Potential of Miiller glia for retina neuroprotection
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Abstract

Miller glia constitute the main glial cells of the retina. They are spatially distributed along this tissue,
facilitating their close membrane interactions with all retinal neurons. Miller glia are characterized
by their active metabolic functions, which are neuroprotective in nature. Although they can become
reactive under pathological conditions, leading to their production of inflammatory and neurotoxic
factors, their main metabolic functions confer neuroprotection to the retina, resulting in the
promotion of neural cell repair and survival. In addition to their protective metabolic features, Miiller
glia release several neurotrophic factors and antioxidants into the retinal microenvironment, which
are taken up by retinal neurons for their survival. This review summarizes the Miiller glial
neuroprotective mechanisms and describes advances made on the clinical application of these factors
for treatment of retinal degenerative diseases. It also discusses prospects for the use of these cells as
a vehicle to deliver neuroprotective factors into the retina.
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Miiller glia as the backbone of the neural retina

Miller cells constitute the main macroglia of the neural retina. They span radially across the whole
width of the retina, forming a scaffold that provides structural orientation and metabolic support to
all neurons (1, 2). Mller glia provide tensile strength and resistance to mechanical stress of the
retina (3), and this is demonstrated by observations during zebrafish development, in which ablation
of these cells leads to retinoschisis and softening of the retina (3), as well as retinal disorganisation,
thinning of the photoreceptor layers and increased volume of retinal blood vessels (4). Their ablation
also leads to photoreceptor apoptosis, blood-retinal barrier breakdown and sub-retinal
neovascularisation (5). Miiller cells exhibit a radially oriented morphology with their cell bodies
residing within the inner nuclear layer, their apical processes extending towards the outer nuclear
layer, and their end feet spreading towards the nerve fibre layer of the retina (1) (illustrated in Fig 1).
On their apical end, Miiller glia microvilli make direct contact with the photoreceptor inner segments,
while their end feet processes closely wrap around dendrites and axons of retinal ganglion cells and
blood vessels (1). Using membrane-targeted fluorophores to examine fine details of Miiller cell
anatomy in the mouse retina, it has been shown that that these cells regularly space themselves, with
their processes showing little overlap between the cellular domains of other neighbouring Mdller
cells, which ensures the complete coverage of the retinal space (6). The number and density of Miller
glia vary between species and their location within the retina (7). For example, in the rabbit retina,
Muller glia are most abundant in the central retina where the highest number of neurons is observed.
This density however is markedly reduced at the peripheral retina where fewer neurons populate this
region (8).

The anatomical distribution of Miiller glia allows these cells to perform distinct functions throughout
the retina. Their processes nearer the sub-retinal space contain golgi, microtubules and vesicles (9)
which are thought to be involved in signalling of glutamate, neurotrophic factors and growth factors
(10). At the apical site where Miiller cells form junctions with the photoreceptors, they show
asymmetrical distribution of actin, myosin, a-actinin and vinculin, which are all associated with
cytoskeletal transport and possibly aid in their special function on the formation of these junctions
(11). In contrast, the inner processes of Miiller cells contain smooth endoplasmic reticulum,
intermediate filaments (such as vimentin), glycogen, aquaporin-4 and K+ (9). Comparative studies
between vascular (eg. Cat, opossum) and avascular retinae (eg. Rabbit, turtle) indicate that
vascularity appears to influence the distribution of organelles throughout the Miiller cell cytoplasm.
In the vascularized retina, mitochondria are mainly localized towards the end feet, whilst few
mitochondria are observed in the apical region (9). In the plexiform layers, the lateral processes of
Miller cells ensheath neural synapses (6) and in general do not contain any organelles (9). These
structures are thought to be mainly involved in homeostasis of the extracellular environment,
facilitating ion transport exchanges and neurotransmitter uptake (9).

Miller glia provide retinal neuroprotection by producing neurotrophins, regulating water and ion
homeostasis, controlling antioxidative functions and recycling neurotransmitters. In contrast to their
beneficial metabolic role within the neural retina, they are also known to mediate pathological
processes of retinal wound healing and neovascularization, and massive proliferation of these cells is
a key feature of retinal proliferative disorders. This is known as reactive gliosis, which is accompanied
by release of vasoactive molecules and pro-inflammatory factors by these cells (12). These functions
will be described in more detail below.



Main metabolic features of Miiller glia contribute to neuronal protection

Miller cells are considered the main regulators of neuronal signalling within the retina, a function
that they accomplish through the recycling of neurotransmitters. The main excitatory
neurotransmitter in the retina is glutamate, which is released by photoreceptors, bi-polar cells and
retinal ganglion cells at their synapses. Although glutamate modulates neuronal excitability

and synaptic transmission, excessive glutamate can cause over-excitation of neurons, leading to cell
death. To protect neurons, Miiller glia takes up excess glutamate from the extracellular environment
and converts it into glutamine, a function that is exerted through the expression of the enzyme
glutamine synthetase (13). Consequently, the uptake of glutamate by Miiller glia is considered to be
an important neuroprotective function, as inhibition of glutamate transporter uptake or inhibition of
glutamine synthetase in Miiller glia can rapidly lead to neuronal toxicity, even at very low
concentrations (14). Miiller glia are therefore important regulators of the neurotransmitter pool,
where bi-polar and retinal ganglion cells rely on the glutamine released from Miiller glia to synthesise
glutamate (15). It has been suggested that Miiller glia contribute to visual resolution signalling in the
outer retina, by preventing glutamate from diffusing from the synaptic area (16).

Glutamate transport in the mammalian retina is regulated by several sodium dependent excitatory
amino acid transporters: GLAST, GLT-1, EAAC1, EAAT4, and EAATS5, although these are expressed by
different retinal cell types (17, 18). They mediate the transport of glutamate, I-aspartate and d-
aspartate. The main glutamate transporter is the L-glutamate-L-aspartate (GLAST/EAAT1)(18), which
is located throughout the length of the Miiller cell membrane. Knockout of this transporter in the
mouse results in reduction of bi-polar and Miiller cell functions as assessed by a reduction in the b-
wave of the electroretinogram. They also show a marked increase in the retinal levels of glutamate
caused by the lack of this transporter (19). Furthermore, induced ischaemia in this knock-out model
intensifies retinal injury (19), and this is a reflection of the impairment of neuroprotection exerted by
these cells.

In addition to its excitatory regulation, Miiller glia also maintain the retinal extracellular gamma-
aminobutyric acid (GABA) levels in the retina. GABA is the main inhibitory neurotransmitter in the
CNS, and is used by photoreceptors, horizontal, amacrine, b-polar and ganglion cells in the retina
(20). Miiller glia contribute to synaptic inhibition by maintaining the extracellular levels of this
molecule through their expression of GABA transporters (GAT1-4) on their cell membrane (21).
Activation of GABA transporters by extracellular GABA is characterized by membrane depolarization
and consequent activation of inwardly directed currents due to Na* transport into the cell. Expression
of the GAT subtypes depends on the species, but mammalian Miiller cells appear to mainly express
GAT1 and GAT3 (22).

Miller glia are also involved in the regulation of glycogen and glucose in the retina. Evidence for the
storage (mainly towards their end feet), synthesis and regulation of glycogen, as well as the
expression of glycogen phosphorylase, a key enzyme for the degradation of this polysaccharide
molecule have been demonstrated in these cells (23). Following uptake from the extracellular
environment, glucose undergoes phosphorylation within Mller glia, preventing extracellular
diffusion and promoting its storage in the form of glycogen. It has been suggested that levels of
glycogen storage by these cells may control the distribution and control of the retinal metabolism in
order to meet the different metabolic demands of light and darkness. Their intracellular levels of
glycogen appears to relate to vascularization, as species with fewer blood vessels require more
glycogen storage (24). During metabolic stress, glycogen degradation within Mdller glia provides the
retina with essential metabolites such as lactate (24), and evidence has been presented that lactate



released from Miiller glia can be utilised by photoreceptors for their mitochondrial oxidative
metabolism (25).

Another important function of Miiller glia is the removal of excess water from the inner retina. This
function is osmotically combined with the transport of ions. These functions are facilitated by their
expression of the water channel protein aquaporin-4 (AQP4) and the inward rectifying K* channel
subunit Kird.1 (26). The removal of extracellular K* ions generated by neural excitation within the
retina is undertaken by Miiller cells in a process called spatial buffering, which is thought to maintain
the neuronal information processing. This type of buffering in the retina is referred to as K* siphoning
and relies on the distribution of the Mller cell K* conductance (27). In non-mammalian vertebrates
and mammals with avascular retinae, the Kir channels are predominantly localized in the Miiller cell
end foot, whereas in the vascularized mammalian retinae, Miiller cell K* conductance is mainly
effected in regions where these cells contact the retinal blood vessels (27).

Other neuroprotective effects of Miiller cells include the upregulation of adenosine 5 -triphosphate
(ATP)-degrading ectoenzymes, which occurs during gliosis. These enzymes enhance the extracellular
availability of adenosine, a neuroprotectant nucleoside, as well as abrogation of the osmotic release
of ATP, protecting retinal ganglion cells from apoptosis (28). In addition to the Miiller metabolic
features described above, which directly or indirectly confer neuroprotection in the retina, these cells
also secrete a vast number of factors often in response to injury, that either promote inflammation
and gliosis, or protect retinal neurons from injury or death. These include cytokines (29),
neurotrophins (30, 31) and antioxidants (32, 33), which play a diversity of roles in the neural retina
during health and disease. The main functions of these molecules will be described in the following
sections.

Miiller glia are an important source of neurotrophins within the retina

Neurotrophins are important not only for promotion of neuronal survival during development and
after injury, but for regulation of apoptosis of retinal neurons (34). They promote axon growth,
dendrite pruning, the patterning of neural innervation and the expression of key proteins that
regulate neuronal functions, such as neurotransmitters and ion channels (2). Neurotrophins belong
to a family of highly conserved proteins which includes nerve growth factor (NGF), brain derived
neurotrophic factor (BDNF), neurotrophin-3 (NT-3) and neurotrophin-4 (NT-4) (35). The regulatory
influence of neurotrophins is mediated through two independent classes of receptors: the Trk family
of high-affinity tyrosine kinase, which include the TrkA, TrkB, and TrkC receptors, and the low-affinity
p75 neurotrophin receptor (p75"™) (36). In general, downstream targets of TrK receptor activation
result in pro-survival signalling via the ERK/MAPK and PI3K pathways; whereas p75N™® activation
induces a mixture of pro-apoptotic pathways via JNK and a variety of other pathways including NF-kB
(37). A further complexity exists in that whilst p75"™ can bind to all neurotrophins, it can also act as a
co-receptor for Trk, modulating it into a higher affinity state (38). Although it is generally thought
that Trk and p75 receptors trigger opposing signalling systems to promote cell survival and death, it
has been proposed that this view may be oversimplified as the complex signalling network of
neurotrophins is not completely understood (36).

Neurotrophins are translated as large (130kDa) pro-polypeptides, known as pro-forms, that undergo
post-translational proteolytic cleavage to exert their neuroprotective function (39). Pro-forms have
been shown to preferentially activate p75"™® to mediate apoptosis, whilst activation of TrK receptors
by mature forms promote survival. This is illustrated by observations with the pro-forms of NGF,
BDNF and NT3, which have a high-affinity ligand for p75"™. Upon binding to this receptor, these
neurotrophins form a heterotrimeric complex that have a marked pro-apoptotic effect in opposition



to their mature forms (39). NGF, BDNF and NT3 have been shown to be secreted as pro-forms and
cleaved extracellularly by proteases into the mature forms (39, 40). As part of their neuroprotective
function, Miiller glia produce selective neurotrophins under different conditions. In response to
glutamate Miller glia upregulate their secretion of BDNF, NGF, NT-3, NT-4, and GDNF, suggesting
that by releasing neurotrophins, these cells play an important role in preventing glutamate toxicity
(31). In addition, Miiller glia is not only a source of neurotrophins (41) within the retina, but also
respond to neurotrophins as they express all the neurotrophin receptors (41). Release of
neurotrophins from Miiller glia can also be promoted by other neurotrophins (42), inflammatory
cytokines (43), as well by activated microglia (30). However, this response appears to be selective, as
microglia conditioned media increases the Miiller glia expression of mRNA coding for BDNF, but does
not modify the expression of NGF, NT-3, CNTF (30). That Miiller glia produces neurotrophins in
response to selective neurotrophins is demonstrated by observations that binding of GDNF to the
GFRal and GFRaz2 increases their expression of BDNF, GDNF, and bFGF (30), and that binding of
BDNF and GDNF to their corresponding receptors in Miiller glia trigger a signalling cascade of
activation that induces the production of neuronal survival factors, such as bFGF (44), demonstrating
an additional mechanism by which Miiller glia may promote neuroprotection.

NGF is a prototypic neurotrophin, with properties and functions that define the neurotrophic family
of growth factor polypeptides. It signals with high-affinity through the TrkA receptor, and plays a
pivotal role during the development, maintenance, and regeneration of sensory neurons in the CNS
(45). Itis highly expressed in the human eye during development and its mature form selectively
binds to TrkA, promoting neural cell survival within the retina, in particular of retinal ganglion cells
(RGCs) (46). In addition to its neurotrophic functions on retinal neurons, NGF has been shown to be
a potent antioxidant, as demonstrated by its effect in preventing oxidant-induced lipid peroxide
production by Miiller glia in response to H,0; -induced oxidative stress (47).

Multiple functions of neurotrophins within the retina

BDNF shares similarities to NGF both in structure and function and is an important factor needed for
the development and differentiation of retinal neurons (48). The importance of BDNF signalling
continues into adulthood, where it is thought to be a major neurotrophin responsible for neuronal
plasticity (49). Importantly, BDNF promotes the survival of neurons in the presence of harmful
stimuli such as oxidative stress, and binding of exogenous BDNF to the truncated TrkB and

p75"™ receptors in Miller glia induces upregulation of the expression of CNTF and bFGF (30). Culture
of Miiller cells in the presence of BDNF induces an increased expression of NESTIN, a neural
stem/progenitor cell marker (50). During transient retinal ischemia, BDNF prevents osmotic swelling
of Miiller and bipolar cells by inducing activation of bFGF signalling (44). Furthermore, BDNF-TrkB
signalling has been found to promote the regenerative potential of Miiller glia by inducing Miiller glial
cell transdifferentiation into photoreceptor cells (50).

Less is known regarding the precise functions of NT-3 and NT-4 in the retina, in part due to their more
recent discovery. NT4 preferentially binds TrkB, which is widely expressed by ganglion, horizontal,
dopaminergic amacrine and Miiller cells. In contrast, NT3 can bind to TrkA, TrkB and TrkC (51), but
mainly binds to TrkC, which is preferentially expressed by photoreceptors and Miiller cells

(52). Treatment of Miiller cells with exogenous NT-3 in culture increases their production of bFGF
(41), whilst its neuroprotective effects on photoreceptors appears to be similar to that of BDNF (53).
Recent studies in an inducible mouse model of Miiller cell ablation showed that loss of Miller cells
was associated with reduced expression of mature NT3 and upregulation of pro-NT3 and P75V,
further supporting the role of Miller glia in retinal neuroprotection (54).



Although the neurotrophin family of molecules is the most well studied, there is compelling evidence
that other factors have an important neuroprotective function within the retina and the CNS, and
have been shown to be produced by Miiller glia. These include ciliary neurotrophic factor (CNTF), glial
cell-derived neurotrophic factor (GDNF) and pigment epithelium-derived factor (PEDF).

Ciliary neurotrophic factor (CNTF) is a molecule that is closely related to interleukin-6. It was initially
characterized by its capacity to support the survival of chick embryo ciliary ganglion neurons in vitro,
and was first isolated from the chick embryo choroid-iris-pigment epithelium complex and the adult
rat sciatic nerve (55). CNTF is one of the most studied neurotrophins and has been shown to
promote rod photoreceptor and cone outer segment regeneration in the degenerating retina, as well
as axonal protection in RGCs (56). Extracellular CNTF binds to a receptor complex formed by CNTFRa,
gp130 and leukaemia inhibitory factor receptor beta (LIFRB) in Mdller cells (57). This leads to
activation of the JAK/Tyk kinase pathway and subsequently to STAT3 activation, a major downstream
effector that controls gene transcription (57). Notably, Miller glia have been shown to upregulate
their secretion of CNTF and FGF2 in response to light-induced retinal damage (58), and the effect of
CNTF on RGC protection has been thought to be indirectly exerted by increased expression of GLAST-
1, glutamine synthetase, and connexin 43 by Miiller glia (59). In addition to promoting photoreceptor
cell survival, CNTF also reversibly reduces rhodopsin expression, causing shortening of rod outer
segments and suppression of electroretinogram responses (60). The mechanisms behind these
findings are not fully understood, but there is some evidence to suggest that the effect of CNTF on
photoreceptors may be exerted via activation of Miiller glia, which are the major cells in the retina
that exhibit STAT3 phosphorylation in response to CNTF (57).

The glial cell line-derived neurotrophic factor (GDNF) family of ligands include GDNF, neurturin (NTN),
artemin (ARTN), and persephin (PSPN). Although not an archetype neurotrophin, GDNF signal in a
manner similar to neurotrophins (61). They bind to the family of receptors ligands GFRa1 and GFRa2
and their complexes signal through the transmembrane RET receptor tyrosine kinase (62). In
accordance with the neurotrophin family functions, GDNF has been shown to protect photoreceptors
from damage in animal models of retinal degeneration (63). Miiller glia not only release GDNF, but
also express GFRal and GFRa2 receptors. Exposure of these cells to high levels of glucose induce
their release of GDNF, which protect them from apoptosis. On this basis it has been suggested that
GDNF may have a protective role in Miller cells survival during the early stages of diabetic
retinopathy (64).

PEDF is a member of the serine protease inhibitor family. Within the retina, this factor is produced by
RPE cells and Miiller glia (65). The receptor for PEDF is a phospholipase membrane protein, which is
expressed by retinal neuronal cells, with the highest concentration found within photoreceptor inner
segments (65). The neuroprotective effect of PEDF has been demonstrated by observations that
injection of PEDF protein peptides into the eye of the C3H/HeN retinal degeneration 1 (rd1) mouse
confers strong neuroprotection to degenerating photoreceptors (66). This rescue from
photoreceptor cell death has been attributed to a decrease in intracellular Ca%* concentrations and
consequently to a decrease in calpain activity induced by PEDF (67). Further confirmation of the
neurotrophic effects of PEDF have been shown by inhibition of photoreceptor apoptosis following
lentivirus-mediated retinal gene transfer of PEDF into the subretinal space of the RCS rat. This effect
has been associated with a decrease in nuclear translocation of the apoptosis-inducing factor (AIF)
and an increase of the B-cell lymphoma 2 (BCL2) protein within the retina (68).



Miiller glia as a source of antioxidants in the neural retina

Due to the high metabolic functions of the retina that are required for the visual process, there is a
great need for antioxidant protection in this tissue (69). Much of the literature related to oxidative
stress in the retina, has understated the important antioxidant role of Miiller glia, and has focused on
their production of oxidative products, such as nitric oxide synthase (NOS Il), which have a
detrimental effect on retinal neurons (70). Oxidative stress is often associated with major retinal
degenerative diseases such as glaucoma, age related macular degeneration (AMD), diabetic
retinopathy (DR) and retinitis pigmentosa. Mdller cells undoubtedly contribute to oxidative stress due
to malfunctions of glutamate uptake and glutathione synthesis in these conditions (71). They also
play a crucial role in preventing or neutralising oxidative stress due to their inherent metabolic
functions that provide potent antioxidant factors to prevent neural damage. For example, glutamate
transporters, which are highly expressed by Miiller glia, prevent excitotoxic retinal damage by
promoting the synthesis of glutathione, a tripeptide synthesized from glutamate, cysteine and
glycine (72). This has been recognized as a major retinal antioxidant released by Miiller glia in
response to hypoxia and oxidative stress, and plays a critical role in the control of harmful oxidative
species in the neural retina (71). Glutathione has been shown to prevent RGC degeneration in
experimental models of glaucoma (73).

Antioxidant gene transcription regulated by the nuclear factor erythroid 2-related factor
2 (NRF2)

In response to oxidative stress, Miller cells have been shown to upregulate mRNA expression of the
transcription factor nuclear factor erythroid 2-related factor 2 (NRF2), an important antioxidant
molecule that regulates transcription of more than 100 antioxidant/cytoprotective genes (74, 75) .
NRF2 is also a potent inductor of glutathione release, which as indicated above, is a major antioxidant
produced by Miiller glia in vivo and in vitro. In cultured Miiller glia, NRF2 inhibition significantly
decreases antioxidant gene expression and exacerbates induced oxidative stress, whilst its activation
suppresses oxidant-induced reactive oxygen species (76).

The NRF2 gene binds to DNA response elements, known as known as antioxidant response elements
(ARE) and regulates the expression of genes involved in the response to cellular stress, such as phase
2 enzymes, which include the nicotinamide adenine dinucleotide phosphatase (NADPH)-quinone
oxidoreductase (NQO-1), heme oxygenase-1 (HO-1), superoxide dismutase2 (SOD2), catalase (CAT)
and glutathione peroxidase 1 (GTX1) (75). NRF2 has been shown to reduce levels of reactive oxygen
species by directly controlling the enzymatic formation of nitric oxide synthase NOS2, regulating
levels of H,0, and promoting synthesis of SOD and CAT, the enzymes responsible for the breakdown
of H,0zinto hydrogen and oxygen (59). Association between antioxidant suppression and diabetic
induced retinal dysfunction has been shown in the Nrf2 knockout diabetic mice. In this model, mice
exhibit reduced retinal glutathione and increased TNF-a protein levels, compared with wild-type
mice. This is associated with an early onset of blood-retina barrier damage, significant increase in
superoxide levels and exacerbation of neuronal dysfunction (76).

Recent proteomic studies of isolated Miiller cells have identified their expression of several enzymes
involved in oxidative defence mechanisms, including the glutathione S transferases Mul and Mu5
(GSTM1 and 5), paraoxonase/arylesterase 2 (PON2), and peroxiredoxins 1, 4 and 6 (PRDX1, 4 and 6)
(77). These observations have significantly contributed to the understanding of the antioxidant
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functions of Miiller glia that confer retinal neuroprotection in response to oxidative mechanisms
triggered by disease or injury. This is further supported by findings that Miller glia in culture increase
their expression of the antioxidant genes NQO-1, CAT, SOD2, HO-1 and GPX1 in response to
homocysteine (75), an excitatory amino acid implicated in RGCs loss that is associated with glaucoma
(78). The involvement of GSTs has been demonstrated in antioxidant neuroprotective mechanisms
observed in AMD and DR. For instance, mRNA levels of GSTM1 and GSTM5 are significantly
decreased in the neurosensory retina of post-mortem AMD eyes when compared with normal tissue
(79), and this decrease has been associated to hyper-methylation of the GSTM1 promoter,
suggesting that GSTM1 and GSTM5 undergo epigenetic repression in AMD, which may increase
susceptibility to oxidative stress in this condition (79). Furthermore, meta-analysis performed to
assess the association between GSTM1/GSTT1 deletions and DR risk, has shown that increased risk of
DR is associated with the null polymorphism of these two genes and consequently higher oxidative
stress (80).

Peroxiredoxin 6 (PRDX6) is a key regulator of the cellular redox balance that has the ability to
neutralize peroxides, peroxynitrite, and phospholipid hydroperoxides with the use of electrons from
thioredoxin (81). Among the six members of this peroxidase family, PRDX6 is highly expressed in
mammalian Miiller cells (77) and is the only member that has both, peroxide and phospholipase A,
activity and its activity is dependent upon binding of phospholipids (82). Supplementation of PRDX6
has been shown to attenuate reactive oxygen species and TGF8-induced insult to glaucomatous
trabecular meshwork cells in vitro, as well as to decrease the senescence process in these cells (83).
Moreover, the glaucomatous neuroprotective effects of this antioxidant factor have been
demonstrated on RGC, as demonstrated by observations that reactive oxygen species-mediated
suppression of PRDX6 in these cells can be prevented by over-expression of PRDX6 (84). Observations
that high levels of PRDX6 are expressed by Miiller glia further support the antioxidant role of these
cells within the retina. Production of this molecule by Miiller glia upon retinal injury may limit the
damage caused by reactive oxygen species on retinal neurons and may play a major neuroprotective
role in many retinal degenerative diseases such as glaucoma and macular degeneration. However,
further studies are much needed to elucidate the neuroprotective role of PRDX6 during retinal
disease.

Superoxide dismutases (SODs) are enzymes that protect against oxidative stress by dismutation of
superoxide into oxygen and hydrogen peroxide through cyclic reduction and oxidation of iron or
manganese. SOD2, also known as MnSOD is found in the mitochondrial matrix and protects against
the superoxide generated by electron leakage from the electron-transport chain (85). The activity of
SOD2 requires magnesium and it actively binds to superoxide byproducts of oxidative
phosphorylation such as hydrogen radical (H*), converting them into hydrogen peroxide and diatomic
oxygen (85). Human SOD?2 is translated as a precursor peptide with a leader sequence that is
proteolytically removed by matrix metalloproteinases in the mitochondrial matrix during the
processing of the mature enzyme (85). It is widely expressed in most tissues and abundant in
trabecular meshwork cells (86). Dietary supplementation of SOD to a rat model of glaucoma has
shown that SOD exerts an anti-apoptotic effect on RGCs against oxidative stress induced by ischemia
and ocular hypertension (87), and RPE-specific deletion of SOD2 in a mouse model of AMD results in
increased oxidative stress and disruption of RPE functions (88).



HO-1, also known as heat shock protein 32 (HSP32) forms another defense mechanism against
oxidative stress. As indicated by its alternative name, HO-1 has a heat shock regulatory element. It
also has additional regulatory elements in the promoter region. These elements bind to their
respective inducers and cause transcription of the gene (89). HO-1 is inducible by a wide range of
stimuli known to cause oxidative stress, such as hyperoxia, hypoxia, heat shock, endotoxins, cytokines
and nitric oxide. HO-1 is involved in the heme catabolism and acts by cleaving the heme ring at the
alpha methene bridge to produce the biologically active end products biliverdin, CO and ferrous ion
(89). Various studies have demonstrated that the HO-1/CO system exhibits potent anti-oxidative,
antiapoptotic, anti-inflammatory and cytoprotective activities against ischaemia-reperfusion injury,
indicating a potential therapeutic use of these molecules to treat diseases associated with this type of
injury (89). The transcription of HO-1 is regulated by NRF2 as evidenced in the Nrf2 knockout mice,
which shows elevated oxidative stress that leads to RPE degeneration (90). Miiller glia has been
shown to express HO-1 protein, and its production is significantly upregulated upon exposure to
advanced lipoxidation end products (91), suggesting that these products trigger a neuroprotective
response by Miiller cells within the retina.

Potential of Miiller glia as a vehicle to deliver neuroprotective factors into the retina

Despite a large body of data which have demonstrated the neuroprotective features of neurotrophins
and antioxidants, delivery of these molecules into the eye remains a major challenge in translating
our current knowledge into clinical practice. Direct injections of neurotrophins into the vitreous are
not practical given their low bioavailability and short half-life, for which gene therapies, using
adenoviral, adeno-associated (AVV) and lentiviral vectors as methods to deliver these molecules into
the retina have been actively explored (92); however, gene therapies so far have been limited to the
introduction of single molecules, and effective neuroprotection of the retina may not be achieved by
either injection of individual trophic factors or gene therapies targeting single neurotrophins. An
example of these approaches is illustrated by early studies that utilized intraocular implants of
encapsulated cells genetically modified to secrete CNTF. Whilst studies in the rcd1 canine model of
retinitis pigmentosa showed photoreceptor rescue by these implants (93), and early clinical trials
showed safety and tolerability (94), this approach appeared not to have a long lasting therapeutic
benefit and there is no documentation of this therapy having been implemented (95). Other methods
have employed eye drops to deliver NGF into the eye (96), but no advances have been published nor
does the method appear to have been adopted in retinal therapies since its early clinical trials in
2014. More recent experimental approaches have utilized intravitreal AAV gene delivery to increased
expression of both BDNF and its TrkB receptor by RGC and amacrine cells (97). This innovative
approach may constitute an effective method for inducing neuroprotection in glaucoma, but further
studies are yet to confirm the therapeutic value in patients with glaucoma.

Intravitreal injection of Miiller glia with stem cell characteristics into experimental models of RGC and
photoreceptor cell damage has resulted in partial recovery of retinal function, and in the absence of
retinal cell integration, this effect can only be attributed to the neuroprotective functions of these
cells(98-100). Cellular approaches utilizing Miiller glia may have the potential to by-pass many of the
current issues of neurotrophin delivery, with cells offering the advantage of being able to deliver a
wide range of neuroprotective factors into the retinal microenvironment (summarized in Fig. 2). They
are naturally homeostatic and responsive to change, and their continuous production of these factors
may potentially prolong the bio-availability of neuroprotectant molecules within the damaged retina.
Although this approach presents its own challenges due to the regulatory requirements for cell
isolation, expansion and histocompatibility matching, Miller glia constitute an attractive source for



use in cell therapies as neuroprotective factors released by these cells may act in concert with each
other to provide lasting protection of retinal neurons.

Conclusions and future trends

Retinal regeneration is a major area of intensive research as there is an urgent need to prevent
blindness and restore sight lost by degenerative diseases. Recent studies in the field have been
focused on the implementation of stem cell transplantation to replace damaged neurons, but despite
many efforts, neural replacement by cell grafting has not been achieved and still requires much
exploration. Based on evidence that Miiller glia with stem cell characteristics are present in the adult
human retina, induction of neural cell renewal by resident Miiller cells may potentially constitute a
practical approach to regeneration in preference to transplantation. However, this concept is only
just emerging and will require extensive studies before self-repair of the neural retina can be
achieved. Other approaches to induce retina regeneration using neurotrophin injections into the eye
have not proved successful or long lasting in clinical trials, and new technologies involving gene
therapies to induce overexpression of neurotrophins and their regulatory molecules still need clinical
development. Due to the inherent metabolic functions of Miiller glia, which are neuroprotective in
nature, intraocular transplantation of these cells as a source of neurotrophins and neuroprotective
antioxidant molecules may constitute an alternative approach to promote retina repair and
regeneration, and the therapeutic potential of these cells merits further consideration.
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Figure legends

Fig. 1. Anatomical distribution of Miiller glia within the retina: Representative illustration shows the
anatomical distribution of Miiller glia within the neural retina. Mller glia (red) span the entire retina
and make contact with all retinal neurons. Their soma lay in the inner nuclear layer and processes
expand to the outer retinal layers and inner retinal layers. ONL=outer nuclear layer; OPL=outer
plexiform layer; INL= inner nuclear layer; IPL= inner plexiform layer; GCL = ganglion cell layer.

Fig.2. Multiple neuroprotective functions of Miiller glia: The inherent metabolic functions of Mller
glia are themselves neuroprotective in nature. Neuroprotection by these cells is further potentiated
by their release of neurotrophins and antioxidants into the retinal microenvironment.
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Fig. 1 Anatomical distribution of Miller glia within the retina
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Fig. 2 Multiple neuroprotective functions of Miiller glia
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