
Age�related macular degeneration (AMD) is a mul�

tifactor neurodegenerative disease of the retina that is the

major cause of irreversible vision loss in people over 60

years old. Although age is the main risk factor of AMD,

its incidence is also affected by genetic and ecological

factors. According to clinical manifestations, AMD can

occur in the dry or wet form. Dry AMD (~90% of all

cases) is characterized by the formation of drusen on the

retina beneath the macula, pigment redistribution, and

defects of the retinal pigment epithelium (RPE) and

choroid capillaries. Wet (exudative) AMD develops in

10% patients and is characterized by neovascularization

and growing of newly formed vessels under the RPE

through the Bruch’s membrane defects. Pathological per�

meability of newly formed vessels leads to macular

edema, exudate secretion, bleeding into the vitreous body

and retina and eventually results in vision loss [1, 2].

The incidence of AMD increases with the increasing

population age. There is no efficient AMD treatment,

partially because of insignificant knowledge of its patho�

genesis. Structure�functional changes of the retina in

normal aging (loss of melanin granules by the RPE cells,

impairments in folding and atrophy of microvilli, increase

in the number and density of lipofuscin granules, drusen

formation, compaction of the Bruch’s membrane, sclero�

sis of choroid capillary walls, and narrowing of capillary

lumen) are similar to changes observed at the early stages

of AMD. These changes underlie the AMD pathogenesis

but do not always lead to the disease development [3, 4].

The development of AMD and other neurodegenerative

diseases is essentially contributed by age�related impair�

ments in the immune system functions and associated

changes in homeostasis. AMD�affected retina is charac�

terized by an increased immune reactivity (i.e., tissue

ability to develop immune response to any antigenic stim�

ulus) due to the formation of drusen – amorphous

deposits between the RPE cells and external collagen

zone of the Bruch’s membrane mainly consisting of lipo�

fuscin [5]. Pathological changes in the RPE and choroid

result in the death of retinal neurons that, in its turn, trig�

gers neuroinflammation. The integrity and homeostasis
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Abstract—Age is the major risk factor in the age�related macular degeneration (AMD) which is a complex multifactor neu�

rodegenerative disease of the retina and the main cause of irreversible vision loss in people over 60 years old. The major role

in AMD pathogenesis belongs to structure�functional changes in the retinal pigment epithelium cells, while the onset and

progression of AMD are commonly believed to be caused by the immune system dysfunctions. The role of retinal glial cells

(Muller cells, astrocytes, and microglia) in AMD pathogenesis is studied much less. These cells maintain neurons and reti�

nal vessels through the synthesis of neurotrophic and angiogenic factors, as well as perform supporting, separating, trophic,

secretory, and immune functions. It is known that retinal glia experiences morphological and functional changes with age.

Age�related impairments in the functional activity of glial cells are closely related to the changes in the expression of troph�

ic factors that affect the status of all cell types in the retina. In this review, we summarized available literature data on the

role of retinal macro� and microglia and on the contribution of these cells to AMD pathogenesis.
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of neurons in the retina, as well in the entire central nerv�

ous system, are maintained in part by the glial cells [6].

Glial cells comprise only a small portion of the retina, but

their influence on neurons, vascular cells, and other types

of cells is very important. Using experimental models of

eye diseases, it has been shown that experimentally

induced or pathology�related dysfunctions of the glia lead

to homeostasis disturbance and subsequent neuronal

damage [7]. Glial cells are activated when the retina is

damaged and releases various biologically active mole�

cules aimed at the tissue repair. Chronic activation of the

glia is accompanied by an increased release of proinflam�

matory factors. Retinal glial cells are usually subdivided

into macroglia (Muller cells and astrocytes) and

microglia with specific morphological, physiological, and

antigenic characteristics.

ASTROCYTES

Astrocytes play an important role in the development

and functioning of the retina: they perform the neu�

rotrophic function, provide a mechanical support for

damaged neurons, regulate the microenvironment,

ensure optimal functioning of retinal neurons and vessels,

and participate in the formation and maintenance of the

blood�retinal barrier [7]. Astrocytes express on their plas�

ma membrane a large number of potassium channels

thereby contributing to the removal of excessive extracel�

lular K+ during active synaptic transmission and prevent�

ing depolarization and overexcitation of neurons.

Moreover, astrocytes modulate synaptic plasticity of neu�

rons through regulating extracellular concentrations of

neurotransmitters [8].

The bodies of astrocytes are located within the layer

of nervous fibers, where they perform supplementary

functions required for the development of the retinal vas�

cular network (figure, panels (a) and (b), II) [9]. During

the embryonic development of the retina, astrocytes

migrate from the optic nerve to the growing blood vessels.

During the retina maturation in the postnatal period,

there is a correlation between vascularization and spatial

distribution of astrocytes, which are absent from the ves�

sel�free zones of the retina [10]. Astrocytes and Muller

cells are involved in the regulation of local blood flow, i.e.,

its response to changes in the activity of neurons [11].

Astrogliosis (reactive astrocytosis) is an evolutionary

conserved defense mechanism that involves activation of

thousands of genes in a stress stimulus�dependent man�

ner. Activation of astrocytes and astrogliosis accompany

the majority of neurodegenerative diseases of the brain

and retina. The typical signs of astrogliosis are sharp

increase of the astrocyte content (hyperplasia/prolifera�

tion), increase in the number and length of astroglial cell

processes, cell body hypertrophy, migration and upregu�

lated expression of cytoskeleton components, such as

glial fibrillar acidic protein (GFAP), vimentin, and nestin

[12]. Trauma or disease induce secretion by astrocytes of

proteins capable of disturbing the integrity of the retinal�

brain barrier. These proteins upregulate expression of var�

ious genes encoding cytokines, chemokines, and ele�

ments of the complement cascade, thereby promoting

degeneration of the retina [10, 13]. Activated retinal

astrocytes express increased levels of matrix metallopro�

teinase 9 (MMP9) and urokinase type plasminogen acti�

vator (uPA). This has a negative effect on the extracellu�

lar matrix associated with the internal limiting membrane

and promotes the loss of the retinal ganglion cells through

apoptosis [14]. In wet AMD, diabetic retinopathy, and

retinopathy of prematurity, astrocytes and Muller cells in

the mature retina are involved in pathological neovascu�

larization by expressing proangiogenic factors in response

to pathogenic stimuli [7]. Analysis of postmortem retinal

samples from AMD patients by electron microscopy

showed a large number of reactive and hypertrophic

astrocytes that phagocytized dead cells in the ganglion

cell layer. Together with Muller cells, these astrocytes

formed “glial membranes” situated between the vitreous

body and the internal limiting membrane [15].

MULLER CELLS

Muller cells are radial glial cells of the retina and

have a bipolar morphology characteristic of the radial

glia. Muller cells comprise 90% of all retinal glial cells.

Muller cells originate from pluripotent precursors [6].

Although this process is studied insufficiently, it is known

to involve activation of the Notch, Rax, and Janus�acti�

vated kinase (Jak) signaling pathways [16�19]. Muller

cells are the only type of glial cells whose bodies are locat�

ed within the inner nuclear layer. Their processes pene�

trate all layers of the retina thereby promoting contacts

between the neighboring neurons and participating in the

formation of the external and internal limiting mem�

branes (figure, panels (a) and (b), II) [7]. It was shown

that apoptosis of neurons and degeneration of the retina

during the early postnatal development in mice occur

only at the sites where the death of Muller cells was

induced experimentally [20]. Unlike the retinas of bird

and amphibians capable of photoreceptor regeneration,

the retina of adult mammals has a limited ability for

regeneration and is nearly incapable of de novo neuroge�

nesis [21]. A growing body of evidence obtained during

the last few years showed that Muller cells are a hidden

population of retinal stem cells [22]. A few first attempts

have been made to pharmacologically stimulate regener�

ation and reprogramming of Muller cells into precursor

cells capable of differentiating to the neuronal cells of the

retina [23].

Muller cells maintain the viability of photoreceptors

and neurons. They direct light onto photoreceptors, pro�
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vide structural stabilization of the retina, and modulate

immune and inflammatory responses [24]. They perform

a trophic function by supplying neurons and photorecep�

tors with nutrients, such as glucose, pyruvate, lactate, and

amino acids [6]. Directly or indirectly, Muller cells main�

tain homeostasis of neurons by promoting production of

trophic factors, antioxidants, cytokines, and growth fac�

tors, such as brain�derived neurotrophic factor (BDNF),

basic fibroblast growth factor (bFGF), ciliary neu�

rotrophic factor (CNTF), insulin�like growth factor 1

(IGF1), glial neurotrophic factor (GDNF), leukemia�

inhibiting factor (LIF), neurotrophin 3 (NT3), and pig�

ment epithelium�derived factor (PEDF) [25, 26]. Muller

cells also express transporters and enzymes that capture

and utilize neurotransmitters [27]; they can protect neu�

rons against oxidative stress via increasing secretion of

antioxidants (glutathione, ferroxidase, and heme oxyge�

nase) [28]. Muller cells maintain the homeostasis of reti�

na microenvironment by regulating the extracellular

medium ionic composition. Highly active neurons of the

retina secret K+ and water into the extracellular space,

thereby promoting the influx of Na+ and Ca2+ into the

a

b

a) Changes in the state of retinal glial cell during AMD development. Central panel, healthy retina (II); left panel, classical variant of AMD

development (I) including glia activation and migration into the inner retinal layers; right panel, AMD development on the background of

immune system failure (III) with pronounced gliosis of Muller cells and astrocytes in the absence of adequate migration of macrophage cells.

b) Changes in the retinal glia during AMD development in OXYS rats on the background of immune system failure. Immunohistochemical

staining of the microglia (Iba1+ cells) (I); astrocytes and Muller cells (GFAP+ and Vimentin+ cells, respectively) (II) in the retina of Wistar

rats without pathological changes; activated microglia (CD68+ cells) (III); migration of CD68+ macrophage cells (IV); gliosis of astrocytes

(V) and Muller cells (VI) in the retina of OXYS rats during development of retinopathy (according to Telegina et al. [39], unpublished data).

Scale, 50 μm; RPE, retinal pigment epithelium; GL, ganglion cell layer; IPL, inner plexiform layer; INL, inner nuclear layer; OPL, outer

plexiform layer; ONL, outer nuclear layer; PhL, photosensory layer

Designations:
18 months
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cells. Muller cells restore the physiological values of pH

and ion concentrations by expressing on the plasma

membrane potassium ion channels (in particular, Kir4.1)

that deport K+ ions from the regions with high K+ con�

centration into the regions with low or stable K+ concen�

tration, such as subretinal space, vitreous body, and blood

vessels [24]. Aquaporins (e.g., aquaporin 4) regulating

water content in the retina function in a similar manner

[29].

Activated Muller cells can either exhibit a neuropro�

tective effect or contribute to degenerative changes, thus

inhibiting repair of the retinal neurons [12, 30].

GLIOSIS

Almost all pathogenic stimuli are able to activate

retinal macroglia (astrocytes and Muller cells) and induce

gliosis, i.e., reactive changes aimed at protection of the

retina against further damages and maintenance of homeo�

stasis by increasing expression of cytoprotective factors,

limiting retina remodeling, and restoring the balance

between neuromediators, ions, and water [24]. Gliosis

can be induced in the retina by degenerative processes,

mechanical injury, inflammation, and/or aging [31]. The

degree of gliosis�specific physiological, biochemical, and

morphological changes depends on the damage severity.

Unlike reactive gliosis, proliferative gliosis can accelerate

neurodegeneration in chronic diseases of the retina, such

as AMD, glaucoma, diabetic retinopathy, and pigmented

retinitis, via direct and indirectly damage of neurons and

vessels [4].

The specific feature of reactive gliosis is upregulated

expression of intermediate filaments, such as vimentin,

nestin, and GFAP [7]. The regulation of GFAP expres�

sion is so sensitive that it could be used as an index of reti�

nal stress and damage, as well as activation of Muller cells

[32]. Among the retinal cells, Muller cells are the main

subjects of gliosis that develops through the following

stages: cell hypertrophy, loss of functionality, neuropro�

tection, inflammation, proliferation, and remodeling

[33]. The majority of retinal diseases are associated with

gliosis of Muller cells and astrocytes [3]. Gliosis of Muller

cells becomes massive or proliferative with the damage of

the blood�retinal barrier [28]. During proliferative gliosis,

Muller cells can contribute to the death of neurons by

promoting the synthesis and secretion of tumor necrosis

factor (TNF), monocytic chemotactic type 1 protein

(MCP�1 or Ccl�2), interleukins, interferon, intercellular

adhesion molecule 1 (CD54), and nitric oxide (NO).

Excessive synthesis of NO leads to the activation of free�

radical processes and protein nitrosylation, which are

toxic for neurons [30].

Changes in the astrocyte morphology and biochem�

istry in the retina during reactive gliosis are similar to

those in Muller cells and include increase in the expres�

sion of intermediate filament GFAP and vimentin (fig�

ure, panels (a) and (b), V and VI) [32, 34]. Similarly to

Muller cells undergoing gliosis, reactive astroglia can

expresses neurotrophic factors supporting cell viability or

molecules inhibiting axon regeneration and repair via

promoting neurotoxicity or secondary damage of adja�

cent neurons and glial cells [35]. AMD is characterized by

a large amount of hypertrophic reactive astrocytes phago�

cytizing dead ganglion cells resulted from necrosis or

apoptosis [36]. On the other hand, reactive gliosis is asso�

ciated with the regulation of enzymatic and non�enzy�

matic antioxidant defense systems that can increase the

ability of astrocytes to protect neurons against free radi�

cals [37].

Studies in animal models of retinal diseases allowed

to reveal changes in the glia at the early disease stages and

to estimate their contribution to the development of neu�

rodegeneration. Thus, the retina detachment in GFAP�

and vimentin�deficient mice is characterized by lower

levels of gliosis and monocyte migration leading to

decreased cell death and prevention of photoreceptor

degeneration [35]. Chemical inhibition of gliosis can pro�

tect ganglion cells from excitotoxicity [38]. In rds (retinal

degradation slow) mice, an increase in the GFAP expres�

sion precedes neuronal apoptosis, whereas in rd (retinal

degradation) mice, apoptosis of neurons was observed

earlier than upregulation of expression of intermediate

filaments [39]. Our studies showed that active AMD pro�

gression in senescence�accelerated OXYS rats was char�

acterized by increased GFAP levels in the retina and glio�

sis of Muller cells (figure, panels (a) and (b), V and VI)

[40] but also by impairments in autophagy, activated pro�

grammed neurosis, and only a few cases of neuronal

apoptosis [41]. At the same time, the number of TUNEL+

cells at the preclinical symptom�free stage of the disease

was higher and the level of the GFAP protein was lower in

OXYS rats than in the control Wistar rats [40, 42].

Hence, retinal macroglia performs numerous func�

tions to provide and maintain normal homeostasis of neu�

rons and neural tissue as a whole. Any impairments in the

morphology and functions of Muller cells and astrocytes

increase the susceptibility of neurons to stress stimuli

causing and/or aggravating the loss of retinal neurons

and, resulting, as a consequence, in neurodegeneration

development. Gliosis in the retina, on the one hand, is

aimed at maintaining the viability of neurons; on the

other hand, it can accelerate degenerative changes of

neurons and AMD progression.

MICROGLIA

Microglia is the third type of retinal glial cells that

includes residential macrophages of the central nervous

system expressing many typical macrophage markers, such

as CD11b, CD14, CD68, and EMR [43], as well as the
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calcium�binding protein Iba1, a specific marker of the

microglia [44]. The major function of the retinal microglia

is participation in the immunity�mediated protective

mechanisms. Microglial cells act as phagocytes and,

together with perivascular cells, form a network of immune

effector cells in the central nervous system [4]. Microglia

activation is a common pathophysiological mechanism in

the development of various degenerative diseases of the

retina and often happens in parallel or before active death

of neuronal cells [45]. Like other macrophages, brain and

retinal microglial cells can have different phenotypes.

Under physiological conditions, they are inactive and have

a small body with branched processes. In the retina,

microglial cells are located in the plexiform layers. They

have a branched structure with small body and long

processes capable of penetrating into the nuclear layers.

Ramified microglia actively participate in the cell–cell

interactions with neurons and macroglia, as well in phago�

cytosis and homeostasis maintenance in the retina [46].

When responding to injury, microglial cells acquire an

ameba�like shape, migrate into the damaged region, and

accumulate there. Activated microglial cells have a high

ability for phagocytosis and express a number of pro� and

anti�inflammatory molecules [47]. It has been shown that

activated microglia can be neurotoxic and lead to the

degeneration of photoreceptors thereby contributing (in

combination with choroid macrophages) to chronic

inflammation typical of some age�related diseases, includ�

ing AMD (figure, panels (a) and (b), III and IV) [48].

Microglia cells sense the environment through sur�

face receptors, including receptors of cytokines,

chemokines, complement components, antibodies, etc.

(for details, see review [49]). Normally, the activity of

microglial cells is also regulated by a number of inhibito�

ry mechanisms. Thus, CX3CL1 chemokine, lectin CD22,

and other membrane proteins, including CD200, CD47,

and neuronal cell adhesion molecules, attenuate

microglia activation [50]. An important role in this

process belong to RPE cells, because transforming grow�

ing factor beta (TGFβ) secreted by these cells induces

release of interleukin 10 (IL�10) from the microglia. IL�

10 downregulates expression of antigen�presenting pro�

teins CD80 and CD86 of the main histocompatibility

complex II (MHCII) [49]. Analysis of the expression pro�

file of microglial genes revealed that TGFβ could con�

tribute to microglia transition to the anti�inflammatory

phenotype [51].

To ensure optimal homeostasis in healthy retina, it is

necessary to maintain constant level of neurotrophic fac�

tors responsible for the interaction between the microglia

and Muller cells. Microglial cells are able to directly acti�

vate secretion by Muller cells of some neurotrophic fac�

tors, such as glia�derived neurotrophic factor (GDNF),

leukemia�inhibiting factor (LIF), ciliary neurotrophic

factor (CNTF), nerve growth factor (NGF), neu�

rotrophin 3 (NT�3), and basic fibroblast growth factor

(bFGF). These factors provide the preservation of pho�

toreceptors under stress and promote their recovery in the

case of damage [49]. Activated Muller cells also secrete

diazepam�binding inhibitor (DBI), a ligand of the 18�kDa

translocator protein (TSPO). TSPO is expressed in the

activated microglia and modulates microglial inflamma�

tion and phagocytosis via suppressing excessive activation

of the microglia [52, 53]. Moreover, microglial cells acti�

vated as a result of retinal damage synthesize and secrete

immature forms of neurotrophins (proBDNF and

proNGF) that bind to the complex of p75NTR�receptor

and sortilin and trigger cell apoptosis [54].

Microglia activation is also controlled by another

important mechanism – direct physical interactions

between the microglia and other retinal cells [10]. The

CX3CL1 protein (fractalkine) is constitutively secreted by

healthy retinal neurons and endothelial cells. It binds to

the fractalkine receptor, the C�X3�C�motif of the

chemokine receptor 1 (CX3CR1), on the microglia cells

and thus prevents the neurotoxicity [55]. The CX3CR1

signaling pathway plays an important role in the regula�

tion, activation, and migration of microglial cells [56].

Under physiological conditions, fractalkine inhibits

excessive activation of the microglia; however, during

inflammation, fractalkine promotes activation of the

microglia and astrocytes thereby promoting both neuro�

protective and neurotoxic effects of the microglia [57].

The CX3CR1 deficit inhibits the response of the

microglia leading to neurotoxicity and degeneration [4].

Recent data show that age�associated alterations in

the microglia include changes in the number and location

of microglial cells in the retina, morphology of individual

cells and their motility (decrease in the migration rate),

and expression levels of some genes. The density of

microglial cells in the outer and inner plexiform layers

slightly increases (by ~19�21%) with aging (figure, panel

(b), IV). Note that microglial cells are able to migrate

from the inner to the outer plexiform layer and to accu�

mulate in the subretinal space [58]. Such redistribution

results in the microglia contact with photoreceptors and

RPE cells that induces in them secretion of immune fac�

tors specific for pathological AMD phenotypes (figure,

panel (a)) [59, 60].

In addition to changes in cell morphology, the activ�

ity and reactivity of microglial changes also change with

age. Many researchers have shown that during normal

aging, microglial cells permanently exist in a state of

moderate activation with upregulated expression of the

main histocompatibility complex II (MHCII) compo�

nent CD11b and inflammatory cytokines (IL�1β, TNF,

IL�6). This indicates that age�related specific changes in

the microglia can promote para�inflammation [61] which

increases the probability of neurodegenerative diseases

characterized by chronic neuroinflammation.

Activation of microglial cells is a common feature of

many retinal diseases, because microglial cells promptly
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respond to various triggers associated with apoptosis and

neuronal degeneration. Although an exact stimulus

responsible for the activation of microglial cells in neu�

rodegenerative diseases remains unknown, it has been

shown that microglia activation and secretion of

chemokines and TNF are preceded by astrogliosis,

changes in the physiology of neurons, apoptosis of pho�

toreceptors, and degeneration of the retina [62]. At the

first stages of neurodegeneration, the microglia trigger the

repair mechanisms, for instance, formation of glial scar

[3]. However, excessive or prolonged activation of the

microglia can promote chronic inflammation with severe

pathological side effects that can lead to the irreversible

loss of neurons [45]. Activated microglial cells express a

complex of neurotoxic and neurotrophic mediators. It is

possible that changes in neurons and/or glial cells

enhance the response of microglia that eventually influ�

ences the survival of neurons. On the other hand, dys�

function of the microglia and the loss of its protective

functions (secretion of trophic factors, antioxidants, and

cytokines, as well as phagocytosis) also can lead to neu�

ronal death [63].

Microglia activation in AMD is associated with

changes in RPE cells and formation of drusen and amy�

loid plaques. If at the early AMD stages this activation is

aimed at the removal of cell debris, including extracellu�

lar deposits of β�amyloid and drusen, pro�inflammatory

cytokines induced by the microglia at the later stages con�

tribute to the development of neurodegeneration [3].

Patients with geographic atrophy of the retina have in the

inner and outer nuclear layers ameba�like microglial cells

that actively phagocytize dead photoreceptor cells [64].

It has been shown in many mouse AMD models that

an increase in the number of microglial cells in the sub�

retinal space activates degenerative processes in the retina

[65]. For instance, drusen�like deposits were observed in

the RPE in CEP mice (mice immunized with car�

boxyethyl pyrrole (CEP)�conjugated albumin; model of

geographic atrophy) [67]. In these animals, proinflam�

matory macrophages and the microglia are located

between the RPE and external segments of photorecep�

tors. It was shown that the C–C�receptor of chemokine 2

(CCR2) is necessary for migration of immunocompetent

cells and associated with the retinal damage, since no

retinal damage development was observed in CEP�immu�

nized CCR2–/– mice that also contained no reactive

phagocytes [68]. The number of macrophages and

microglial cells is increased in the subretinal space of

transgenic mice expressing regulator of the complement

alternative pathway – complement factor H (CFH) with

a single Y402H polymorphism. Mice of this strain display

abnormalities similar to those observed in humans with

AMD [69]. Accumulation of microglia in the subretinal

space is observed in Cx3cr1–/– mice already at the age of

12 months [70]. In Ccl2�deficient mice, activated

macrophages are accumulated in the subretinal space

[71]. Double knockout Ccl2–/–Cx3cr1–/– mice demon�

strate thickening of the Bruch’s membrane, increase in

the A2E levels, microglia infiltration, and atrophy of pho�

toreceptor cells [72]. These data show that chemokine

deficiency leads to the development of AMD�like symp�

toms and suggest that dysfunction of phagocytes can play

a key role in AMD pathogenesis [73].

Light�induced injury of the retina imitates photoox�

idative damages in AMD. Light promotes the develop�

ment of many diseases of the retina, as it has been con�

firmed by studies in animal models, in which retinal

degeneration was accelerated by an increase in the inten�

sity of illumination, since the light�induced damage

caused apoptosis more quickly than it occurred in AMD

[62]. Despite the differences in the light intensity and

duration of exposure, the injury of the retina is accompa�

nied by the loss of photoreceptors and increase in the

reactivity and motility of microglial cells. Thus, it was

shown that immediately after the exposure to light, the

ameba�like microglial cells of the microglia rapidly

translocate to the outer nuclear layer and the subretinal

space. The density of phagocytizing microglia increased

within two day after the exposure and then decreased to

the initial level [74]. Interesting, even that ameba�like

microglial cells acquired the branched shape 10 days later,

they still exhibited the hidden immunophenotypical pro�

file of activation [74].

Therefore, microglial cells rapidly respond to various

types of damage and degeneration of the retinal neurons

by migrating into the nuclear layers and subretinal space

that separates photoreceptors and RPE and lacks innate

and adaptive immune cells under physiological condi�

tions [48]. Such changes in the distribution of immune

cells in the external retina can lead to pathological

changes in the immune environment of photoreceptors

and RPE cells. As a result, degenerative changes in RPE

cells cause a vicious circle promoting chronic inflamma�

tion in the retina and choroid. Age�related changes in the

immune system contribute to this destructive process by

changing the functions of immune cells [75, 76]. It should

be noted that accumulation of microglia and

macrophages in the subretinal space has been detected in

histological retinal specimens from both AMD patients

and elderly people without AMD [59].

Activation of retinal microglial cells, i.e., their tran�

sition into the ameba�like state and increased accumula�

tion in the subretinal space, is considered an important

component of AMD pathogenesis. However, in the stud�

ies on OXYS rats, we found that the symptoms of AMD

development are associated with a decrease in the phago�

cytic function (elimination of dead cells) of the microglia.

We compared age�associated changes in the distribution

of activated macrophages, microglia, and macroglia in

different retinal layers in OXYS and Wistar (control) rats

and found no migration of activated macrophages and

microglial cells into the photoreceptor�containing layer
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during manifestation of AMD�like clinical signs of

retinopathy or during disease progression in OXYS rats

(figure, panel (a)) [40]. Moreover, at the preclinical stage

of the disease (at the age of 20 days), the number of acti�

vated macrophages in the retina of OXYS rats was lower

than in the retina of control Wistar rats. Migration of acti�

vated macrophages and microglia into the inner layers of

the neuroretina increased in the rats of both strains, but

only in the OXYS rats, the levels of these cells were ele�

vated in the ganglion and inner nuclear layers and lowered

in the plexiform layers. Based on the data obtained, we

assumed that the retinopathy in OXYS rats develops in

parallel to phagocytosis dysfunction and decreased elimi�

nation of dead cells [40]. We believe that these processes

are determined by the imbalance in the immune respons�

es specific for OXYS rats, including inflammation, on the

background of accelerated thymus involution and

decrease in the activity of the T cell components of the

immune system [77]. Indeed, an increasing number of

studies indicate that genetically determined dysfunctions

of the immune system and the associated changes in the

inflammatory homeostasis can contribute to the AMD

development and determine specific features of disease

progression and organism’s response to therapy [77�80].

Although the paradigm on the secondary role of glia

is outdated, the contribution of changes in the glial cells

to AMD pathogenesis is still insufficiently studied.

However, the functions of these cells determine the inter�

actions of retinal neurons and adequate immune respons�

es to external factors, stress, and aging. Impairments in

the phagocytic functions of the microglia lead to accu�

mulation of damaged cells, whereas gliosis of Muller cells

and astrocytes decreases the bioavailability of neu�

rotrophic factors. The understanding of age�related

changes in the state and reactivity of retinal glial cells is

necessary for revealing causes and mechanisms of devel�

opment of age�related neurodegenerative diseases,

including AMD. Moreover, recent publications suggest

that glia can be a target for prophylaxis of degenerative

changes in the retina and for recovery of retina functions

in AMD.
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