increased mitochondrial stress markers are seen in
the ganglion cell layer along with antioxidant and metabolic
substrates.®? Mitochondrial changes in RGCs may be one of
the earlier markers of glaucoma onset, as they have been
reported to coincide with early attenuations in electroretino-
gram response.’? Mitochondrial DNA mutations, that can
occur with ageing, increase the chance of free radical produc-
tion, contributing to RGC vulnerability to IOP injury.®®

Autophagy facilitates the degradation and recycling of
defective intracellular components and toxic foreign sub-
stances, a process highly critical for cell survival.®* In states
of extreme metabolic stress, autophagy can facilitate cell
death. Age-related failure of such systems can impair cellular
capacity to cope with elevated IOP.°"

IOP elevation is known to trigger autophagy in trabecular
meshwork cells and retinal neurons.®®> Experimental activation
of autophagy returns conflicting results,®®®” which likely
reflects a complex interplay between a range of cell mainte-
nance processes including the proteasome and cargo-specific
autophagy processes. Moreover, studies of autophagy in
rodent models of glaucoma have largely employed young
animals, thus the impact of ageing is not well understood.®

Using a transgenic mouse strain with intrinsically fluores-
cent autophagy markers (microtubule-associated proteins
light chain 3, LC3), autophagy was found to significantly
reduce with age in the outer retina.’® Following acute IOP
elevation (50 mmHg for 30 minutes), alongside poorer func-
tional recovery at 3 days after injury, a reduced capacity to
upregulate LC3 expression was observed in the inner retina of
older eyes, unlike younger eyes.®® This suggests that ageing
may impair both basal and stress-induced autophagic
responses in the eye.

In a chronic IOP elevation model (injection of hypertonic
saline in the limbal vein), increased LC3 immunofluorescence
is associated with greater RGC and axonal loss in older mouse
eyes (18-month-old) compared with younger eyes (4-month-
0ld).?® Increased LC3 staining may be indicative of reduced
autophagic flux and impairment of lysosome acidification as
it is trafficked back to the cell body. Such an impairment of
lysosome activity could arise from age and/or IOP induced
axonal transport which is required for lysosome transport.”®

Other studies have examined the role of autophagy in
ageing and its age-related RGC susceptibility to injury using
Ambra1*/9 mice, a transgenic mouse model of subtle autop-
hagy deficiency.”' There were impaired oxidative stress
responses and altered mitochondrial dynamics in 12- to 14-
month-old autophagy deficient mouse eyes compared with
younger eyes (5- to 6-month-old).”" Importantly, these older
mice showed decreased RGC survival following optic nerve
crush.”! Current evidence suggests that age-related impair-
ment in autophagy may increase RGC susceptibility to I0P
elevation in older eyes. With a growing interest towards the
topic of autophagy and age-related neurodegenerative dis-
eases, further investigation of its role in glaucomatous injury
may be valuable.
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Glial cell changes with age

Interactions between RGCs and retinal macroglia, including
Muiller cells and astrocytes, and microglia, are also crucial in
regulating stress responses within the retina.

Microglia

Microglia, the resident population of immune cells, survey
their surrounding environment and monitor neural activity
through various neurotransmitter receptors.”? They are also
involved in defence against invading pathogens, including
release of inflammatory mediators, clearance of debris and
waste products and critically, refinement and maintenance of
synaptic architecture.”? Microglia are a long-lived population
of cells (~4 years in humans), and uniquely retain their pro-
liferative capacity to self-renew through cell division in the
mature retina.”®> However, this makes them susceptible to
senescence, as accumulation of DNA damage and telomere
attrition eventually render the cell incapable of division and
potentially less efficient at performing their normal, homoeo-
static housekeeping duties.”*

With age, microglia showed increased expression of major
histocompatibility complex class Il, increased expression of
components of the complement cascade (particularly C3),
increased expression of pro-inflammatory cytokines, and
altered transcriptomic profiles more similar to microglia in
pathological states.”*”®> Their morphology also becomes
more rounded and their processes retract with reduced pro-
cess motility.”® Some rodent studies reported age-related
upregulation of phagocytic activity, whereas others showed
impaired phagocytosis.”””® Either case may detrimentally
affect neuronal health as upregulation of phagocytic beha-
viour may lead to aberrant destruction of functional neurons,
whereas deficient phagocytic activity may lead to the accu-
mulation of debris, waste products and noxious protein
aggregates in the tissue. From this evidence, microglia in
healthy ageing drift towards a more pro-inflammatory phe-
notype, with reduced surveillance capabilities.

Furthermore, ageing may also alter how microglia respond
to injury. Older (18- to 24-month-old) microglia have been
shown to polarise their processes and migrate towards the
site of a focal laser injury slower than 2- to 3-month-old mice,
as well as being slower to de-aggregate following this
injury.”® Together these findings suggest that with ageing,
microglia are slower to respond to injury, and their responses
may be disproportionate and aberrantly sustained, which
may also damage neighbouring tissue.

In the context of glaucoma, microglia have been found to
be more numerous and activated in human donor tissues and
rodent glaucoma models, with increased expression of pro-
inflammatory cytokines (e.g., TNFa) and complement compo-
nents (e.g., C19).2%%" In both acute and chronic rodent mod-
els of IOP elevation, microglia in 15-month-old mouse retinae
show higher levels of activation than in 2- to 3-month-old
eyes.””#2 However, it is less clear whether increased micro-
glial activity is in response to RGC pathology, or whether it
plays an active role in RGC loss. In DBA/2J mice, microgliosis
at the optic nerve head preceded neurodegeneration by up
to 7 months, and the degree of microgliosis was predictive of
neurodegeneration severity.2* Additionally, transgenic knock-
out of C1q or pharmacological inhibition of C1 in DBA/2J mice
led to reduced RGC neurodegeneration.2%*

Pharmacological inhibition of microglial activation has also
shown to attenuate RGC loss in rodent RGC injury models in
rats treated with either optic nerve transection or translimbal
laser photocoagulation.?” These studies suggest that suppres-
sion of microglial activity is of potential therapeutic benefit in
glaucoma. The reality is more nuanced, as the complex and
dynamic nature of microglial behaviour in neurodegenerative
diseases is not fully understood. There needs to be a deeper
investigation into which aspects of microglial neurobiology are
beneficial or detrimental in neurodegenerative diseases.

Astrocytes

The role of astrocytes in the optic nerve head is also of crucial
importance to RGC health. Astrocytes, like microglia, are involved
in neurotransmitter homoeostasis, expression of immune mod-
ulating factors including components of the complement sys-
tem, synapse maintenance, extracellular ion homoeostasis and
extracellular matrix composition.?® In glaucoma, their roles
include maintenance of the blood-retinal-barrier and regulation
of ocular blood flow via neurovascular coupling and in connec-
tive tissue remodelling in the optic nerve head.2#® Astrocytes
are also present in the retinal nerve fibre layer, however activa-
tion of retinal astrocytes in the retina appears to be regional and
mostly present in the later stages of glaucomatous pathology,
whereas astrocyte behaviour in the optic nerve head seems to be
more closely linked with RGC health in glaucoma.®® This review
will principally focus on the optic nerve head astrocytes.

Astrocytes are affected by non-pathological ageing, and this
altered state may favour neuronal injury rather than survival.
Unlike microglia, astrocytes do not proliferate beyond develop-
ment under normal circumstances, however they can regain
their proliferative capacity under pathological circumstances.*
With ageing, astrocytes have shorter and thicker processes, and
become pro-inflammatory.”’ Whilst there is evidence that astro-
cytes are involved in blood neural barrier alteration in neurode-
generative diseases, whether this also occurs in normal ageing in
the eye is yet to be determined.”’ Compromise to the blood-
retinal-barrier as a result of astrocyte ageing may be detrimental
to RGC health as circulating peripheral immune cells gain access
to an immune privileged eye. These sites represent areas of
compromise to the blood-retinal-barrier, where location and
frequency of occurrence of optic disc haemorrhages are asso-
ciated with glaucoma progression.””> Whether the associated
progression is linked to ischaemia or immune cell infiltration
into the retina, or both is unclear.

In the DBA/2J mouse model, at around 6 months of age, prior
to axon loss, astrocyte processes retract and redistribute towards
the outer portion of the nerve before later redistributing into
areas of axonal loss forming a gliotic scar by around 11 months of
age.” Liddelow et al. identified a neurotoxic astrocyte pheno-
type capable of inducing RGC death via interaction with micro-
glia, mediated by microglial secretion of IL-1a, TNF and C1q.>*
This neurotoxic subtype of astrocytes has also been reported to
have impaired phagocytic capabilities and increased C3 expres-
sion, as well as reduced expression of trophic factors.”> Whether
this type of astrocytes alter the age-related RGC responses to IOP
elevation is unknown.

Miiller cells

Miller cells, the most abundant glial cell type in the vertebrate
retina, have a radial organisation and extensive processes that



allow contact with all retinal cell types.”® In a rat model of
glaucoma, increased IOP was shown to be associated with
increased transient receptor potential vanilloid-type 4
(TRPV4) expression in Miiller cells.”” Pharmacological activation
of TRPV4 channel induced Miiller cell gliosis and release of
cytotoxic TNFa, a potential pathway to induce RGC death.®”
Additionally, mechanical stimulation of Miller cells can prompt
adenosine tri-phosphate release, which can lead to Miiller cell
gliosis via activation of P2Y receptors on Miller cell mem-
branes, and RGC death via calcium influx due to P2x7 receptor
activation on RGCs.”® Interestingly, in 13-month-old mice,
genetic ablation of P2x7receptor did not rescue RGC dysfunc-
tion following an acute IOP elevation, suggesting older Mdiller
cells respond differently to injury.®

Two studies using RNA sequencing in Muller cells found
common upregulated pathways in 18-month-old mice without
injury, compared to 2-month-old mice with excitotoxicity
injury,® and an over-representation of pathways associated
with neuroinflammation and fibrosis in 24-month-old mice com-
pared to 4-month-old mice.'® These results suggest that Miiller
cell physiology in ageing may mirror the drift towards a pro-
inflammatory state that favours neuronal death rather than
survival as seen in microglia and astrocytes, however there is
not yet a strong evidence base in the literature to support this
idea. The regenerative potential of Miller cells in lower verte-
brates, such as zebrafish, and how this may be translated into
mammalian retina is a key area of interest but has yet to be
explored in mouse models of glaucoma or normal ageing.

As outlined in this section, it appears that ageing can play
a role in tipping the balance towards neuronal injury rather
than survival, with glial cells potentially drifting to a more pro-
inflammatory phenotype. In many cases, glial behaviour is
altered in glaucoma, however it is often unclear whether
these altered glial states are an attempt to preserve RGC
function, or an aberrant state that is actively involved in
propagating RGC injury. How the neuroprotective potential
of these cell classes can be harnessed in new therapies for
glaucoma is a rapidly advancing area of glaucoma research.

Conclusions

This review outlines factors altered with increasing age
that are important in glaucoma pathogenesis, such as
RGC adaptations, biomechanical and vascular changes,
oxidative stress, and glial cells (Miller cells, astrocytes
and microglia) in response to IOP elevation. However,
other aspects have not been covered by the scope of
this review such as age-related changes to various classes
of receptors on RGC membranes, in addition to myriad
systemic co-morbidities that increase in prevalence with
ageing and can alter glaucoma risk. Furthermore, many of
the factors mentioned interact with one another, such as
the relationship between deficient autophagy, oxidative
stress and axonal transport, which then in turn can influ-
ence vascular function. How all these factors intersect,
and how ageing may alter these relationships is complex
and yet to be fully understood.

Ageing and elevated IOP remain the main risk factors for
glaucoma. Whilst ageing itself is a relentless process, dis-
secting the ageing process into various components such as
those outlined in this review, may highlight potential
aspects of ageing that could be mitigated with the devel-
opment of new therapies.
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