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Abstract

Müller glia are non-neuronal support cells that play a vital role in the homeostasis of the eye. 

Their radial-oriented processes span the width of the retina and respond to injury through a 

cellular response that can be detrimental or protective depending on the context. In some species, 

protective responses include the expression of stem cell-like genes which help to fuel new neuron 

formation and even restoration of vision. In many lower vertebrates including fish and amphibians, 

this response is well documented, however, in mammals it is severely limited. The remarkable 

plasticity of cellular reprogramming in lower vertebrates has inspired studies in mammals for 

repairing the retina and restoring sight, and recent studies suggest that mammals are also capable 

of regeneration, albeit to a lesser degree. Endogenous regeneration, whereby new retinal neurons 

are created from existing support cells, offers an exciting alternative approach to existing tissue 

transplant, gene therapy, and neural prosthetic approaches being explored in parallel. This review 

will highlight the role of Müller glia during retinal injury and repair. In the end, prospects for 

advancing retinal regeneration research will be considered.
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1. Introduction

With nearly 285 million people suffering from impaired vision worldwide, retinal 

degenerations (RD) resulting from the loss of retinal photoreceptors (PR) or ganglion 

cells (RGCs) represent a major cause of permanent blindness (Pascolini & Mariotti, 

2012). Although the cause of glaucoma, retinitis pigmentosa (RP), and age-related macular 

degeneration (AMD) can vary, close to 300 different genes and loci are implicated in 

RD, making this a difficult collection of disorders to address (Daiger et al., 1996). 

Current experimental approaches for restoring vision include gene therapy, cell or tissue 

transplantation and prosthetic stimulators, all of which are invasive and merely delay vision 

loss. Endogenous regeneration, which relies on the retina’s innate ability to repair itself, is 

an alternative with the potential to restore vision even after retinal neuron loss.

Following retinal injury, zebrafish and other lower vertebrates have the remarkable 

capability of restoring lost cells. They do so through cellular reprogramming of retinal 

pigment epithelial and Müller glial (MG) cells that dedifferentiate, transition into neural 

progenitors and finally differentiate into neurons. Although self-repair is common in fish and 

amphibians, this capability appears to be attenuated in mammals. A better understanding of 

self-repair mechanisms across species could pave the way for repair of the human retina.

2. Müller glia anatomy

2.1. Anatomy and function of Müller glia

Rod and cone PRs convert photons of light into electrical impulses that are transmitted 

through bipolar cells to the brain by way of RGC projections [Fig. 1]. Horizontal 

and amacrine interneurons modulate these signals through lateral inhibition, a feedback 

mechanism that disables the spreading of excitatory signals from adjacent PRs and bipolar 

cells and increases visual contrast. Radial MG spanning the retina regulate homeostatic 

properties and maintain retinal structural integrity. Although their cell bodies span the 

entire width of the retina, their nuclei reside in the inner nuclear layer (INL). MG have 

many activities, including neurotrophic factor release to support neurons, regulation of 

neuronal excitability by controlling the balance of extracellular ions and by blocking 

neural excitotoxicity (Sarthy & Ripps, 2001). This is accomplished via the recycling 

of glutamate and gamma-aminobutyric acid (GABA) neurotransmitters (Kawasaki et al., 

2000). MG can also phagocytose dead cell debris through phosphatidylserine-Rac1 signaling 

(Nomura-Komoike et al., 2020). While the retinal pigment epithelium (RPE) regulates 

chromophore regeneration of rods and cones, MG also contribute to cone-specific visual 

pigment recycling (Wang et al., 2004).

2.2. Response to retinal injury by Müller glia

MG are naturally resistant to lethal damage; however, retinal injury can lead to reactive 

gliosis, a process involving glial cell hypertrophy and retinal scarring. In the short term, 

neurotrophic factor release protects neurons from cell death but long term, gliosis can 

cause neuro-degeneration and cell debris accumulation. During proliferative gliosis in lower 

vertebrates, MG adopt a ‘stem-like’ state, proliferate and form multipotent progenitors 
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which can differentiate into new neurons. This involves asymmetrical cell division and cell 

migration into the appropriate cell layers. Dedifferentiation into a proliferative state, as 

occurs in lower vertebrates, is a key feature for MG replacement.

3. Retinal regeneration models across species

Retinal cell fate determination of early and late-born cells is tightly controlled by a myriad 

of extrinsic and intrinsic cues that guide multipotent progenitors into various classes of 

neurons and glia (Cepko et al., 1996). These are specified in an overlapping fashion with 

RGCs being the first to be born followed by amacrine, horizontal, and cones. Rods, bipolar 

cells and MG take considerably longer to develop.

In mammals, MG typically do not generate new PR or RGC neurons. However, several 

model organisms including amphibians, birds and fish have long been recognized for 

their self-repair capability (Bernardos et al., 2007; Fausett & Goldman, 2006; Fischer & 

Reh, 2001; Yoshii et al., 2007). Insight from these species may hold important clues for 

controlling this process in humans.

3.1. Retinal regeneration in fish

Unlike mammals, teleost fish such as zebrafish and goldfish can rebuild damaged retinas 

and restore vision. While fish retinas share some characteristics with mammalian and avian 

retinas, notable differences exist. In fish, ciliary margin zone (CMZ) stem cells produce new 

neurons throughout life (Wan et al., 2016). MG also contribute to the regenerative potential 

of the eye by spontaneously generating rod progenitors at low frequency throughout life 

as well other retinal cells in response to injury (Thummel et al., 2008). Regeneration 

occurs after MG dedifferentiation and asymmetric cell division gives rise to new MG and 

multipotent daughter cells, the latter of which can reinstate lost neurons (Johns & Fernald, 

1981).

3.2. Retinal regeneration in amphibians

In urodele amphibians (newts and salamanders) regeneration mediated by RPE 

transdifferentiation occurs through the activation of the extracellular signal-regulated 

kinase (ERK1/2) pathway and separately by regeneration through MG (Del Rio-Tsonis & 

Tsonis, 2003). Anuran amphibians (Xenopus tadpoles) with surgically excised retinas also 

demonstrate ERK1/2 mediated retina regeneration induced by exogenous FGF2 (Vergara & 

Del Rio-Tsonis, 2009). In addition, upon mechanical or chemical injury, frog MG readily 

proliferate to produce neural progenitors that later differentiate into photoreceptors (Langhe 

et al., 2017).

3.3. Retinal regeneration in birds

In birds, full retinal regeneration is possible only in early embryonic development. Later, 

the retina responds to injury by limited MG proliferation that is biased towards bipolar and 

amacrine cell generation. This asymmetric cell division is regulated by Notch signaling and 

new cells can be recognized by the marker genes achaete-scute homologue 1 (ASCL1), 

paired box 6 (PAX6) and visual system homeobox 2 (VSX2) (Ghai et al., 2010). This 

Agarwal et al. Page 3

Stem Cell Res. Author manuscript; available in PMC 2024 January 11.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



appears to be at least partially regulated by fibroblast growth factor 2 (FGF2), insulin 

and insulin-like growth factor 1 (IGF1) and downstream activation of ERK1/2 signaling 

pathways that stimulate MG proliferation and neural progenitor cell formation (Fischer et 

al., 2002).

3.4. Retinal regeneration in mammals

For many years, it was thought that regeneration in mammals does not occur. Retinal 

injury would lead to MG proliferation and expression of stem-like genes; however, this 

would not generate new retinal progenitors but rather MG undergoing reactive gliosis with 

subsequent retinal scarring, detachment, and further loss of vision. Despite the resistance 

to self-repair in the native retina, mouse MG are still partially capable of regenerating 

PRs and RGCs when transplanted into damaged retinas, provided they receive appropriate 

microenvironment cues, including growth factors and hormones such as EGF, FGF1, and 

insulin (Karl et al., 2008). Transcription factors can also regulate cell conversion, and in 

one study, de novo genesis of rods was observed in vivo when Adeno Associated Viruses 

(AAV) expressing beta (β)-catenin, followed by OTX2, CRX, and NRL were sequentially 

delivered to MG (Yao et al., 2018). Given the non-specific activity of viruses and a lack of 

genetic lineage-trace reporters for fate mapping, there are concerns regarding the accuracy of 

this AAV-based method for MG-derived regeneration (Blackshaw & Sanes, 2021; Le et al., 

2022).

4. Mechanisms of cellular reprogramming

Evidence that MG respond to injury by dedifferentiating and reentering the cell cycle 

is supported by lineage tracing studies that used the thymidine analog BrdU to monitor 

cell division. More recently, genetic tracers have been developed using a Müller cell 

driven Cre recombination approach whereby a constitutively expressed fluorescent protein 

is blocked by a LoxP-stop-LoxP (LSL) sequence that is selectively excised in MG for 

permanent cellular tracing, thus allowing MG and their progeny to be tracked throughout 

reprogramming, proliferation and redifferentiation (Hoang et al., 2022). Upon retinal injury, 

MG transduce signals along interconnected signaling pathways such as Jak-Stat, Mapk-

Erk, NF-κB, Notch, Pik3, Tgf-β, Wnt and Yap (Hippo) signaling to result in progenitor 

proliferation and exit from the cell cycle for neuronal differentiation across mammalian, fish, 

and avian species [Fig. 2].

4.1. Injury sensing or communication

Injury is a critical feature for regeneration across many species. Injury by light (UV or 

prolonged exposure to bright light), chemicals (N-methyl-D-aspartate (NMDA) or ouabain), 

mechanical trauma (needle poke), or toxic gene expression (e.g., nitroreductase) can 

stimulate the similar and sometimes convergent signaling pathways required to repair the 

retina (Fimbel et al., 2007; Montgomery et al., 2010; Vihtelic & Hyde, 2000). While acute 

exposure to bright light can destroy PRs, overstimulation of RGCs with NMDA or acute 

exposure to toxins can result in widespread collateral damage, and mechanical force usually 

annihilates all retinal cells in the affected area. During these many forms of injury, secretory 

factors including Wnts, adenosine diphosphate (ADP), ciliary neurotrophic factor (Cntf), 
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heparin binding EGF-like growth factor (Hb-Egf), and tumor necrosis factor alpha (Tnfα) 

are produced at sites of injury where they communicate through paracrine and autocrine 

signaling to stimulate MG proliferation and reprogramming. While MG often remain in 

close contact with neighboring retinal cells in vivo, the disruption between injured cells 

and MG can activate nearby microglia which together infiltrate and phagocytose dead PRs. 

Importantly, microglia have been shown to suppress Ascl1-induced retinal regeneration in 

mice. To regenerate neurons across species, it will be necessary to better understand the 

many roles of microglia (Todd et al., 2020).

4.2. Activation of signal transduction pathways

Though the pathways and signaling molecules that regulate the cellular responses to injury 

and regeneration are still not completely understood, they involve a diverse cascade of 

signal transduction networks including Wnt-β-catenin, sonic hedgehog (SHH), epidermal 

growth factor (EGF), and ASCL1. The convergence of these networks at Ascl1 stimulates 

regeneration across a range of species through multiple pathways (Pollak et al., 2013). 

Pharmacological inhibition and gene disruption studies implicate glycogen synthase kinase 

3β (Gsk3β)-β-catenin, Notch, Mapk–Erk and Jak–Stat signaling pathways as important 

for regulating regeneration [Fig. 2]. In NMDA-injured mouse retinas, Wnt3a initiates MG 

proliferation whereas subsequent treatment with growth factors (EGF, FGF1, or combined 

FGF1/insulin) leads to the formation of a small number of amacrine cells (Karl et al., 2008; 

Osakada et al., 2007). Overexpression of the Hippo pathway effector Yap also triggers MG 

cell cycle re-entry and proliferation (Hamon et al., 2019; Lourenco et al., 2021; Rueda et 

al., 2019). Furthermore, overexpression of downstream Ascl1 facilitates amacrine, bipolar 

and PR cell generation (Ueki et al., 2015; Jorstad et al., 2017). These effects can be 

augmented by inhibiting histone deacetylase (HDAC). Contrarily, a recent study showed that 

HDAC inhibition is not necessary since Atoh1 and Ascl1 overexpression in mouse MG can 

synergistically cooperate with each other to reprogram MG into light-responsive neurons in 
vivo in the absence of HDAC inhibition (Todd et al., 2020). Even in the absence of injury, 

β-catenin overexpression can contribute to de novo rod PR generation (Yao et al., 2018).

4.3. Cell cycle exit and differentiation

Cellular reprogramming stimulated by the Gsk3β–β-catenin, Notch, Mapk-Erk and Jak-Stat 

pathways regulates Ascl1 chromatin binding (Jorstad et al., 2020; Meyers et al., 2012; 

Nelson et al., 2012; Ramachandran et al., 2011), which in turn controls the expression 

of proneural Wnts, insulin-like growth factor-1 (Igf-1), fibroblast growth factor (Fgf), 

Heparin Binding EGF Like Growth Factor (Hbegf), Lin28, apolipoprotein B mRNA editing 

enzyme, catalytic polypeptide like 2b (Apobec2b), insulinoma-associated 1a (Insm1a), and 

phosphorylated Stat3. Ascl1 also regulates factors (e.g., let-7, Notch, Dkk, Insm1a, p57) that 

inhibit neural progenitor formation [Fig. 3]. Notably, the transcriptional repressor Insm1a 

plays a role in both MG reprogramming and cell cycle exit by driving p57 expression 

and Dkk inhibition. While activation of Gsk3β–β-catenin, Notch, Mapk–Erk and Jak–Stat 

encourages neural precursor formation, Gsk3β inhibition specifically promotes symmetrical 

division into two neurons which depletes the pool of dedifferentiated MG (Meyers et al., 

2012). In most cases, proliferative MG undergoing reprogramming divide asymmetrically 

near the outer retina ventricular zone to generate a population of Müller cell-derived 
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progenitors that undergo a finite number of cell divisions before differentiating into new 

retinal neurons. In addition to Ascl1a, other transcription factors including Pax6b, TGF-β 
induced factor 1 (Tgif1), and sine oculis homeobox homolog 3 (Six3) can contribute to MG 

expansion/conversion (Lenkowski et al., 2013; Thummel et al., 2010).

5. Summary and conclusions

Most vertebrates can regenerate retinal neurons when MG sense injury or damage; 

this process involves progenitor cell formation, proliferation, cell cycle exit and neural 

differentiation. Studies of mechanical and pharmacological injury paradigms have led to 

the identification of growth and secretory factors that simulate cellular reprogramming 

and proliferation including Gsk3β–β-catenin, Notch, Mapk–Erk, and Jak–Stat signaling 

pathways. To better understand how regeneration can be controlled in mammals, further 

study of these pathways and their downstream effector genes across species is needed.

5.1. Future prospects

Retinal organoids derived from human pluripotent stem cells (hPSCs) mimic many aspects 

of human eye development and form all major classes of retinal cells in their proper laminar 

position (Nakano et al., 2012). Given their accessibility to experimental manipulation, 3D 

retinal organoids offer an exciting new platform for testing interventions that promote 

regeneration in human retinal degenerative diseases [Fig. 4]. Despite advancements in retinal 

regeneration, there are still knowledge gaps that have hindered progress in mammals. Recent 

work characterizing transcriptional profiles of injured/regenerating retinas across fish, birds, 

and mice may address some of this and has uncovered an important role for NF-κB in 

regulating MG proliferation (Hoang et al., 2020). NF-κB signaling can lead to SMAD3 and 

ID inhibition, resulting in the generation of Ascl1-positive neurons (Lee et al., 2020). During 

PR regeneration in chicken and mice, reactive microglia modulate NF-κB and regulate 

MG conversion (Palazzo et al., 2020; Palazzo et al., 2022). The RNA binding protein 

PTBP1 was also identified as a regulator of neural reprogramming with knockdown leading 

to de novo generation of RGCs following injury (Zhou et al., 2020). While this initially 

appeared to be mediated by MG conversion, subsequent studies using a Cre-LoxP-based 

lineage-traced reporter system failed to confirm a MG connection and suggested that new 

RGCs may not have originated from MG (Hoang et al., 2022; Xie & Chen, 2022; Xie et 

al., 2022). Reversing injury in the human retina, therefore, will require further knowledge of 

transcriptional differences between humans and other vertebrates and genetic fate-mapping 

lineage reporter experiments will be necessary to confirm MG-to-neuron conversion.
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Fig. 1. 
Structure of the Human Retina. The human retina has four nuclear layers: the outer, inner, 

ganglion cell, and retinal pigment epithelium layers (ONL, INL, GCL, RPE). Rod and cone 

photoreceptor (PR) cells, which are responsible for transducing light into electrical signals, 

are found in the outer retina between the retinal pigment epithelial (RPE) layer and the 

outer plexiform layer (OPL) where they connect with bipolar cells (BC) in the inner retina. 

Electrochemical signals then propagate through bipolar cells of the INL towards the inner 

plexiform layer (IPL) where they synapse with retinal ganglion cells (RGCs). The INL 

has horizontal and amacrine cell interneurons whose role is to modulate and refine vision 

through lateral inhibition and/or neuromodulation. RGC axons bundle emanating from the 

retinal ganglion cell layer (RGC) form the optic nerve which leaves the back of the eye, 

passes through the optic chiasm and connects with either the lateral geniculate nucleus 

(LGN) or to a lesser extent the superior colliculus (SC). From there nerve impulses connect 

to the visual cortex. In addition to neurons, two other types of cells found in the retina 

include Müller glia (MG) and RPE cells, both of which support the neurons of the retina. 
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MG serve as the principle supporting glia of the eye and have nuclei in the INL, but cell 

bodies that span all layers of the retina. RPE cells absorb light while remaining in contact 

with PRs and serve a critical role in recycling pigmentation of PRs.
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Fig. 2. 
Signaling Pathways for Müller Cell Reprogramming and Proliferation. Regeneration is 

a highly regulated, multistep process that requires the expression of specific genetic 

programs at each stage and is influenced by the combined activity of secretory Wnt 

glycoproteins, inflammatory cytokines, and growth factors. (1) Wnts bound to Frizzled 

receptors activate Dishevelled Segment Polarity Protein 3 (Dvl3) to inhibit Gsk3β, which 

normally destabilizes β-catenin. A stabilized β-catenin is required for the proper linking 

of E-Cadherin to cytoskeletal structures to provide proper cell adhesion as well as gene 

expression leading to Müller cell reprogramming and retinal progenitor formation. β-catenin 

is a dual-function molecule that participates in cell adhesion to maintain structural integrity 

and polarity and as a transcriptional regulator that modulates gene expression; both 

contribute to MG dedifferentiation and progenitor formation. β-catenin can induce Yap/Taz 

(Hippo) signaling which can indirectly activate Lin28 to coax Müller glia de-differentiation. 

In addition, Wnt signaling is inhibited by its antagonist Dickkopf (Dkk). (2) Simultaneously, 

insulin and Igf1 signal through Insulin Receptor Substrate (IRS), Pik3, and Akt to inhibit 

Gsk3β. (3) Next, fibroblast growth factor (Fgf) and Hbegf bind to their receptors and 

control Egfr and mitogen-activated Mapk–Erk signaling that also end in reprogramming of 

Müller glia and cell division. (4) Meanwhile, cytokines acting via their respective receptors 

stimulate Jak proteins that phosphorylate Stat molecules to stimulate retinal regeneration by 

promoting gliogenesis. (5) Inhibition of NF-kB enhances Müller glia proliferation while its 

activation suppresses proliferating progenitor glia in a manner coordinated by microglia. (6) 

Furthermore, Tgf-β acts through the Smad pathway to coax Müller cells to exit quiescence, 

(7) interfering microRNA let-7, and RNA binding protein Lin28 are negatively regulated by 

each other and (8) Delta-Notch signaling complement modulated by the extracellular matrix 

(ECM); collectively these confer stem cell-like properties to Müller cells and stimulate 
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retinal progenitor formation. Solid lines trace the pathways directly involved in Müller 

cell-mediated retinal regeneration, whereas dashed lines indicate the indirect ones.
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Fig. 3. 
Transcriptional Signaling Cascades in Retinal Regeneration. Injury signals are transduced 

by growth factors, cytokines, and Wnts that impinge upon the Gsk3β–β-catenin, Mapk-Erk, 

and Jak-Stat signaling pathways which enable activation and reprogramming of Müller Glia. 

These pathways stimulate the injury-dependent expression of Ascl1a that participates in 

progenitor proliferation by regulating the Notch-Delta, Wnt4a, Lin28, Apobec2b, Insm1a 

genes. Ascl1a also controls factors that inhibit neural progenitor formation and help in cell 

cycle exit/differentiation such as microRNA let-7, Notch, Insm1a, Dkk, p57, etc.
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Fig. 4. 
Generation and Application of Retinal Organoids. To generate retinal organoids, a blood 

draw is conducted in a patient with degenerative retinopathy, and peripheral blood 

mononuclear cells are extracted from the specimen. Sendai virus is used to reprogram 

the cells to form iPSCs which are later differentiated into 3D retinal organoids. CRISPR-

Cas9 mediated gene editing can be utilized to model or correct disease states during the 

creation of organoids which can be validated by electrophysiology techniques or applied in 

drug screening, endogenous regeneration, and transplantation studies. These organoid-based 

approaches can potentially accelerate the development of treatments for retinal degeneration 

in the future.
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