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Abstract

Purpose of review—Notch signaling is an important component of retinal progenitor cell 

maintenance and MG specification during development, and its manipulation may be critical for 

allowing MG to re-enter the cell cycle and regenerate neurons in adults. In mammals, MG respond 

to retinal injury by undergoing a gliotic response rather than a regenerative one. Understanding the 

complexities of Notch signaling may allow for strategies that enhance regeneration over gliosis.

Recent findings—Notch signaling is regulated at multiple levels, and is interdependent with 

various other signaling pathways in both the receptor and ligand expressing cells. The precise 

spatial and temporal patterning of Notch components is necessary for proper retinal development. 

Regenerative species undergo a dynamic regulation of Notch signaling in MG upon injury, 

whereas non-regenerative species fail to productively regulate Notch.

Summary—Notch signaling is malleable, such that the altered composition of growth and 

transcription factors in the developing and mature retinas result in different Notch mediated 

responses. Successful regeneration will require the manipulation of the retinal environment to 

foster a dynamic rather than static regulation of Notch signaling in concert with other 

reprogramming and differentiation factors.
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Introduction

Notch signaling drives the proliferation of progenitor cell populations and cell fate 

specification [1, 2]. As a result, proper Notch signaling is critically important during 

development [3] and for the maintenance of stem cell populations throughout the life of an 
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organism [4]. The ability to effectively manipulate Notch holds promise for the creation of 

future therapeutic interventions aimed at promoting tissue regeneration, by unlocking the 

latent stem cell potential of progenitor populations. In order to properly design these 

therapeutics, it is essential to understand how Notch signaling is regulated and its 

downstream effects within a given tissue. This task is complicated by the context dependent 

nature of Notch signaling, in which it is more permissive than instructive [5]. The 

combination of Notch with other signaling pathways and the overall tissue environment 

ultimately determines cell fate decisions [3]. Furthermore, Notch signaling has both cell 

autonomous and non-autonomous effects [6, 7] and uses a receptor-ligand signaling system 

that links the fate of one cell to its neighbors [3]. In vertebrates, there are four Notch 

receptor paralogues (Notch 1-4), and two families of ligands (Delta and Jagged) [8]. The 

spatial and temporal specific expression of Notch receptors and ligands determines some of 

the variability associated with Notch, both between tissues, and amongst different cell 

populations in the same tissue.

The activation of Notch signaling is a multi-step process initiated by the binding of one of 

the Notch ligands to its receptor [9]. This interaction triggers the cleavage of the Notch 

receptor extracellular domain by a furin-like protease [10] and a metalloprotease [11-13], 

resulting in transendocytosis of this domain by the ligand expressing cell in a process 

involving the ubiquitin E3-ligase, mindbomb [14]. This event then triggers the cleavage of 

the Notch receptor intracellular domain (NICD) by the gamma secretase complex [15], 

which allows it to translocate to the nucleus and regulate gene transcription [16-18]. In the 

nucleus the NICD forms a complex with Rbpj [19] and mastermind/MAML [20-22] to drive 

expression of genes that include the Hes and Hey families of transcriptional repressors [23].

This process provides for multiple points of regulation, such that Notch signaling is 

influenced by a variety of feedback loops in order to ensure the proper dosage of Notch in a 

given tissue at a given time [8]. Advances have been made in recent years with regard to our 

understanding of Notch signaling in the retina during development and in the context of 

regeneration. Muller glia (MG) have the capacity to reprogram and regenerate the retina in 

some species [24]. Notch signaling appears to play a vital role in both the specification and 

reprogramming of MG, therefore a detailed understanding of mechanisms underlying Notch 

signaling in these cells may hold the key to developing effective therapeutics for patients 

with retinal degenerative diseases.

Development

The basis for understanding the role of Notch signaling in the development of the vertebrate 

retina stems from studies manipulating Notch signaling through inhibition or forced 

overexpression. The expression of an active version of Xenopus Notch in retinal progenitor 

cells (RPCs) first revealed a role for Notch in maintaining this progenitor pool by preventing 

differentiation [25]. Furthermore, this early work in Xenopus indicated that Notch signaling 

is involved at several stages throughout retinal development, with the two major roles of 

RPC maintenance and MG specification. This iterative role for Notch is supported by similar 

findings in mice and fish. Typically, Notch1 is expressed by proliferating progenitors and 
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undifferentiated progenitors during development, and then retained in MG in the mature 

retina [25-27].

The overexpression of the NICD from Notch1 in the RPCs of mice through a conditional 

Cre recombinase system promotes the appropriate early progenitor state of RPCs in the 

embryonic retina, but the maintenance of Notch signaling in RPCs in the postnatal retina 

leads to an overproduction of glia with inappropriate expression of both progenitor and glial 

genes [28]. In contrast, the inhibition of Notch signaling through a gamma secretase 

inhibitor, or a mindbomb mutant in zebrafish, results in normal neuronal differentiation, but 

leads to disorganization of the retinal architecture due to the loss of MG, which serve as a 

scaffold for migrating neurons [29]. This suggests that while neuronal differentiation 

requires the loss of Notch, the dynamic regulation of Notch is necessary for proper retinal 

development, likely through the interaction of Notch with other prominent developmental 

signaling pathways. Indeed, the oscillation of the Notch effector Hes1 is necessary to ensure 

the correct balance of differentiation and neural progenitor maintenance by regulating the 

cycling of Notch ligands and pro-neural differentiation factors [30]. The sustained 

expression of Hes1is actually inhibitory to progenitor proliferation by slowing the cell cycle, 

and is instead associated with dormancy [31]. The mechanisms of the feedback loops 

underlying Hes1 cycling are unclear, but several other proteins associated with 

developmental signaling pathways also have oscillatory expression and may be important 

drivers of this process [32]. Consequently, the effect of disrupting the Notch signaling 

cascade is dependent on the total milieu of signaling factors present in the developing retina 

at any given time. The dynamic feature of Notch signaling also has important implications 

for the utility and interpretation of studies using constitutive loss or activation of Notch, 

since they interfere with these complex interactions and regulatory loops. In spite of this 

limitation, recent work has helped uncover several of the other factors that regulate or 

influence Notch activity, which is starting to provide a framework for separating its pro-

proliferative and pro-glial features.

Receptor cleavage regulation

Since the activation of Notch signaling is a multi-step process, there are many prospective 

points of regulation. RanBP9 is an adaptor protein which helps to bridge membrane bound 

receptors with intracellular components that regulate the signaling of the receptors, and has 

been implicated in the regulation of brain development [33]. In the zebrafish retina, RanBP9 

has been identified as a binding partner of mindbomb, facilitating the interaction with the 

intracellular domain of the Notch ligand, delta, necessary for delta’s internalization [34]. 

Similar to the mindbomb mutant, loss of RanBP9 results in defective proliferation and 

premature neuronal differentiation in the retina. Snx5 co-localizes with mindbomb in 

endosomal compartments and is important for its trafficking and thus formation of 

mindbomb/delta complexes [35]. The microRNA miR-216a is expressed in a complimentary 

pattern to snx5 in the retina, and has been shown to regulate snx5 [36]. Consequently, 

knockdown of miR-216a results in increased Notch signaling. Notably, JAK2 has also been 

shown to be a target of miR-216a in other systems [37, 38], and this dual regulation of the 

Notch and JAK/Stat pathways may allow for a more potent inhibition of proliferation, as 

there is considerable cross-talk between these pathways. The Notch effectors Hes1 and Hes5 
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bind to Stat3 to facilitate its complex formation with JAK2 and subsequent activation [39]. 

Additionally, Stat3 has been found to co-oscillate with Hes1 and has been proposed to 

regulate Hes1 expression either directly or indirectly [32].

The mindbomb mediated internalization of ligand is accompanied by the transendocytosis of 

the extracellular domain of the Notch receptor, but first requires the cleavage of this 

ectodomain from the receptor expressing cell [11]. The ADAM family of 

metalloendopeptidases mediates the extracellular cleavage of Notch receptors in a tissue 

specific manner [40]. The activity of ADAMs then facilitates the subsequent cleavage of the 

NICD by the gamma-secretase complex [41]. While in the brain the cleavage activities of 

both ADAM17 and ADAM10 are important for pro-proliferative signaling, only ADAM10 

is required in the retina for proper Notch signaling [42]. The retinas of mice with a retina 

specific knockout of ADAM10 exhibit a decrease in the number of proliferating progenitors 

and increased differentiation of photoreceptors and retinal ganglion cells (RGCs), which can 

be rescued by the expression of Notch1 NICD. The regulation of ADAM10 involves 

interaction with the Wnt pathway. Sfrps are secreted glycoproteins which block the 

activation of Wnt mediated signaling cascades by preventing the interaction between Wnts 

and their receptors [43]. Sfrp1 and Sfrp2 can also bind ADAM10 and inhibit its interaction 

with Notch receptors [44]. Loss of these Wnt antagonists leads to a transient upregulation of 

Notch signaling and a disruption of retinal neurogenesis. The over-activation of Notch 

results in a pulse of proliferation followed by a compensatory downregulation of ligand, and 

eventually, differentiation, creating a bias toward early born neurons. Sfrps also facilitate 

interactions between Wnts with BMPs in the process of retinal dorsal-ventral patterning 

[45]. Sfrps, then, may be critical players in regulating the coordinated activities of multiple 

signaling pathways during retinogenesis, thereby influencing the context for associated 

Notch activity.

RPC maintenance

In post-embryonic Xenopus, activation of the Wnt pathway increases proliferation of retinal 

progenitors, whereas activation of the sonic hedgehog (Shh) pathway results in an 

overproduction of MG [46]. Shh signaling antagonizes Wnt signaling by enhancing 

expression of Sfrp1, which would also be expected to affect Notch signaling. The cross-talk 

between these various developmental signaling pathways creates a series of interdependent 

feedback loops which ultimately control the extent of proliferation within the retina. In the 

developing retina, Shh can also promote proliferation in a context dependent manner [47] 

and works in cooperation with Notch. In the postnatal mouse retina, Notch can induce the 

Shh effector Gli2 [48], which in turn can stabilize Hes1 [49]. This Notch-Gli2 axis is 

necessary to sustain a proliferative response to Shh in RPCs and MG [48], and reinforces the 

notion that Notch is permissive, rather than instructive. Consequently, signaling pathways 

that facilitate proliferation and growth during development can be repurposed to restrict 

proliferation in a mature organism, and this switch is mediated by changes in the way 

pathways are coupled to one another.
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MG specification

The transition of Notch from pro-proliferative to pro-glial also involves the dynamic changes 

in signaling cascades and the associated induction of transcription factors over the course of 

retinal development. A genome wide analysis of the postnatal mouse retina has revealed that 

Notch expression peaks several days after MG are born, suggesting that sustained Notch 

activity is necessary for proper glial maturation following cell cycle exit [50]. The LIM 

homeodomain transcription factor, Lhx2, may mediate this Notch dependent role in MG 

maturation through its direct regulation of a variety of Notch associated genes [51]. While 

constitutive activation of Notch permissively maintains cells in a RPC like state, Lhx2 

regulation of Notch controls MG differentiation. The retinas of Lhx2 knockout mice lack 

Notch signaling and MG, but this phenotype can be rescued by the expression of the NICD 

[52]. Notably, overexpression of the potently gliogenic Hes5 is insufficient for rescue, 

indicating that multiple Notch target genes are involved in the specification of MG. 

Furthermore, Lhx2 must act in coordination with multiple intrinsic factors during this 

process. LIM domain binding (Ldb) proteins are cofactors which associate with LIM domain 

containing proteins and stabilize protein complexes [53]. In the mouse retina, Ldb1 and 

Ldb2 interact with Lhx2. While the loss of both proteins depletes the pool of RPCs leading 

to premature cell cycle exit and differentiation, Ldb2 is sufficient to sustain Lhx2 expression 

in MG [54].

Although many experiments manipulating Notch signaling focus on the NICD of Notch1, 

there is an increasing amount of evidence that the combined activity of multiple Notch 

components is necessary for proper retinogenesis. miR-7a is expressed in an opposing 

gradient to the transcription factor Pax6 and is involved in the specification of distinct types 

of mature neurons in the brain [55]. In the zebrafish retina it has been shown to play a role in 

the de-differentiation of MG, and knockdown of miR-7a phenocopies Pax6 mutants [56]. In 

the developing mouse retina, miR-7a negatively regulates MG differentiation by targeting 

Notch3, without affecting RPC proliferation [57]. Consequently, it is not simply the 

temporal pattern of signaling events, but also the spatial patterning of the signaling 

components that drives retinal development.

Spatial and temporal patterning of Notch

In the embryonic rat retina the Notch ligands delta and jagged are expressed in 

complimentary regions such that different combinations of ligand and receptor direct the 

development of distinct subsets of cells within the retina [26]. Jagged is expressed in the lens 

and ciliary margin, while delta is most strongly expressed in the central retina, in a 

coincident pattern with Notch1. The receptors have both distinct and overlapping patterns 

with Notch2 expressed strongly in the retinal pigment epithelium (RPE), and Notch3 

expressed at a low level throughout the retina from E12.5 to E14.5. In the embryonic mouse 

retina, the interaction of RPE expressed ligand and Notch1 on RPCs has recently been 

shown to influence the cell fates of RPC derived daughter cells [58]. The daughter cell in 

closest proximity to the RPE receives extra ligand, thereby increasing Notch activity and 

maintaining progenitor status. Meanwhile, the other daughter experiences a lower level of 

receptor-ligand engagement and proceeds toward differentiation. The disruption of this 

Mills and Goldman Page 5

Curr Pathobiol Rep. Author manuscript; available in PMC 2018 December 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Notch promoting niche through the loss of mindbomb in RPE cells leads to retinal 

disorganization and an imbalance of cellular subtypes biased toward more neurons, 

particularly photoreceptors.

The differential expression of Notch components in combination with other signaling and 

transcription factors can control the wave of neurogenesis in the developing retina. In the 

embryonic mouse retina, the Notch ligands delta-like 1 (Dll1) and Dll4 are expressed 

sequentially in a manner that prevents premature differentiation and contributes to cell type 

diversity [59]. This sequential expression may explain why Dll1 is critical for the 

differentiation of RGCs, but not other retinal cell types [60]. Dll1 exerts both cell 

autonomous and non-autonomous effects, both of which are necessary for retinal expression 

of Hes1. However, only the cell autonomous effects are needed for RGC differentiation. The 

transcription factors Atoh7 and Neurog2 are also critically important for the differentiation 

of RGCs [61, 62]. Although they are both activated by Pax6 and have coincident expression 

and onset in the mammalian retina, they are differentially regulated by Notch [63]. Atoh7 is 

required for the specification of early cell fates in RPCs, and is inhibited by Notch in a 

canonical lateral inhibition mediated manner involving Notch1 and Hes1. The differentiation 

of these initial neurons also depends on a feedback loop between Atoh7 and Notch, as it has 

been shown that in chick Atoh7 activates Hes5.3, which allows for the build-up of the 

necessary differentiation factors by retarding cell cycle progression [64]. The regulation of 

Neurog2 is more complex, as it participates in an oscillatory expression loop with Hes1 [30], 

but its patterning in the distal retina requires both Notch1 and Notch3, and is mediated by 

Rbpj in a Hes independent manner [63]. In this way, the spatial restriction of Notch 

components regulates Neurog2 expression and the propagation of neurogenesis across the 

retina. Additionally, a mathematical model of this process, suggests that the neurogenic 

wave propagation is produced through a combination of Notch mediated lateral inhibition 

and growth factor diffusion [65].

Regeneration

Regeneration is often characterized as a process involving the reactivation of developmental 

programs, but this description is an oversimplification of the reality. While many of the same 

signaling pathways and molecular players are involved, progenitor cells within developing 

and mature nervous systems exist in vastly different environments. As a result, activation of 

some of the same pathways that facilitate neural development could actually inhibit 

productive regeneration. The differential interactions amongst signaling pathways in the 

mature versus the developing retina may also contribute to the species variation in 

regenerative capacity, with pro-regenerative species harboring an environment that more 

fully replicates the spectrum of developmental dynamics (see Figure 1). Due to its context 

dependency, Notch signaling is likely to be a key mediator of these differences. This could 

involve differential regulation, responses of downstream effectors, and/or coupling to other 

signaling pathways. Unfortunately, most studies use broad methods of Notch repression or 

activation, making it difficult to uncover potentially crucial differences in the timing and 

molecular details of Notch’s contribution to the regenerative response. Side-by-side studies 

comparing pro- and non-regenerative species are key to determining which aspects are most 

relevant.
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Pro-regenerative species

Currently, our best understanding about Notch signaling in the regenerating retina comes 

from zebrafish. In the zebrafish retina, MG respond to injury by re-entering the cell cycle, 

and these MG-derived progenitors then go on to differentiate and regenerate the retina [24]. 

Notch signaling is dynamically regulated during this process, characterized by an initial 

decrease followed by an up-regulation of specific Notch components [66-68]. Unlike in 

mammals, Hes1 expression is maintained in MG in the mature retina [29], and in the 

absence of damage, Notch maintains MG in a state of quiescence [69] . In the context of 

injury, Notch signaling is primarily involved in regulating the expansion of the MG-derived 

progenitor pool, as the zone of proliferation is expanded by global repression and limited by 

constitutive activation of Notch [66]. Additionally, an analysis of retinal regeneration 

associated miRNA expression has identified miRNAs that contribute to MG-derived 

progenitor proliferation, and several of these, including miR-7a, miR-146a, and miR-31 have 

been shown to regulate Notch in other systems [56]. Although repression of Notch can 

stimulate a small increase in the expression of de-differentiation markers including Ascl1a, 

this is not sufficient to produce a strong proliferative response in the retina; additional 

damage related signals are necessary [66, 69, 68]. The identities of many of these damage 

induced molecules have been uncovered in recent years [66, 68, 70-72] , but more work is 

needed in understanding the details of how they interact with the Notch signaling pathway.

The release of cytokines following injury, including IL-6, leads to stimulation of gp130-

coupled cytokine receptors, and activation of the Jak/Stat pathway [70]. The repression of 

the Notch pathway also induces Stat3, suggesting that in the mature fish retina Notch may 

inhibit Jak/Stat ligands [69]. Although active phosphorylated Stat3 is associated with 

proliferation in both developmental and regenerative contexts, the interaction with the Notch 

pathway may be altered, as Notch activity is typically associated with Stat3 activation during 

development [39]. Notably, the cocktail of growth factors present in a tissue can influence 

the location(s) of Stat3 phosphorylation, and this differential phosphorylation is associated 

with either the proliferative or glial properties of Notch [73].

Notch’s participation in a feedback loop with the growth factor HB-EGF has been shown to 

be critical for its ability to confine the zone of proliferation to the area immediately adjacent 

to the injury site [66]. Retinal damage stimulates the production of HB-EGF, which activates 

various Notch components via Ascl1a. Notch signaling, in turn, represses both HB-EGF and 

Ascl1a, thereby limiting proliferative capacity to MG-derived progenitors experiencing the 

greatest concentration of damage induced signals. It has recently been demonstrated that the 

initial decrease in Notch signaling following injury is dependent on Fgf8a, which itself 

undergoes an age-dependent switch from the facilitation to the inhibition of proliferation by 

progenitor cells [68]. Since Fgf8 is not expressed in the mature mammalian retina, this 

interaction between Notch and Fgf8 may be related to the unique feature of zebrafish retinal 

regeneration in which Notch is inhibitory, rather than stimulatory.
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Non-regenerative species

The success of regeneration in zebrafish lies in the ability of MG-derived progenitors to both 

proliferate and differentiate into the appropriate retinal cell subtypes. In some species, such 

as the chick, MG are capable of de-differentiating and proliferating, but fail to properly 

differentiate into neurons [74]. This difference appears to be mediated, at least in part, by 

Notch signaling. The details of the interactions and mechanism by which Notch signaling 

participates in the differentiation process during regeneration in the zebrafish retina still 

need to be worked out, and could offer critical insight into how to elicit successful 

regeneration in other species. It is important to note that most studies use Notch components 

such as receptor or Hes gene expression as read-outs, but this approach does not convey the 

full breadth of Notch related changes, and could potentially be misleading. An accurate 

depiction requires the use of a Notch signaling reporter, which at this point has only been 

used in zebrafish [68]. Therefore, a comprehensive understanding of Notch signaling in the 

MG of non-regenerative species is still lacking, and is likely to be more complex than is 

currently appreciated. In the chick retina, MG normally express low levels of Notch1, which 

is upregulated following retinal damage, reaching a peak of expression during the period of 

greatest progenitor proliferation [75]. While Notch signaling can facilitate the de-

differentiation process initially, its persistence prevents neuronal differentiation later on. 

Similar to zebrafish, signaling through gp130 and activation of the Jak/Stat pathway is 

necessary for the proliferation of MG-derived progenitors, however, in chick, gp130 

promotes Notch and inhibits the neurogenic potential of the progenitors [76]. The reasons 

for the discrepancy need to be determined, but may involve differences between the coupling 

of the Notch and Jak/Stat pathways as well as the sites of Stat3 phosphorylation.

Although extremely limited, MG reprogramming in the rat retina also involves the 

interaction of Notch with growth factors and developmental signaling pathways. MG from 

retinal explants cultured in the presence of the Notch ligand Jagged1, and the Wnt signaling 

protein Wnt3a, are capable of de-differentiating and proliferating [77]. These activated MG 

can also differentiate into photoreceptors upon removal of the ligands. The ability of Notch 

to induce cell cycle re-entry may be mediated, at least in part, by its regulation of the cyclin 

dependent kinase inhibitor, p27Kip1. The activation of Notch signaling leads to the 

transcriptional repression of p27Kip1 and induction of Skp2, which further inhibits p27Kip1 

by directing its post-translational degradation [78]. In vivo, the ability to precisely regulate 

the temporal variations in Notch signaling necessary to achieve both MG activation and 

neuronal differentiation is far more limited and represents a real barrier in the effort to 

develop effective therapeutic strategies for retinal repair. Following NaIO3 induced retinal 

injury, some rat MG down-regulate expression of p27Kip1 and re-enter the cell-cycle [79]. 

There is also a transient peak of NGF a few days after injury, and a more sustained decrease 

in protein levels of Notch1 and Hes1 which slowly re-accumulate over the course of a 

month. Similar to development, this biphasic feature of Notch facilitates the transition from 

proliferating progenitors to differentiated neurons, as prolonged Notch signaling leads to 

gliosis.

Reactive gliosis can promote inflammation, exacerbate damage, and prevent neurogenesis 

[80]. Consequently, there is strong interest in understanding the mechanism underlying 
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gliosis as well as developing methods to modulate Notch activity in the context of retinal 

repair. The transcription factor Lhx2, which is essential for MG specification during 

development, also appears to play a key role in preventing gliosis in the mouse retina. The 

loss of Lhx2 in mature MG blocks the expression of injury induced MG-derived 

neuroprotective factors and results in a program of reactive gliosis [81]. Since Lhx2 is 

associated with Notch activation in the developing retina and relies on the coordinated 

activities of several intrinsic factors, the interaction between Lhx2 and Notch signaling may 

be altered in the context of the mature retina. The transplantation of olfactory ensheathing 

cells into the subretinal space of rats with retinal degeneration can improve neuronal survival 

and prevent gliosis [82]. This appears to be due, in part, to the down-regulation of Notch 

signaling by MG through Notch3, and this decrease in the expression of a subset of Notch 

components may be mediated by matrix metalloproteinases. More work is needed to 

understand exactly how Notch signaling contributes to non-regenerative gliosis.

Conclusions

Notch interacts with a variety of signaling pathways during development to pattern the 

retina. The complex process of activation following receptor-ligand binding involving many 

accessory proteins and multiple cleavage events provides for an extensive network of 

regulation that serve as check-points to ensure proper development. The coordinated 

activities of Notch signaling and growth factors facilitate the specification of retinal cells 

both during development and regeneration. The altered environmental milieu of growth 

factors and signaling molecules in a damaged mature retina as compared to a developing 

retina can impact the regulation and activity of Notch signaling in these two contexts. In the 

mammalian retina, reactivation of Notch typically leads to nonproductive gliosis, but more 

dynamic and transient methods of Notch manipulation that better recapitulate changes 

exhibited in the retinas of more regenerative species could be ameliorative. Overall, a better 

understanding of cell type specific Notch targets may help uncover differences in the 

intrinsic reprogramming capacity of MG from different species and improve the 

development of therapeutics in the future.
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Figure 1. Notch signaling dynamics in retinal development and regeneration
(A) During development the level of Notch in retinal progenitors (RPCs) determines whether 

they will be maintained or differentiate. A decrease in Notch is necessary for proper 

differentiation.

(B) In the adult retina of pro-regenerative species, like zebrafish, high levels of Notch 

signaling maintain the quiescence of Muller glia (MG). Following injury MG downregulate 

Notch signaling and up-regulate reprogramming factors, allowing them to re-enter the cell 

cycle and proliferate. In a low Notch environment the MG-derived progenitors are capable 

of differentiating into neurons and regenerating the retina.

(C) In the adult retina of a non-regenerative species (mammals), Notch is low in quiescent 

MG. If Notch increases endogenously (chick) or through exogenous intervention (mouse), 

MG can re-enter the cell cycle and proliferate at low levels. However, sustained Notch 

results in reactive gliosis and the release of neurotoxins by MG, furthering retinal damage.
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