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Abstract: Age-related macular degeneration (AMD) is a complex, multifactorial neurodegenerative 9 

disease that constitutes the most common cause of irreversible blindness in the elderly in developed 10 

countries. Incomplete knowledge about its pathogenesis prevents the search for effective methods 11 

of prevention and treatment of AMD, primarily its “dry” type, which is by far the most common 12 

(90% of all AMD cases). In recent years, AMD became younger: late stages of the disease are now 13 

detected in relatively young people. It is known that AMD pathogenesis—according to the age-14 

related structural and functional changes in the retina—is linked with inflammation, hypoxia, oxi-15 

dative stress, mitochondrial dysfunction, and an impairment of neurotrophic support, but the 16 

mechanisms that trigger the conversion of normal age-related changes to the pathological process 17 

as well as the reason for early AMD development remain unclear. In the adult mammalian retina, 18 

de novo neurogenesis is very limited. Therefore, the structural and functional features that arise dur-19 

ing its maturation and formation can exert long-term effects on further ontogenesis of this tissue. 20 

The aim of this review is to discuss possible contributions of the changes/disturbances in retinal 21 

neurogenesis to the early development of AMD. 22 
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 25 

1. Introduction 26 

Age-related macular degeneration (AMD) is a complex multifactorial disease leading 27 

to irreversible loss of photoreceptors, to retinal pigment epithelium (RPE) cell death, and 28 

to pathological alterations of Bruch’s membrane and choriocapillaris in the macula. AMD 29 

is the main cause of the irreversible vision loss in people over 60 years of age in developed 30 

countries [1]. Effective methods for the prevention and treatment of AMD are not availa-31 

ble due to incomplete knowledge about AMD pathogenesis, which is based on retinal 32 

structural and functional changes that are characteristic of physiological aging [1]. It is 33 

reported that aside from inflammation, hypoxia, and oxidative stress [1], a major role in 34 

the development of AMD is played by RPE and glial dysfunction [2,3], cellular senescence 35 

[4] and immunosenescence [5], impaired autophagy [6], mitochondrial dysfunction [7], 36 

and impaired neurotrophic support [8,9]. On the basis of clinical data, it is customary to 37 

distinguish “dry” and “wet” types of this disease. The dry or nonexudative type repre-38 

sents 90% of AMD cases and is characterized by the presence of drusen in the macula, by 39 

defects in the pigment epithelium and choriocapillaris, and by progressive loss of neurons 40 

[4]. The wet (exudative) type represents 10% of AMD cases and features the ingrowth of 41 

newly formed vessels through Bruch’s membrane defects under the RPE or neuroepithe-42 

lium. Pathological permeability of the newly formed vessels leads to retinal edema, exu-43 

dates, and hemorrhages into the vitreous body and retina, thereby eventually causing loss 44 

of vision [10]. 45 
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In recent years, research and development of new therapies designed to increase vas-46 

cular remodeling (such as intravitreal injections of vascular endothelial growth factor 47 

[anti-VEGF therapy]) radically changed the treatment of the wet AMD type, thus allowing 48 

physicians to make significant progress in this field [11]. Nonetheless, there is still no ef-49 

fective treatment of the dry type of AMD: current modalities can only slow down the pro-50 

gression of existing atrophy [12]. Lately, cell replacement therapy [13] and regeneration 51 

stimulation in the adult retina using special medicines are being considered as new prom-52 

ising modalities but are causing heated debates in the scientific community [14–16]. 53 

All retinal neurodegenerative diseases are based on a decrease in metabolic and re-54 

covery processes and on impairments of retinal microcirculation and structural organiza-55 

tion [17]. The retina has a common basic organization among all vertebrate species, thus 56 

making it possible to use animals to study the mechanisms underlying the maintenance 57 

of the normal physiological structure of the retina and the pathogenesis of many diseases, 58 

to apply the gained knowledge to the development of new treatments of these diseases in 59 

humans [18]. Such research is carried out mainly on rodents. It should be noted that the 60 

retinopathy in rodent models is considerably different from classic AMD in humans, and 61 

the study of AMD is complicated by limitations of the animal models. Rodents do not 62 

have a macula, nor do they have an area of high cone density analogous to the fovea [18]. 63 

In addition, rodents do not develop deposits at the base of the RPE that have composition 64 

similar to that of drusen in humans, thereby perhaps reflecting a distinct manner in which 65 

lipids are transported across the RPE in rodents [18]. The inner limitation membrane and 66 

Bruch’s membrane of rodents differ from the corresponding human structure, which un-67 

dergoes topographic and age-related alterations not seen in mice and rats [19,20]. Further-68 

more, different mouse strains have distinct topographical and cone type–specific suscep-69 

tibility to retinal degeneration [21,22].  70 

It should be emphasized that today, there is no experimental model that emulates the 71 

whole pathophysiology of AMD. An ideal model should capture anatomical features and 72 

pathophysiological mechanisms, mimic the progression pattern, and be amenable to the 73 

evaluation of translational endpoints and treatment approaches [23]. Genetic variation has 74 

been shown to exert a strong influence on the development and progression of AMD as 75 

well as on the response to treatment among patients with AMD. Therefore, studies on 76 

different animal models are necessary for attributing signs of the disease to certain genetic 77 

variants. Various murine and rat models are used to simulate early [24], atrophic (dry) 78 

[25–27], and wet AMD [28].  Nonetheless, most models of dry AMD involve rapid retinal 79 

degeneration and therefore fail to recapitulate the progressive nature of this disease. On 80 

the other hand, there are rodent models with senescence acceleration that show slow 81 

chronic degeneration of the retina, for example, OXYS rats [29] and senescence-accelerated 82 

mouse—prone 8 (SAMP8) mice [30].   83 

In spite of the limitations, in biomedical research today, rodents (especially mice) are 84 

by far the most widely used species, mainly due to cost effectiveness, short reproduction 85 

cycles, and established and continuously emerging opportunities for genetic manipula-86 

tions [31]. 87 

In the retina of adult mammals—in contrast to birds and amphibians—de novo neu-88 

rogenesis and regenerative capacity are very limited [32]. In this regard, the structural and 89 

functional features specific to the period of maturation and formation of the retina may 90 

have long-term effects in ontogenesis, including greater predisposition to aging-associ-91 

ated diseases, thereby enhancing sensitivity of the retina to such universal triggers as in-92 

flammation and oxidative stress. 93 

Research on the processes of histogenesis and on the beginning and end of main 94 

stages of retinal development is necessary to understand the mechanisms of pathological 95 

processes that—by developing in the immature retina—can lead to a substantial change 96 
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in its structure and functions in the adult organism. For example, some data suggest that 97 

the increased susceptibility to chronic disorders is more likely among people who were 98 

born prematurely [33]. Most of them have retinopathy of prematurity: this pathology de-99 

rives from the immaturity of retinal neurovascular structures and has a considerable long-100 

term impact on vision [34]. Total retinal thickness in the fovea is greater in people who 101 

were preterm low-birth weight infants in comparison with full-term infants, regardless of 102 

postnatal retinopathy of prematurity [35–38]. These changes last at least until young 103 

adulthood and may result in a reduced functional response of the retina [39], suggesting 104 

that the retinal morphological and functional alterations may persist throughout the 105 

lifespan. 106 

Only a few studies have addressed the relationship between birth weight and AMD. 107 

Newborns with low (<2500 g [40]) and high (>4000 g [41,42]) birth weight are at a higher 108 

AMD risk in adulthood, as compared to normal-birth-weight newborns. It has been pro-109 

posed that low and high body weights reflect an impairment of fetal development and a 110 

higher risk of eye diseases in adulthood. 111 

The research on neurodegenerative diseases has traditionally been focused on later 112 

life stages. There is now growing evidence that they may be programmed during early 113 

development. The theory of “fetal developmental programming” [43,44] postulates that 114 

parental adversity and fetal factors permanently modify human systems of organs, in-115 

cluding the nervous system, and in adulthood, predispose them to premature ageing and 116 

to the related diseases of the brain [45]. This review is aimed at examining possible con-117 

tributions of abnormalities of retinal neurogenesis to the pathogenesis of AMD. 118 

2. Retina Development: Similarities and Differences between Humans and Labora-119 

tory Animals 120 

Neurogenesis in the central and peripheral nervous systems includes three main 121 

stages: 1) the formation of neurons from neural progenitor cells; 2) the migration of neu-122 

rons from proliferative zones to a site of permanent localization; and 3) differentiation and 123 

acquisition of molecular and morphological features [46]. All these steps are regulated in 124 

complicated ways by transcription factors, signaling pathways, and neurotrophic support 125 

[47]. The retina can be regarded as a part of the brain and is characterized by highly con-126 

served architecture across all relevant species [17]. The retina consists of six types of neu-127 

rons (with ~50 subtypes) and of one type of glia, all derived from multipotent progenitor 128 

retinal cells [48]. During retinogenesis, these neurons are formed by three nuclear layers, 129 

which are separated by two plexiform (synaptic) layers. The ganglion cell layer (GCL) 130 

contains nuclei of ganglion cells, whose axons become optic nerve fibers, and some dis-131 

placed amacrine cells; the inner nuclear layer (INL) contains nuclei of amacrine cells, bi-132 

polar cells, horizontal cells, and Müller glia; whereas the outer nuclear layer (ONL) con-133 

tains cell bodies of photoreceptors. Synapses between bipolar-cell axons and dendrites of 134 

ganglion and amacrine cells constitute the inner plexiform layer (IPL). The outer plexi-135 

form layer (OPL) is composed of synapses representing presynaptic horizontal and pho-136 

toreceptor cells and postsynaptic bipolar cells [17] (Fig.1). 137 

The retina is a convenient model for the investigation of neurogenesis because reti-138 

nal-cell genesis is highly conserved and because the development of all types of neurons 139 

and glia shows a well-defined time course [49]. Nevertheless, many questions remain un-140 

answered. In particular, there is no consensus on how the formation of different cell types 141 

proceeds exactly. Most scientists believe that retinal progenitor cells in vertebrates can 142 

give rise to different retinal cell types in a stochastic manner with a probabilistic bias for 143 

some cell types that change during development [48]. 144 
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In the retina of rats and mice, neurogenesis proceeds in two waves: in the early phase, 145 

beginning on embryonic day 10 (E10), ganglion neurons, horizontal cells, and cone pho-146 

toreceptor neurons come into being. In the late phase during early postnatal development 147 

(postnatal days 0–12; P0–P12), bipolar neurons, Müller cells, and rod photoreceptor neu-148 

rons are formed. Amacrine cells with various neurotransmitters formed during both early 149 

and late phases [50]. The development of the retina proceeds from the central toward pe-150 

ripheral retina and from the GCL to ONL. Therefore, ganglion neurons in the central ret-151 

ina are the first retinal cells to start differentiating [51]. 152 

Rodents are born with closed eyes that contain the retina with a well-formed GCL, 153 

IPL, and neuroblast layer (which includes retinal progenitor cells) [52] (Fig. 1b). Amacrine 154 

cells and bipolar cells project presynaptic dendrites to the IPL, in which they synapse with 155 

retinal ganglion cells. OPL formation lags well behind the IPL formation in the eye owing 156 

to later formation of photoreceptors and bipolar cells [53]. In rodents, OPL formation oc-157 

curs postnatally before the eyes open [54]. In humans, the OPL develops slowly and 158 

reaches retinal edges by fetal week 30 [55]. The formation of synaptic connections between 159 

neural dendrites and axons is the step crucial for the proper functioning of retinal neural 160 

circuits. Fan and colleagues have shown that the time before P14, especially between P0 161 

and P14, represents a critical period of retinal development. Murine eye opening takes 162 

place in that period, suggesting that cell differentiation and synaptic formation result in 163 

visual function [52]. It must be noted that the opening of the eyes in rodents does not mean 164 

full functional maturity of the retina. In rabbits and rats, amplitudes of the retinal light 165 

responses measured by electroretinography continuously increase in the first month after 166 

birth and reach the adult level between P30 and P40 [56] (Fig. 1). 167 

Recently, similar retinal time courses were described for the developing human ret-168 

ina on the basis of high-throughput-RNA-sequencing data [57]. Nevertheless, the devel-169 

opment of the human retina, just as that of other primates, has a number of substantial 170 

differences from the corresponding rodent process. The bulk of highly complex retinal 171 

development occurs between gestational week 24 and the age of 3 to 4 months, when the 172 

optic nerve becomes fully myelinated [58]. Retinogenesis in humans and structural for-173 

mation of all the retinal layers take place during fetal development [59]. The peripheral 174 

retina of humans shares laminated cellular organization and basic developmental events 175 

with that of other vertebrates [57]. By contrast, the human retina contains a central “rod-176 

free” zone termed the macula, which is required for high visual acuity and color vision. 177 

The macula is subdivided into the umbo, foveola, foveal avascular zone, fovea, parafovea, 178 

and perifovea areas [60]. The fovea is a pitted invagination in the inner retina that contains 179 

especially large numbers of photoreceptors and neurons and provides the highest visual 180 

resolution [61]. The macula develops and matures much earlier than the rest of the retina: 181 

macula formation begins between the 11th and 13th week of gestational age [59,62]. The 182 

fovea, i.e., an inner part of the macula, develops starting from fetal week 20–22, and this 183 

development continues into early childhood [63]. Newborns still have underdeveloped 184 

outer segments in the fovea [62]. At birth, rod cells are better developed than cone cells. 185 

As a consequence, neonates primarily see shades of gray. Color discrimination starts at 3 186 

months of age when cones mature [64]. With age, the elongation of cone outer segments 187 

proceeds, but full maturation of the human retina does not occur until early adolescence 188 

[59]. Impaired maturation of photoreceptors in childhood can cause a number of diseases 189 

of the retina in children.  190 

Using high-throughput-RNA-sequencing data, Hoshino and colleagues have de-191 

tected temporally correlating gene expression patterns between the human and mouse 192 

retinas. At early stages of development, tighter temporal correlation was observed be-193 

tween mouse (E12–E14) and human genes (D52–D57, fetal week 7–8). The E16–P0 stage in 194 

the developing mouse retina was found to be concordant with the human fetal retina from 195 
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D67 to D107. In this period, the human peripheral retina showed both cell proliferation 196 

and differentiation (as in the mouse), but foveal neurogenesis and lamination were com-197 

plete. Expression of genes during D115–D136 in the human fetal retina correlated with 198 

that in the mouse P2–P4 retina. None of the human samples clustered with the maturing 199 

P6–P28 mouse retina probably because the fetal peripheral retina had not yet attained the 200 

developmental maturity of the late postnatal murine retina [57](Fig. 1). The genes with 201 

the highest degree of correlation between these species were related to the G2–M cell cycle 202 

transition (the correlated genes were downregulated) and to photoreceptor development 203 

(the correlated genes were upregulated). The set of “anticorrelated” genes, i.e., those fea-204 

turing opposite patterns in the developing human and mouse retinas, did not show en-205 

richment with any specific Gene Ontology category[57]. 206 

Another study has revealed that epigenetic changes during retinal development are 207 

strongly conserved between mice and humans, with DNA methylation changes being the 208 

least conserved (7–8%), chromHMM being more highly conserved (45–56%), and devel-209 

opmental-stage–specific superenhancers being the most conserved (62%) [65]. 210 

The above studies have shown strong conservation (across species) of expression pat-211 

terns of the genes involved in retinal development, thereby allowing us to gain in-depth 212 

knowledge about these mechanisms. 213 
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 214 

Figure 1. The time course of retinal development. (a) Comparative analysis between humans and rodents (mice and rats). 215 

The figure shows the transcription factors described in the body of the article. Adapted from refs. [57] and [65] with per-216 

mission. Neurogenesis in the human retina occurs in fetal development. The foveal pit appears at fetal week 25 and looks 217 

mature by 15 months [63]. The IPL emerges in the presumptive fovea at fetal week 8, reaches the eccentricity of the optic 218 

nerve by fetal week 12, and is present in both nasal and temporal peripheral edges by fetal week 18–21. The OPL first 219 

appears in the fetal week 11 fovea and reaches retinal edges by fetal week 30 [55]. In humans, eyelids open by fetal week 220 

25 and morphologically full development of the retina is completed only at 2 years of age [58]. (b) At birth, the rat retina 221 

is still poorly developed and is composed of the GCL, a thin IPL, and a prominent densely packed neuroblast layer [52]. 222 

OPL formation occurs postnatally, between P4 and P10 [54], but IPL formation takes place during embryogenesis [66]. 223 
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Rodents open the eyelids at the age of P14 and reach morphologically full retinal development at P20–P21 [58]. It is note-224 

worthy that morphological formation of plexiform layers is not indicative of their functional maturation. Synaptogenesis 225 

continues long after birth in both humans and rodents [67]. NBL – neuroblast cell layer, GCL, ganglion cell layer; INL, 226 

inner nuclear layer; IPL, inner plexiform layer; OPL, outer plexiform layer; ONL, outer nuclear layer and RPE, retinal 227 

pigment epithelium, Fwk - fetal week. 228 

There is another important factor affecting the research into neurogenesis and corre-229 

lations between humans and experimental animals. Neurogenesis is also influenced by 230 

such disorders as albinism. Albinism, i.e., hypopigmentation resulting from a reduction 231 

in melanin synthesis, is a rare genetic disease in humans but is often seen in various ex-232 

perimental models based on mice and rats. Abnormal retinal development is also evident 233 

in this disease and causes foveal hypoplasia [68], a reduction in the number of ipsilateral 234 

retinal ganglion cells [69] and photoreceptors [70], and an abnormal distribution of rods 235 

[71]. These problems lead to visual impairments such as poor visual acuity, photophobia, 236 

nystagmus, and abnormal binocular vision [72]. All these features of neurogenesis should 237 

be taken into account when investigators interpret experimental results and extrapolate 238 

the data obtained in laboratory animals to humans. 239 

3. The Transcriptional Network Regulating Retinal Neurogenesis 240 

All stages of neurogenesis are subject to complex regulation by extrinsic (NOTCH 241 

signaling, BMP signaling, and provision of neurotrophic support) and intrinsic factors 242 

(transcription factors) [73]. Transcription factors, in accordance with a genetic program 243 

and/or in response to an external stimulus, initiate or suppress the transcription of certain 244 

genes, thereby driving changes in cell morphology, cell differentiation, morphogenesis, 245 

organogenesis, and other parameters. As a consequence, the interaction of various com-246 

binations of transcription factors causes the formation of varied types of neurons from 247 

pluripotent progenitors. Experimental data indicate the presence of a pool of oligopotent 248 

progenitors of neurons in a differentiation-associated embryonic period (early-born pro-249 

genitors: an early type of cells) [74]. The early-born neurons express the Pax6 gene, whose 250 

product is a highly conserved vertebrate transcription factor required for retina formation. 251 

Mutation of Pax6 or its overexpression leads to several pathological phenotypes: cataract, 252 

aniridia, or the absence of the eye in mice and humans [75]. When Pax6 is inactivated in 253 

all retinal cells starting from E15.5, the numbers of retinal ganglion cells, amacrine cells, 254 

horizontal cells, and photoreceptors drastically decrease as compared to control mice [76]. 255 

Moreover, the expression of many genes that are essential for retinal development is se-256 

verely affected by PAX6 loss. In this regard, the most important genes are NeuroD1, Neu-257 

roD4, Nr2e3, Rp1, Prph2, and Rho, whose products are involved in fate specification of ret-258 

inal neurons [76]. On the other hand, Pax6 overexpression can yield aberrant axonal pat-259 

terns where axons fail to navigate toward the optic chiasm [77]. A recent report showed 260 

that Pax6 expression after fate specification of retinal ganglion cells is necessary for the 261 

regulation of expression of axon guidance genes and most importantly for the mainte-262 

nance of conducive extracellular-matrix molecules through which the nascent axons get 263 

guided and fasciculate to reach the optic disc [76]. 264 

Persistent expression of Pax6 induces Math5, which takes part in the regulation of 265 

differentiation of ganglion neurons [76]. It is suggested that the regulation by MATH5 is 266 

implemented in two pathways. At first, MATH5 activates a downregulated signaling net-267 

work that controls the differentiation and development of ganglion cells [78,79]. Next, 268 

MATH5 downregulates the genes encoding other proneuronal transcription factors, such 269 

as MATH3, NEUROD, and NGN2, which are involved in the differentiation of other types 270 

of retinal neurons [80,81]. Deletion of Math5 causes the loss of 80% of retinal ganglion 271 

neurons and increases the formation of amacrine and horizontal cells, cones, and Müller 272 

cells [47,80]. MATH5-upregulated transcription factors BRN3B and LSL-1 are required for 273 
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further differentiation of ganglion cells, and MATH5 expression decreases afterwards 274 

[82]. PAX6 can also induce Otx2 and Trβ2 in some oligopotent progenitors, yielding cone-275 

like differentiation of photoreceptors [83]. In rodents, cones express both short wave-276 

length (S)-sensitive opsin and medium wavelength (M)-sensitive opsin, while rods ex-277 

press only rhodopsin [60]. OTX2 mediates the differentiation of progenitor cells into pho-278 

toreceptors by launching the expression of the CRX transcription factor (cone rod home-279 

obox). CRX promotes the expression of M- and S-opsins, and in a synergistic interaction 280 

with NRL, activates the rhodopsin enzyme [81,84]. In humans, mutations in Crx cause 281 

several diseases characterized by the loss of photoreceptors: cone-rod dystrophy, retinitis 282 

pigmentosa, and Leber’s amaurosis [47,85].  283 

Horizontal and amacrine cells are present in the pool of bipotent progenitors and are 284 

early-born neurons too [74]. Such transcription factors as FOXN4, NEUROD1, NEUROD4, 285 

and PTF1A participate in their specification. Inactivation of Foxn4 leads to the loss of all 286 

horizontal and most of amacrine cells; instead of them, ganglion cells and photoreceptors 287 

are generated [47]. Similar phenotypic characteristics are seen in Ptf1a knockout mice [86]. 288 

The transcription factor FOXN4 enhances the expression of NEUROD1, NEUROD4, and 289 

PTF1A, which are necessary for the differentiation of amacrine and ganglion neurons [73]. 290 

FOXN4 directly inhibits ATOH7 and POU4F2 (required for ganglion neurons) and acti-291 

vates DLL4–NOTCH signaling, which launches inhibitors of photoreceptor differentia-292 

tion [87]. FOXN4 is essential for the genesis of horizontal cells [88]. For instance, FOXN4 293 

activates many transcription factors, such as PTF1A, PROX1, NEUROD1, NEUROD4, and 294 

NEUROG2, which interact with each other to bring about the differentiation of this cell 295 

type [47]. Knockouts of genes NeuroD1, NeuroD4, and Neurog2 have been shown to com-296 

pletely eliminate horizontal cells, just as in Ptf1a knockout mice [89]. In addition, tran-297 

scription factors LHX1 and SALL3 control the migration and position of horizontal cells. 298 

LHX1 and SALL3 inactivation leads to a mutant phenotype and displacement of horizon-299 

tal cells in the retina [90,91]. 300 

Late-born progenitor (LBP) cell types (Müller cells, bipolar neurons, and rods) differ-301 

entiate in the first weeks of postnatal development in rodents and are thought to have a 302 

pool of common oligopotent progenitors [74]. Nonetheless, the general transcription fac-303 

tors that control LBP differentiation are still not known. The direction of differentiation in 304 

postnatal retinal neurogenesis depends on the expression of Vsx2, Otx2, Blimp1, and 305 

Notch1. For instance, it is reported that a synergistic interaction of transcription factor 306 

VSX2 and bHLH transcription factors ASCL1/MASH1, NEUROD4/MATH3, NEUROD1, 307 

and NEUROG2/NGN2 results in the development of bipolar neurons [47]. Vsx2 mutations 308 

cause a complete loss of bipolar cells, thus increasing the population of photoreceptor cells 309 

and Müller cells [92]. The differentiation of bipolar cells requires OTX2 and CRX too. A 310 

significant decrease in the population of bipolar cells has been demonstrated in Otx2/Crx 311 

double-knockout mice [93]. OTX2 and CRX may control bipolar-cell differentiation 312 

through direct binding to cis-regulatory sequences of Vsx2 [92]. In addition, two proteins 313 

are known to suppress CRX functions and promote retinal degeneration: ataxin 7 and BAF 314 

[93].  315 

Müller cells are the only type of glia that derives from retinal progenitor cells [74]. 316 

Therefore, the factors determining the selection of progenitor cell fate between gliogenesis 317 

and neurogenesis are critical for retinal development. The activation of the NOTCH sig-318 

naling pathway is primarily required for the differentiation of Müller cells [94]. During 319 

early Müller cell differentiation, transcription factors HES1, HES5, and HEY2 are ex-320 

pressed, but later these factors are restricted to Müller cells, and their overexpression 321 

strongly promotes Müller cell fate at the expense of neurons [95]. Conversely, Hes5 inac-322 

tivation decreases the formation of Müller cells, which is promoted by both overexpres-323 

sion of NOTCH1 and increased expression of its effectors: HESR2 or HES1 [95]. Similarly 324 
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to the HES transcription factors, RAX determines Müller cell fate and does so partly by 325 

directly inducing Hes1 [70]. HES1 in turn represses the proneuronal Mash1 gene [96]. 326 

NOTCH1 also enhances the expression of Sox8 and Sox9 [97]. Inactivation of Sox9 in a 327 

developing retina leads to the loss of Müller cells, and a Sox8 knockout decreases the glial 328 

population [87,97]. SOX2 is needed for Müller cell specification because SOX2 misexpres-329 

sion in postnatal retinal progenitor cells promotes Müller and amacrine cell fates at the 330 

expense of rod cells [98].  331 

Cone differentiation is mediated by CRX, NRL, and NR2E3. For example, CRX is first 332 

expressed at early stages of retinal development and retains its expression in mature pho-333 

toreceptors [50]. CRX activates a promoter of rhodopsin and stimulates rhodopsin expres-334 

sion in cones that acts synergistically with NRL. CRX is also able to activate opsin in cones 335 

[89]. CRX inhibitors ataxin 7 and BAF contribute to photoreceptor degeneration [99]. The 336 

transcription factor NRL is mainly expressed in rods and promotes the expression of rho-337 

dopsin [100]. OTX2 and CRX directly bind to an enhancer of Nrl and activate its expression 338 

[101]. In turn, NRL induces numerous rod-specific genes and downregulates cone-specific 339 

genes, partly through direct regulation of the expression of a nuclear receptor gene: Nr2e3 340 

[47]. In humans, mutations in the NRL gene are associated with autosomal dominant ret-341 

initis pigmentosa [102,103]. NR2E3 acts as a repressor of cone genes in rods and directly 342 

interacts with CRX thereby enhancing rhodopsin expression [104].  Another major well-343 

studied transcription factor regulating the differentiation of photoreceptors is NEUROD. 344 

This factor is first expressed in embryogenesis and retains its expression in the mature 345 

retina. In the absence of NEUROD, the number of rods diminishes, while the number of 346 

bipolar cells increases proportionally [89]. Incorrect expression of NeuroD not only blocks 347 

gliogenesis but also promotes rod differentiation and suppresses differentiation into bi-348 

polar cells. NEUROD is also required for constant expression of TRβ2, a protein important 349 

for cone development [105].  350 

Recent research indicates that retinal neurogenesis is a labile process. Disturbances 351 

in the differentiation of some cell types resulting in a proportional increase in the popula-352 

tion of other neurons can cause a change in functions and adaptive capabilities [74].  353 

To summarize, it should be noted that in the investigation of molecular mechanisms 354 

underlying retinal neurogenesis, there has been substantial progress in the last decade. 355 

Nevertheless, many key questions remain unanswered, in particular, the question of the 356 

possible contribution of changes/disturbances in retinal neurogenesis to the onset of AMD 357 

and to aging. 358 

4. The Role of Transcription Factors during Retinal Aging and Age-Related Degenera-359 

tion 360 

Research on expression patterns and regulatory functions of transcription factors has 361 

been focused on developmental stages alone, and little is known about the roles of tran-362 

scription factors in the adult, aged, or degenerative mammalian retina. 363 

Homeobox genes (e.g., Otx2, Crx, Pax6, and Sox2) play a key role in many parameters 364 

of retinal development, including eye and retina formation, and in subsequent differenti-365 

ation of neural tissue [106]. Due to the large contribution of these transcription factors and 366 

their cascade activation during vertebrate retina development, mutations in homeobox 367 

genes give rise to many ophthalmic abnormalities in humans. In humans, mutations in 368 

homeobox genes are rare and constitute primary etiology of some retinal diseases that are 369 

characterized by inherited progressive degeneration of photoreceptors, e.g., cone-rod de-370 

generation, retinitis pigmentosa, and Leber congenital amaurosis [47]. 371 

In the mature retina, Otx2 is expressed in the RPE, photoreceptors, and bipolar cells, 372 

whereas its constant expression is necessary for homeostasis in the retina [107]. Studies in 373 

mice have revealed that the severity of ophthalmic disorders is inversely proportional to 374 
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OTX2 activity [108]. For instance, in mice with a single mutant Otx2AA/GFP allele (20% 375 

activity in comparison with the wild type), the retina is significantly thinner. In mice with 376 

50% or 70% OTX2 activity (compared with a control), an INL consisting of bipolar, ama-377 

crine, and horizontal cells thins with age. Additionally, by the age of 60 days, these mice 378 

exhibit functional defects, a decrease in visual acuity, abnormal bipolar-cell activity, and 379 

progressive cell death, the severity of which corresponds to the level of the assumed OTX2 380 

activity [108]. Moreover, there is evidence that a conditional Otx2 knockout yields adult 381 

mice with RPE dysfunction followed by progressive and complete loss of photoreceptors; 382 

these alterations resemble the degeneration in patients with AMD [109]. Studies involving 383 

intravitreal injection of the OTX2 protein in mice have shown that the OTX2 protein 384 

amount increases in almost all retinal layers, especially in ganglion and bipolar cells and 385 

photoreceptors. These injections promote the survival of neurons and may have therapeu-386 

tic value in some severe pathologies, such as congenital night blindness, glaucoma, and 387 

AMD [110]. In the adult retina, CRX regulates the expression of many photoreceptor-spe-388 

cific genes including opsins. Mutations in Crx cause various retina degeneration pheno-389 

types in humans [35]. In Crx/ knockout mice, the development of photoreceptors and 390 

synaptic contacts is strongly impaired, and there is decreased OPL thickness and changed 391 

expression of genes associated with calcium homeostasis [111]. It is worth noting that the 392 

interaction of OTX2 and CRX is a key event not only for retinal neurogenesis but also for 393 

synaptogenesis. For example, transcription factor CRX, along with another transcription 394 

factor (NRL), modulates the formation of presynaptic endings of photoreceptors in the 395 

ONL [112]. OTX2 also controls synaptogenesis by upregulating the pikachurin protein, 396 

which binds to β-dystroglycan in the presynaptic region of photoreceptors [113]. There-397 

fore, mutations and changes in the activity of OTX2 and CRX during the formation of 398 

retinal neurons can have a significant impact on further ontogenesis of this tissue and a 399 

long-term effect on eyesight. 400 

Other development-related transcription factors, SOX2 and PAX6, are of interest for 401 

the research on neurodegenerative diseases. Pax6 and Sox2 heterozygous mutations in 402 

humans cause a characteristic spectrum of nervous-system abnormalities that include eye 403 

defects such as microphthalmia (small eyes) or anophthalmia (absent eye) [114]. SOX2 404 

plays an essential role in progenitor cell maintenance in the developing and adult central 405 

nervous system [115]. 406 

Ablation of Sox2 at the height of postnatal genesis of Müller cells in mice (P5) results 407 

in disorganization of processes of Müller glia in the IPL and mislocalized cell bodies in 408 

the nuclear layers; this feature becomes most conspicuous at P25. In the Sox2 mutants, 409 

adherens junctions are shorter and not oriented correctly [116]. This disorganization is 410 

concurrent with a thinning of the neural retina and an impairment of neuronal processes 411 

in the IPL and OPL. Moreover, there is a decrease in the b-wave amplitude in both young 412 

Sox2 mutant mice and aged Sox2GFP mice; therefore, retina function is affected negatively 413 

[116,117]. SOX2 plays an essential role in the maintenance of structural organization of the 414 

postnatal retina and in the quiescence of nascent Müller cells. Loss of SOX2 forces Müller 415 

cells to aberrantly divide into a pair of postmitotic daughter cells, thereby causing Müller-416 

glial-cell depletion and retinal degeneration [118]. Moreover, a decline in Sox2 expression 417 

with age is seen in Müller cells and amacrine and ganglion neurons, and this decrease 418 

impairs the activity of these cells [117]. In that study, investigators found that aged 419 

Sox2GFP mice possess impaired visual function, indicating the critical role that Sox2 plays 420 

in age-related vision maintenance [117]. Astrocytic loss of Sox2 affects vascular architec-421 

ture during maturity [119]. Altogether, these findings indicate that Sox2 is required for 422 

the maintenance of visual-information transmission and suggest that the decline in Sox2 423 

expression is responsible for retinal cell aging and age-related vision loss. There is a hy-424 

pothesis that SOX2 levels are a predictor of disease in the retina [120]. This theory supports 425 
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the idea that once the level of SOX2 decreases down to phenotypically manifested levels 426 

(a threshold defined as 40% of the norm), disorders may appear [120].  427 

PAX6, the master regulator of eye development, remains distinctly expressed in the 428 

ageing mammalian retina; these data suggest a distinct role of PAX6 in the retina after the 429 

completion of eye morphogenesis. PAX6 has been found in both healthy and degenerative 430 

adult mammalian retinas. PAX6 expression in the retina is detectable up to 79 years of age 431 

in donors and is predominantly localized in the GCL and the inner part of the INL [121]. 432 

In mouse retinas, PAX6 protein levels are high at P5, decrease to intermediate levels at 433 

P21, and remain constant thereafter at least until P428 [122]. In two models of retinal de-434 

generation (rd10 mice and light-induced retinal degeneration), it has been revealed that 435 

photoreceptor injury causes PAX6-positive Müller cell nuclei to relocate from their normal 436 

position in the middle of the INL toward the outer INL and even into an inner part of the 437 

ONL. The expression of several molecular markers suggests that these Müller cells at-438 

tempt to re-enter the cell cycle but fail to do so, resulting in nonproliferative gliosis [123]. 439 

In that study, although the Müller cell nucleus translocation occurred in both models of 440 

photoreceptor degeneration, total PAX6 protein expression was upregulated only in the 441 

retina of rd10 mice, not after light-induced degeneration [123]. This result may be related 442 

to the speed of neuron degeneration. Rd10 mice are characterized by slow photoreceptor 443 

degeneration, whereas light exposure induces acute degeneration along with toxic stress 444 

[123].  445 

Another research group has shown that in rd1 mice (a common model of inherited 446 

retinal degeneration), a decrease in PAX6 protein expression is accompanied by a peak of 447 

photoreceptor apoptosis (between P10 and P14). Immunohistochemical analysis revealed 448 

that PAX6 is localized in the ganglion and in the bipolar-cell layer of the retina, but there 449 

are no PAX6-expressing cells in outer layers [121]. Those authors speculated that PAX6 450 

has a protective effect against photoreceptor death. In the retina of wild-type (C3H back-451 

ground) mice, exposure to bright light decreases PAX6 expression. Conversely, PAX6 ex-452 

pression is higher in c-Fos knockout mice, which manifest resistance to light-induced ret-453 

inal degeneration [121]. These findings may be related to a remodeling process involving 454 

Müller cells. It has been suggested that PAX6 exerts protective action in a degenerating 455 

outer retina through activation of Müller glial cells, which may be capable of producing 456 

retinal progenitor cells [121]. Pirmardan and colleagues have investigated whether PAX6 457 

overexpression can promote cell proliferation in the retina. They could not detect any 458 

changes in Ki67 expression after PAX6 overexpression but detected SOX2 expression in 459 

ONL cells after neurotoxic injury [124]. They registered SOX2 expression in all retina lay-460 

ers including photoreceptors and the GCL after 30 days of NMDA administration. Expres-461 

sion of stemness marker SOX2 indicates a high plasticity potential of retinal cells and high-462 

lights the involvement of the microenvironment and extracellular signaling in the acqui-463 

sition of new phenotypes [124]. 464 

Lately, one of challenging fields in biology is the use of an intrinsic regeneration po-465 

tential in damaged organs. Investigation into the roles of transcription factors during ag-466 

ing and age-related diseases is a promising area for designing new treatments of degen-467 

erative retinal diseases. 468 

5. Stimulation of Neurogenesis as New Strategy for the Treatment of Degenerative 469 

Diseases of the Mammalian Retina 470 

As described above, adult retinogenesis in mammals is very limited. Nevertheless, 471 

the retina has a possible endogenous cell resource for neurogenesis and regeneration: the 472 

ciliary body, the iris, Müller cells, and the RPE (reviewed in [125]). All these cells have 473 

substantial advantages over foreign cells transplanted for retinal repair because of their 474 
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autologous origin. On the other hand, the most promising cells for retinal regeneration 475 

are Müller cells, which are discussed in detail below.  476 

Müller cells are later-born differentiated radial-like glial cells that span the entire 477 

thickness of the retina. Their somata are localized in the INL, and their processes penetrate 478 

all layers of the retina thereby promoting contacts between neighboring neurons during 479 

development and participating in the formation of external and internal limiting mem-480 

branes [126]. Under normal homeostatic conditions in the adult retina, Müller glial cells 481 

ensure healthy retinal function by maintaining retinal architecture and by providing 482 

trophic support to neurons. In contrast, during aging and in pathological conditions (e.g., 483 

inflammation, oxidative stress, or injury), Müller glia undergo a series of changes and 484 

reach an activated state known as gliosis. The specific feature of reactive gliosis is overex-485 

pression of intermediate filaments, such as vimentin, nestin, and GFAP, and a hyper-486 

trophic morphology of reactive Müller cells [126]. Activated Müller cells also sometimes 487 

manifest re-entry into the cell cycle and proliferation, giving rise to a glial scar, which next 488 

aggravates the damage at the late stage of retinal injury [126]. Furthermore, Müller cells 489 

take part in cellular remodeling in the vertebrate retina after its damage or detachment 490 

[127]. Retinal remodeling is a phenomenon consequent to photoreceptor degeneration 491 

consisting of a series of alterations in retinal metabolism, receptor expression, and neu-492 

ronal-network topologies, with eventual cell death and formation of aberrant synapses. 493 

During retinal degeneration, Müller cells are among the first to respond to stress [127]. 494 

Retinal remodeling is one of the reasons for the failures of cell-based therapies of retinal 495 

degeneration. Activated Müller cells in mice transiently express cell cycle regulators and 496 

neurogenic factors, and these cells rapidly return to quiescence [128]. This phenomenon 497 

is mediated by a dedicated gene-regulatory network that includes NFI factors, which are 498 

upregulated at later stages after injury and return reactive Müller glia to a resting state in 499 

mice.  500 

There is evidence that a small percentage of Müller glia re-enter the mitotic cycle after 501 

acute damage by NMDA, MNU, NaIO3, ouabain, or -aminoadipate; a subtoxic dose of 502 

glutamate; or excessive light in rats and mice [129]. Mitogens such as EGF or FGF2 and 503 

insulin significantly increase Müller glia proliferation after damage [130].  504 

The reprogramming of Müller cells into functional neurons in adult mammals is a 505 

promising treatment of retinal neurodegenerative diseases. On the other hand, multiple 506 

independent mechanisms strongly repress neurogenic competence in mammals, making 507 

it a challenge to experimentally identify the regulators of Müller glia reprogramming. 508 

Nevertheless, there are some studies on Müller cell reprogramming in vivo in mice and 509 

rats.  510 

When expressed in neural progenitor cells, proneural transcription factor ASCL1 511 

promotes cell cycle exit and neuronal differentiation. In mammals, Ascl1 is expressed in 512 

retinal progenitors and is needed for the development of rods and bipolar cells [131]. In 513 

the mature retina of mice, Ascl1 is not expressed in Müller glia, whereas after damage or 514 

in disease models, mouse Müller cells do not show spontaneous upregulation of Ascl1 515 

[132]. Nevertheless, ectopic expression of Ascl1 in adult Müller glia in the undamaged 516 

retina does not overtly affect their phenotype. When the retina is damaged in young mice, 517 

the ASCL1-expressing glia initiate a response that resembles early stages of retinal regen-518 

eration in zebrafish. By P16, mouse Müller cells lose neurogenic capacity despite Ascl1 519 

overexpression [132]. In adult mice, Ascl1 overexpression in Müller glia is no longer suf-520 

ficient for inducing the neurogenic potential, even in the presence of damage [133]. Fur-521 

ther research has revealed that overexpression of ASCL1, together with a histone deacety-522 

lase inhibitor, enables the formation of neurons from Müller cells in adult mice after reti-523 

nal injury (NMDA damage) [133]. This combination predominantly gives rise to bipolar 524 

neurons derived from Müller cells but not from rod (or ganglion) cells [133]. This finding 525 
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may be explained by a loss of neurogenic genes and of their accessible motifs during Mül-526 

ler glia maturation. bHLH motifs are more highly enriched within bipolar-cell–specific 527 

accessible regions than within rod-specific accessible regions in Müller cells. Furthermore, 528 

overexpression of ASCL1 results in its binding to a greater number of bipolar-cell–specific 529 

accessible regions than rod-specific regions [134]. These data suggest that a reprogram-530 

ming strategy involving ASCL1 alone is unlikely to regenerate rod photoreceptors and 531 

that additional transcription factors may be needed.  532 

Downregulation of RNA-binding protein PTBP1 in the adult murine retina via in vivo 533 

viral delivery of a recently developed RNA-targeting CRISPR system, CasRx, promotes 534 

the conversion of Müller glia into retinal ganglion cells with high effectiveness [135]. By 535 

contrast, no significant difference in Ptbp1 expression is observed between control and 536 

neurogenic Nfia/b/x-deficient murine Müller glia. These observations do not support the 537 

hypothesis that the dynamic expression of PTBP1 directly regulates Müller glia repro-538 

gramming [128].  539 

Webster and coworkers have demonstrated that an agonist (PNU-282987) of α7 nic-540 

otinic acetylcholine receptor can induce Müller cells to form neurons after damage. In rats, 541 

topical application of PNU-282987–containing eye drops drives cell cycle reentry of vi-542 

mentin-positive Müller glia and the production of nestin-positive retinal progenitor cells, 543 

as evidenced by labeling with bromodeoxyuridine (BrdU) and proliferating cell nuclear 544 

antigen (PCNA). Moreover, the effects of PNU-282987 were dose-dependent and, when 545 

followed over time, yielded persistent BrdU labeling in the cells within all the retinal lay-546 

ers and dramatic accumulation of BrdU-labeled retinal ganglion cells [14]. More detailed 547 

research suggests that PNU-282987 does not directly affect Müller glia but rather acts in-548 

directly by triggering α7 nicotinic acetylcholine receptors in the RPE. Those authors sus-549 

pect that after PNU-282987 treatment, a signaling molecule (or molecules) is released from 550 

the RPE and launches cell cycle reentry in Müller glia along with subsequent formation of 551 

retinal neurons in adult mammals [16]. 552 

6. Conclusions 553 

Growing evidence suggests that longevity and the risk of age-related diseases may be 554 

programmed early in life. Prenatal and early postnatal periods are a crucial develop-men-555 

tal window during which adverse factors can exert a lasting influence on the epige-nome 556 

and gene expression throughout the lifespan [43–45]. In this review, we discussed possible 557 

contributions of changes/disturbances of retinal neurogenesis to early development of 558 

AMD. Even though little research has been directly focused on the possibility that preterm 559 

survivors experience accelerated biological aging, recent studies indicate that the risk of 560 

AMD can be affected by the factors acting at an early age: during the final stages of post-561 

natal retinal maturation. Such risk factors include high, low or extremely low birth weight 562 

[40–42], and the formation of aberrant neural circuits under the influence of genetic and/or 563 

environmental factors. Given the increased rates and early emergence of chronic illnesses 564 

observed in the individuals born with extremely low birth weight, the latter may confer a 565 

premature-aging phenotype characterized by accelerated cellular senescence and the de-566 

velopment of diseases typically associated old age[136] . The mechanisms and potential 567 

substrates of these lasting effects are yet to be elucidated. We can speculate that early de-568 

velopment of neurodegenerative diseases such AMD most likely awaits those who have 569 

the above disorders. Understanding the impact of retinal-development anomalies on the 570 

pathophysiology of AMD should help to devise novel therapeutics and prophylactic 571 

measures against AMD and other retinal disorders. 572 
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