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Abstract

Significance: Retinal neurons are vulnerable to disease and injury, which can result in neuronal death and
degeneration leading to irreversible vision loss. The human retina does not regenerate to replace neurons lost to
disease or injury. However, cells within the retina of other animals are capable of regenerating neurons, and
homologous cells within the mammalian retina could potentially be prompted to do the same. Activating
evolutionarily silenced intrinsic regenerative capacity of the mammalian retina could slow, or even reverse,
vision loss, leading to an improved quality of life for millions of people.

Recent Advances: During development, neurons in the retina are generated progressively by retinal progenitor
cells, with distinct neuron types born over developmental time. Many genes function in this process to specify
the identity of newly generated neuron types, and these appropriate states of gene expression inform recent
regenerative work. When regeneration is initiated in other vertebrates, including birds and fish, specific sig-
naling pathways control the efficiency of regeneration, and these conserved pathways are likely to be important
in mammals as well.

Critical Issues: Using insights from development and from other animals, limited regeneration from intrinsic
cell types has been demonstrated in the mammalian retina, but it is able only to generate a subset of partially
differentiated retinal neuron types.

Future Directions: Future studies should aim at increasing the efficiency of regeneration, activating regener-
ation in a targeted fashion across the retina, and improving the ability to generate specific types of retinal
neurons to replace those lost to disease or injury. Antioxid. Redox Signal. 39, 1039-1052.
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Introduction These interneurons, in turn, transmit signals to retinal

ganglion cells (RGCs), the output projection neurons of the

T HE HUMAN RETINA iS an intricately organized collection
of millions of neurons and glia whose primary purpose is
to collect visual information and relay it to visual processing
centers in the brain (Fig. 1). Within the retina, light is detected
by the rod photoreceptors, and the wavelength of light is de-
tected by cone photoreceptors. Rods and cones transmit signals
to retinal interneurons, the horizontal cells (HCs), bipolar cells
(BCs), and amacrine cells (ACs), which integrate information
about changes in and across their receptive fields, including
motion, direction, and changes in illumination.

retina, which integrate information and send it on to central
targets in the thalamus and midbrain. Retinal neurons are
supported by several types of glial cells, including Miiller
glia, nerve fiber layer astrocytes, astrocytes, oligodendro-
cytes, and others through the optic nerve and optic tract.
Like other regions of the mammalian nervous system, the
retina is vulnerable to injury and disease, and, once neurons
die, they are not replaced, leading to a permanent loss of
visual function. Neuronal death can be caused by acute injury
to neurons, as in hypoxia following central or branch retinal
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The retina is the light-sensing tissue of the eye. (A) Light passes through the cornea and is focused by the lens to

strike the retina, which sits at the back of the eye. (B) Light is detected by photoreceptors, and information about the visual
field is passed through horizontal, bipolar, and amacrine interneurons, then to RGCs, which transmit this information to the

brain via the optic nerve. RGC, retinal ganglion cell.

artery occlusion, or to their axons, as in traumatic optic nerve
injury, where RGCs degenerate following damage to their
axons.

More commonly, cell death and resultant vision loss is
secondary to chronic damage incurred from the retinal or
optic nerve microenvironment (World Health Organization,
2019). In the case of glaucoma, a disease that affects an
estimated 76 million people worldwide, elevated intraocular
pressure is associated with progressive degeneration of
RGCs, and, to a much lesser extent, other retinal neurons,
causing progressive visual field loss and eventually leading to
blindness (Stein et al., 2021; Tham et al., 2014). Retinal
vascular blockade, as in artery or vein occlusions, or vascular
ischemia, as in diabetic retinopathy, are also common causes
of retinal neuron death (Stitt et al., 2016).

Retinal blood vessels also grow abnormally in the case of
age-related macular degeneration, leading to death of retinal
neurons and the adjacent retinal pigment epithelium (RPE);
age-related macular degeneration is the most common cause
of vision impairment in older adults, affecting an estimated
200 million worldwide (Mitchell et al., 2018). Other genetic
causes of photoreceptor cell death, such as retinitis
pigmentosa, are individually rare, but quite common in
aggregate.

Given the impact of vision loss due to retinal neuron death,
neuron replacement in the retina, whether by transplantation
or by recruitment of endogenous progenitors, is a major goal
of regenerative medicine. For neuron replacement by trans-
plantation, neurons must be produced in vitro in sufficient
quantities from induced pluripotent stem cells, then trans-
planted and integrated into the retina.

Stimulating intrinsic tissue regeneration bypasses the need
to exogenously transplant new neurons, instead relying on
progenitors in situ, or on transdifferentiated cell populations,
to produce new neurons where they are needed. In both cases,
it is necessary to understand the processes of neuron-type-
specific development and circuit integration to promote the
production of desired neuron types and position them to in-
tegrate and function in retinal circuits.

Retinal cell replacement from intrinsic progenitors is an
attractive strategy for preventing or curing vision loss. Pro-
ducing patient-specific cells in vitro and transplanting them
across an entire retina in sufficient numbers to attain mean-
ingful functional recovery remains technically challenging.
Even setting aside the technical challenges of performing
these transplants, the cost of this procedure, if performed with

patient-specific cells, would likely remain prohibitively high,
given the operational infrastructure required for personalized
cell-based therapeutics.

In contrast, intrinsic regenerative strategies may benefit
from the availability of safe and highly efficient gene delivery
across large areas of the retina using adeno-associated viruses
(AAV) (Chan et al., 2017). AAV-mediated gene delivery is
approved by the Food and Drug Administration to restore
gene function, and thereby vision, in patients with Leber’s
congenital amaurosis (Bainbridge et al., 2015). Therefore,
existing AAV vectors could possibly enable genetic manip-
ulation and subsequent reprogramming of endogenous cells
in the retina to generate new retinal neurons.

Despite the clear benefits of regeneration from endogenous
cells in the retina, significant knowledge gaps remain (Bassett
and Wallace, 2012; Brzezinski and Reh, 2015). Some de-
velopmental gene expression pathways that specify particular
retinal neuron subtypes are known, but others remain to be
discovered. Even when important transcriptional regulators
of subtype specification have been identified, knowledge of
the progenitors that produce a given neuron type is not cur-
rently sufficient to allow directed differentiation of pure
populations of specific subtypes (Cepko, 2014), and much
work remains to integrate foundational work on the sequence
of gene expression events and the subsequent coordination of
downstream genetic programs in normally developing retinal
neuron types (Clark et al., 2019; Sajgo et al., 2017).

Important proof-of-principle examples of intrinsic regen-
eration have been demonstrated, but they are inefficient and
generate limited and incompletely differentiated cell types
(Hoang et al., 2020; Jorstad et al., 2017). For any claim of
regeneration from endogenous precursors, it is critical to
rigorously demonstrate true regeneration, rather than neuron
sparing or mislabeling of non-degenerated endogenous neu-
rons (Blackshaw and Sanes, 2021).

In this review, we examine the basis, state of current
knowledge, and future challenges of intrinsic neuron regen-
eration in the retina. We discuss the molecular processes that
regulate generation of retinal neuron types during early de-
velopment, as well as the implications of developmental
knowledge for regeneration. We review evidence of regen-
eration across species and consider insights from non-
mammalian species that may be relevant for mammalian
retinal regeneration.

Regeneration in the mammalian retina could potentially be
achieved by induction of differentiation from any of several
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cell populations, and we discuss the merits and challenges of
each. Finally, we identify challenges that remain to trans-
lating existing and future model organism work to clinical
applications.

Specification and Differentiation of Retinal Neurons

Over the course of development, neurons are generated
from retinal progenitors, acquiring distinct type-specific
identities, a process that is tightly regulated by transcriptional
controls that specify and maintain these identities. After
migrating to the appropriate retinal layer, these neurons
produce elaborate dendritic trees and establish axonal pro-
jections to assemble into circuits. Retinal progenitor cells
(RPCs) progressively generate different neuron types, then
finally produce Miiller glial cells. The RPCs generate neurons
in a temporally stereotyped progression of type identities,
beginning with RGCs, ACs, and cones, followed by HCs and
BCs, and ending with rod photoreceptors.

As newly postmitotic neurons emerge from the cell cycle,
they begin to express characteristic transcription factors,
which set neuron-type-specific genetic programs into motion
to definitively establish their nascent identity. Finally, all
retinal neurons must form circuits with specific partners of
various identities, and RGCs must establish a long-distance
axonal projection that enables the targeted transfer of infor-
mation from the eye to central visual centers.

Neurons in the retina are produced by RPCs, a population
of multipotent progenitors. The RPCs begin to proliferate
around the end of the second post-conception week in mice
and the seventh in humans (Mellough et al., 2019). Early
fate-mapping studies demonstrated that RPCs are multi-
potent, as sparse permanent labeling of clones during de-
velopment generally results in clones containing several
different neuron types (Turner and Cepko, 1987).

Later work has established the existence of a pool of un-
committed RPCs from which progenitors are continuously
recruited (Clark et al., 2019), beginning to produce biased
percentages of neuron types due to their expression of tran-
scription factors, including Prox1, Atoh7, and Ascll (Brze-
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zinski et al., 2012; Brzezinski et al., 2011; Dyer et al., 2003).
As in other areas of the nervous system, the potential of RPCs
to generate neuron types becomes progressively restricted
over time, and late RPCs lack the capacity to produce sub-
types from earlier in development (Belliveau and Cepko,
1999).

Expression of the transcription factor Otx2 by late pro-
genitors causes them to produce specific late cell fates
(Brzezinski and Reh, 2015), but the competence of late
progenitors to produce early cell fates can be restored with
expression of the transcription factor lkzfl (Elliott et al.,
2008). Understanding the relationship between transcription
factor controls and progenitor competence states, as well as
the plasticity of these competence states, is critically im-
portant for initiating and directing neuronal regeneration in
the retina.

Retinal neurons are generated from RPCs in a temporally
defined order, with different types produced in sequential
overlapping waves (Bassett and Wallace, 2012). The RGCs
are first to be produced, beginning around embryonic day (E)
11 in mice, followed by HCs, ACs, cone photoreceptors, rod
photoreceptors, and BCs (Rapaport et al., 2004) (Fig. 2). The
RPCs conclude their proliferative lifetime by producing
Miiller glia, the primary glial type of the retina (Goldman,
2014).

These waves last several days and are highly overlapping,
so a neuron type cannot be identified based solely on its
birthdate, but some types are born generally later or earlier
than others. Neuron types that are generated closer to each
other temporally often appear to be evolutionarily and mo-
lecularly more closely related with each other than with other
cells; for example, progenitors that typically generate ACs
and HCs will instead produce RGCs with the loss of Ptfla
expression (Fujitani et al., 2006), and progenitors generate
either BCs or rods according to expression levels of Vsx2 and
Prdml (Goodson et al., 2020; Livne-bar et al., 2006).

Even subtype diversity within a neuron type can be gen-
erated in a temporally stereotyped fashion, with progression
through subtypes in a defined order, as is the case for BCs
(West et al., 2022), ACs (Cherry et al., 2009), and RGCs

E10.5

FIG. 2. Retinal neuron
types are born in over-
lapping waves during de-
velopment. (7op) Retinal
progenitor cells produce ret-
inal neurons starting during
mid-embryogenesis in the

P10

o I,
! (]

Mature

i

7 ceeh ey

S

mouse, and they continue
producing neurons and self-
renewing until the second
week after birth. (Bottom)
Approximate timeline and
relative proportion of cell
type birth over time.

Mller
Glia




1042

(Shekhar et al., 2022). These molecular pathways that direct
neuron type specification during development can potentially be
exploited to favor intrinsic regeneration of one type or another.

Transcription factor regulatory networks, and the neuron-
type-specific downstream molecular differentiation pro-
grams they set in motion, specify and consolidate the identity
of retinal neurons. These identity-specifying transcription
factors were largely originally identified by loss-of-function
studies and continue to be investigated in large-scale single-
cell-sequencing studies, along with their downstream target
genes.

The development of RGCs and their molecular regene-
ration have been extensively studied. During early RPC
proliferation, transcription factors Pax6 and Vsx2 act re-
spectively to promote or inhibit Afoh7 expression (Riesen-
berg et al., 2009; Vitorino et al., 2009). Atoh7 is necessary for
RGC differentiation, and in the absence of Atoh7, RGCs are
almost completely absent from the retina (Brown et al., 2001;
Wang et al., 2001).

Atoh7 begins to be expressed in RPCs, beginning to tran-
sition to a neurogenic state, conferring competence to gen-
erate RGCs on nascent RPCs (Wu et al., 2021). The Sox
family group C factors Sox4 and Sox11 are expressed in early
postmitotic RGCs, establishing their initial specification
(Chang et al., 2017). After being specified, RGCs begin to
express Brn3b and Isl, establishing their identity and initi-
ating essential RGC-specific gene programs (Erkman et al.,
1996; Gan et al., 1996; Wu et al., 2015). The fate of RGCs
remains somewhat plastic even after the onset of Brn3b ex-
pression, as, for example, Brn3b acts antagonistically to
Ptfla to control the relative specification of RGCs and ACs
(Ohsawa and Kageyama, 2008; Prasov and Glaser, 2012).

Further transcription factors, including 7brI and Satb1, act
to specify RGC subtypes and their unique dendritic patterns
after a general RGC identity is established (Liu et al., 2018;
Peng et al., 2017). Importantly, nearly all of these data have
been generated in mice, whose complement of RGC subtypes
does not match that of humans and other primates (Goetz
et al.,, 2022; Peng et al., 2019), although it shows broad
agreement with data from zebrafish (Kolsch et al., 2021).

Following their differentiation into distinct types, neurons
in the retina must partner with their neighbors and assemble
into functional visual circuits to convey visual information to
the brain. The timed generation of different retinal neuron
types from progenitors affects circuit development. Since
RGCs and ACs are among the first neurons to be generated
during development, they are the first neurons to begin
forming circuits (Morgan et al., 2018).

Photoreceptors form synapses with HCs, and BCs add
themselves to these synapses once they differentiate (Hoon
etal.,2014). A major challenge for intrinsic regeneration is to
instruct newly born neurons to integrate into mature circuits,
which may be relatively preserved, degenerated, or re-
modeled, depending on the retinal disease state. Retinal
ganglion cells face the additional challenge of extending a
long axon through the optic nerve head, into the optic nerve,
and toward targets in the brain, including optic tectum and the
lateral geniculate nucleus of thalamus. Along the way, RGC
axons respond to numerous guidance cues, some secreted and
others mediated by cellular contact (Erskine and Herrera,
2007). A further challenge for regenerative efforts is to drive
RGC output connectivity across much larger distances than
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exist during development, and in the absence of most de-
velopmental axon-pathfinding cues.

Retinal Regeneration in Vertebrate
Model Organisms

Although retinal regeneration does not occur after injury or
degeneration in mammals, regeneration is possible in many
non-mammalian vertebrate species, and mechanisms of re-
generation in these animals can provide insight into possible
strategies for directing mammalian retinal regeneration. Re-
generation has been observed in a number of species, in-
cluding species across birds, fish, and amphibians, but the
primary models used for retinal regeneration research are
zebrafish and chicken (Fig. 3). Ongoing work comparing
gene expression and regenerative pathways between species
continues to produce potential strategies for improving the
regenerative capacity of the mammalian retina.

Fish

The fish retina has long been used as a model organism
capable of generating neurons postnatally (Hitchcock et al.,
2004), and it is able to functionally regenerate even following
severe injury (Maier and Wolburg, 1979; Wan and Goldman,
2016). Postnatal neurogenesis in fish is largely a function of
stem cells in the ciliary marginal zone (CMZ) (Raymond,
1986), and neurogenesis in this region largely recapitulates
earlier developmental processes in the central retina (Len-
kowski and Raymond, 2014).

Following damage to the retina, however, the major re-
generative cells are Miiller glia, which de-differentiate in
response to injury, re-enter the cell cycle, and divide asym-
metrically to self-renew and produce progenitors capable of
generating neurons of all identities (Bernardos et al., 2007,
Fausett and Goldman, 2006; Nagashima et al., 2013). Fol-
lowing injury, zebrafish Miiller glia follow a process similar
to RPCs during development (Lahne et al., 2021). They be-
come reactive and express Ascll (Ramachandran et al., 2010)
and begin to express many transcription factors, such as Sox2
and Pax6, that also direct differentiation from RPCs during
development (Gorsuch et al., 2017; Thummel et al., 2010).
Restoration of retinal architecture after injury in zebrafish
depends on the extent of the injury, with more extensive
injuries requiring more time for repair than modest injuries
(Sherpa et al., 2014).

In addition, circuits are restored with remarkable preci-
sion, with specific neuron subtypes often re-establishing ap-
propriate synaptic connectivity following regeneration; for
example, H3-type HCs continue to prefer partnering with
ultraviolet cones over other cone types (Yoshimatsu et al.,
2016). Mechanisms of regeneration after injury in zebrafish
suggest that Miiller glial regeneration can be leveraged in
other species, that intrinsic mechanisms may regulate some
aspects of endogenous regeneration and circuit formation,
and that developmental knowledge can provide significant
insight into regeneration from Miiller glia.

Chicken

Retinal regeneration in chickens is fundamentally similar
to regeneration in fish, and it primarily involves the same cell
populations, neural stem cells in the CMZ and Miiller glia
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(Fischer, 2005). During early embryonic development, dif-
ferentiation of retinal pigment epithelium into neurons is
also observed, but this capacity is lost after a few days (Cou-
lombre and Coulombre, 1965; Park and Hollenberg, 1993).
Multipotent progenitors in the CMZ remain competent to
produce neurons in post-hatch chicks and adult birds, though at
reduced rates compared with those observed during develop-
ment, and proliferation of CMZ progenitors is not increased
when the retina is damaged (Fischer and Reh, 2001).

The capacity of Miiller glia to generate neurons following
injury was originally identified in post-hatch chicks before
being confirmed in other model organisms (Fischer and Reh,
2001). However, Miiller-glia-mediated regeneration is
modest in chicks compared with zebrafish, and most cells
produced by proliferation of Miiller glia do not differentiate
into neurons (Fischer and Reh, 2003). Still, the modest neu-
rogenic capacity of chick Miiller glia is potentially an ad-
vantage to its use as a model organism, since identifying
strategies to overcome intrinsic resistance to neurogenesis
in the chick could suggest strategies useful in mammals
(El-Hodiri et al., 2022).

Frog

Retinal development in frog species, especially Xenopus
laevis, has been extensively studied due to the well-known
ability of frog RGC axons to regenerate and re-establish
connections with neurons in the optic tectum (Attardi and
Sperry, 1963). The frog retina is primarily produced from
progenitors in the CMZ (Moshiri et al., 2004), which pro-
duces new neurons during development and in the early post-
metamorphosis period.

Although RGC axons continue to regenerate after injury in
mature X. laevis, RGC neurogenesis is reduced in adult
compared with juvenile frogs (Taylor et al., 1989). The retina
is capable of regeneration from both CMZ and RPE in post-
metamorphosis X. laevis after surgical retinectomy (Yoshii
et al., 2007), and some neuron types can be regenerated from
Miiller glia following mechanical injury or photoreceptor
ablation (Langhe et al., 2017).

Regeneration in other frog species can differ from X.
laevis; for example, in Xenopus tropicalis, regeneration after
injury occurs primarily from cells in the CMZ, rather than the
RPE (Miyake and Araki, 2014). In Rana pipiens, neurogen-
esis can be induced following injury (Reh, 1987), but al-
though some RGC axons regenerate after optic nerve crush,
approximately half the RGC population dies within several
months of this type of injury (Beazley et al., 1986), which
suggests that regenerative ability may differ considerably
between anuran species and between experimental injury
paradigms.

Mouse

Regeneration does not occur spontaneously in the post-
injury adult mammalian retina, but some specific protocols
enable the generation of new neurons in the post-
developmental mouse retina, primarily from Miiller glia. For
example, based on work discussed earlier, where zebrafish
Miiller glia activate Ascll in response to injury and re-enter
the cell cycle (Ramachandran et al., 2010), mouse Miiller glia
infected in vitro with Ascll-expressing virus were found to
divide and begin expressing progenitor- and neuron-specific
markers (Pollak et al., 2013).
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Transgenic Ascll expression similarly induces Miiller glia
to produce neurons in vivo in response to damage in young
mice (Ueki et al., 2015), and neuron production can be in-
duced even in older mice with the addition of histone dea-
cetylase and STAT pathway inhibitors (Jorstad et al., 2020;
Jorstad et al., 2017). An initiating damage event is not re-
quired if Miiller glial reprogramming is induced by over-
expression of Ascll and Arohl (Todd et al., 2021).

An alternate protocol for reprogramming adult mouse
Miiller glia in the absence of damage relies on the over-
expression of transcription factors IkzfI and Ikzf4, which
results in the direct conversion of Miiller glia into cells that
resemble cone photoreceptors (Boudreau-Pinsonneault et al.,
2023). Existing protocols remain relatively inefficient, and
future work remains to improve the efficiency of neuron
production, from Miiller glia or from other populations.

Given that the existence and efficiency of endogenous
neuron production following injury vary so widely between
model organisms, comparing the regenerative process be-
tween species is a particularly attractive approach to screen
for genes and pathways responsible for promoting or in-
hibiting regeneration. In a remarkably comprehensive recent
study (Hoang et al., 2020), gene expression and chromatin
state were compared at different intervals relative to injury
between chick, zebrafish, and mouse retinas.

Miiller glia were found to express networks of genes that
direct states of rest, reactivity, and proliferation. In zebrafish
and chick, Miiller glia alter their gene expression from genes
characteristic of the resting state to genes characteristic of the
reactive state after injury, then express genes characteristic of
the proliferative state, although chick Miiller glia are less
efficient at proceeding to the proliferative state than zebrafish
Miiller glia.

Similarly, mouse Miiller glia change their gene expression
profiles from resting to reactive following injury, but then
proceed to an alternate resting state characterized by a gene
expression profile that is different from the initial resting
state, and different from expression states found in zebrafish.
Repressing the nuclear factor I family transcription factors
Nfia, Nfib, and Nfix, which regulate Miiller glial fate speci-
fication during development (Clark et al., 2019), and which
are expressed at high levels in the post-injury alternate resting
state, allowed Miiller glia to self-renew and produce neurons
post-injury.

This work suggests that suppressing genes and pathways
that promote a return to quiescence in mouse Miiller glia may
be crucial for improving the efficiency of mammalian retinal
regeneration.

Candidate Progenitor Populations for Directed
Intrinsic Neurogenesis

Several potential sources of intrinsically generated retinal
neurons exist, and these niches produce some neurons during
development and, to varying degrees, after injury (Fig. 4).
Stem cells in the CMZ are a possible source of neurons after
the normal period of development, as they can generate
neurons in zebrafish and chick. The RPE is also a potential
source of neurons, as it can generate neurons in the amphibian
and chick retina.

Closely related mature neurons could also serve as a source
of directly converted neurons; for example, ACs could po-
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FIG. 4. Several potential sources of endogenous re-
generation exist within the mammalian retina. Neurons
could be produced from cells in the retinal pigment epi-
thelium (green) or lingering progenitors in the ciliary mar-
ginal zone (orange), as in other vertebrates. Current
protocols can provoke neurogenesis from Miiller glia (yel-
low). Existing mature neurons could potentially acquire
functions of closely related neuron types, such as amacrine
cells (blue) for RGCs, or bipolar cells (purple) for rods.

tentially be engineered to express genes characteristic of
RGCs, or BCs to express genes characteristic of rod photo-
receptors. Miiller glia are the most likely source of significant
numbers of neurons, given their ability to re-enter the cell
cycle and produce retinal neurons in many vertebrate species.

Ciliary marginal zone

Progenitors in the CMZ produce neurons postnatally in
many vertebrates, and similar cells at the retinal margin could
serve as an endogenous progenitor source in mammals. In
larval frogs, these progenitors are a major source of new
neurons for the duration of development (Reh and
Constantine-Paton, 1983), and they respond to injury by
producing appropriate neuron types according to those that
were lost (Reh and Tully, 1986; Reh, 1987).

Similarly, the fish CMZ is a major source of neurons
produced during development, and the progenitors in this
zone seem to be responsive to neuron types lost to injury
(Lamba et al., 2008; Lenkowski and Raymond, 2014). Unlike
populations in amphibians and fish, progenitors in the CMZ
of chickens do not increase neuron production in response to
injury, although these cells do produce new neurons in the
postnatal animal (Fischer and Reh, 2000).

These progenitors do not appear to be a major contributing
source of neurons in adult mammals; neurogenesis in the
mouse retina is completed during the second postnatal week,
although a limited number of proliferating cells can be
identified at the retinal margin. In mice lacking the Shh re-
ceptor Ptc, however, actively dividing cells persist at the
retinal margin for approximately 3 months, and these cells
produce photoreceptors and other neurons in response to in-
jury (Moshiri and Reh, 2004).

As development in the retina proceeds centrifugally, from
the center out toward the margins, the CMZ retains some
characteristics and remains molecularly distinct from the rest
of the retina (Gautam et al., 2021), even in mammals, and
might, therefore, be more easily induced to return to a neu-
rogenic state.
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Retinal pigment epithelium

The RPE could also serve as a source of newly generated
neurons, as is seen in embryonic chicks. The RPE is a
monolayer of pigmented cells that line the space between the
retina and the choroid. The primary functions of the RPE are to
absorb photons that are not detected by photoreceptors and to
support photoreceptors by recycling retinal for phototransduc-
tion, by phagocytosing shed photoreceptor outer segments, by
delivering nutrients from the bloodstream, and by secreting
growth and immunosuppressive factors necessary for the health
of photoreceptors and inner retina (Strauss, 2005).

In some amphibian systems, including frogs and newts, the
RPE is capable of regenerating retinal neurons in vitro after
dissociation (Kuriyama et al., 2009; Reh and Nagy, 1987,
Stone, 1950). Limited neurogenesis occurs from the RPE in
chicken embryos, and although this capacity is lost during
later development (Coulombre and Coulombre, 1965), it can
be augmented with the addition of various growth factors
(Park and Hollenberg, 1991).

Although the RPE is capable of limited focal proliferation
after separation from the retina in mammals, new neurons are
not produced (Park and Hollenberg, 1993). Nonetheless, the
RPE is derived from neuroectodermal tissue during early eye
development (Chiba, 2014), and this shared developmental
origin with the retina makes it a promising candidate source
of neuron-producing progenitors.

Differentiated neurons

Closely related differentiated neuron types represent an
intriguing potential source of a desired neuron population,
especially with increasing knowledge of the evolutionary,
developmental, and molecular relationships between neuron
types. For example, retinal progenitors can be redirected
from the production of ACs to the production of RGCs based
on the expression of Ptfla (Fujitani et al., 2006), and RGCs
and ACs cluster closely together according to gene expres-
sion (Macosko et al., 2015).

Similarly, progenitors generate either BCs or rods ac-
cording to expression levels of Vsx2 and Prdml (Goodson
et al., 2020; Livne-bar et al., 2006), and these cell types are
closely related by cell trajectory analysis in developmental
single-cell RNA sequencing datasets (Clark et al., 2019). The
overall similarity of the genetic programs directing differ-
entiation of related neuron types suggests that the genetic and
epigenetic barriers to reprogramming particular neuron types
to their closest relatives might be relatively low.

Mudiller glia

In vertebrate species with injury-induced retinal regener-
ation, intrinsic progenitors, primarily Miiller glia, are com-
petent to produce neurons of all types following injury. In
chicks, production of specific neuron types after injury appears
to be responsive to the type of neuron that was lost (Fischer and
Reh, 2002). A similar neuron-type responsiveness occurs in
zebrafish, although neurons of the appropriate type are not
always produced in the proper ratios and can be overproduced
in response to severe injuries (Sherpa et al., 2008).

In contrast, mouse Miiller glia produce only limited neuron
types in response to current injury-and-regeneration proto-
cols, and regenerated neurons are often not fully differenti-
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FIG. 5. A model of developmental trajectories avail-
able to Miiller-glia-derived neurons in mammals. During
development (top panel), late retinal progenitor cells pro-
duce nascent Miiller glia, which develop into mature Miiller
glia. For regeneration to occur (bottom panel), Miiller glia
must enter a general neurogenic state (fop), which may bear a
resemblance to their developmental state (dotted arrow and
question mark). According to the protocol delivered, they
seem to be capable primarily of producing bipolar/amacrine-
like neurons (left path) or RGC/amacrine-like neurons (right
path). Additional factors may be necessary to enable a true
bipolar, amacrine, or RGC fate (bottom row).

ated when examined by gene expression profiling (Fig. 5).
These protocols produce neurons with gene expression and
morphology characteristic of rods, cones, BCs, ACs, and
immature RGCs. There is considerable interest in guiding
Miiller glia to generate mature RGCs, but this has proved
challenging.

Rod and cone photoreceptor-like cells can be produced by
mouse Miiller glia following injury. A handful of cells with
gene expression characteristic of rods is produced following
N-methyl-D-aspartate (NMDA) injury, Ascll overexpression,
and histone deacetylase treatment (Jorstad et al.,, 2017).
Overexpression of Ikzfl and Ikzf4 by retinal electroporation
produces cells with morphology and laminar position charac-
teristic of cones, and gene expression characteristic of cones as
well as rods (Boudreau-Pinsonneault et al., 2023).

Rods are produced in more substantial numbers after
treatment with AAV expressing GFAP-driven beta-catenin,
followed by overexpression of Ozx2, Crx, and Nrl (Yao et al.,
2018). However, AAV-mediated gene expression under the
control of a GFAP mini-promoter lacks Miiller glia speci-
ficity in the presence of ectopic transcription factors, and
therefore it is possible that these experiments labeled existing
photoreceptors (Le et al., 2022; Leib et al., 2022).

Many neurons produced by Miiller glia following repro-
gramming protocols in mice demonstrate gene expression,
morphology, and laminar position characteristic of BCs, or of
a hybrid bipolar-amacrine-like cell. The neurons produced
after NMDA injury, Ascll overexpression, and histone dea-
cetylase treatment appear to be a bipolar-amacrine-like hy-
brid based on gene expression from single-cell RNA
sequencing. At a morphological level, most of these neurons
appear similar to BCs, and a minority appear similar to ACs
(Jorstad et al., 2017).

Similarly, after NMDA injury and subsequent repression
of Nfia, Nfib, and Nfix, Miiller glia produce primarily bipolar-
like cells, with a minority of amacrine-like cells, by both gene
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expression and morphology (Hoang et al., 2020). Over-
expression of Tkzf1 and Ikzf4 by retinal electroporation pro-
duces several distinct bipolar-like populations by gene
expression (Boudreau-Pinsonneault et al., 2023), which map
to distinct gene-expression-defined bipolar subtypes (She-
khar et al., 2016).

Overall, current protocols for inducing neurogenesis from
mouse Miiller glia appear to strongly favor producing neu-
rons with characteristics of BCs, which could suggest that
these protocols drive Miiller glia to de-differentiate into
progenitors that resemble developmentally late-stage retinal
progenitors that are competent only to produce primarily BCs
and ACs.

Since RGCs are clinically important, and degenerate in
glaucoma and other optic neuropathies leading to irreversible
blindness, driving their regeneration from intrinsic progen-
itors is of great interest in the field. Robust reprogramming
of Miiller glia to a RGC identity has been reported (Zhou
et al., 2020), but this protocol relies on AAV expressing
GFAP-driven expression of Ptbpl, an RNA-binding pro-
tein, and off-target labeling of endogenous RGCs cannot be
ruled out.

Performing these experiments using a genomic GFAP-
driven Cre recombinase failed to replicate the effect of Ptbpl
in reprogramming Miiller glia to RGCs, and conditional de-
letion of Ptbpl using a Miiller-glia-specific inducible Cre
recombinase did not induce a regenerative response (Le et al.,
2022). In other work, reprogramming protocols using Ascl/
and Atohl overexpression produce neurons with gene ex-
pression profiles consistent with immature RGCs, with in-
creased expression of Sox4 and SoxI1.

These neurons do not appear to fully mature as RGCs,
however, and do not express genes characteristic of mature
RGCs, such as Brn3b or Rbpms, even after several weeks, nor
do they extend axons into the optic nerve (Todd et al., 2021).
Nonetheless, this protocol represents a promising direction
for Miiller glial reprogramming in the mouse retina.

Miiller glia likely represent the most promising source of
substantial numbers of regenerated neurons in the mamma-
lian retina. Nonetheless, future work is necessary to identify
more efficient of neurogenic induction, and accomplishing
this might require additional approaches, such as knocking
down genes that maintain transcriptional profiles or safe-
guard chromatin states anchoring Miiller glia in their differ-
entiated state. Eventually, it will be important to develop
protocols that provide therapeutic benefits for human patients
while maintaining a favorable safety profile.

Challenges for Translating Intrinsic Regeneration
to Human Patients

Although intrinsic regeneration represents a promising
strategy for repairing retinal damage in patients with irre-
versible vision loss due to neuronal degeneration or injury,
many hurdles remain. Foundationally, it is necessary for
those in the field to rigorously demonstrate that each pro-
posed method for stimulating regeneration from intrinsic
progenitors represents true regeneration, excluding inadver-
tent labeling of undamaged endogenous cells.

It will be crucial to cause neurons to be generated in suf-
ficient numbers to ameliorate degeneration or injury and,
further, to ensure that they integrate into circuits in accept-
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able subtype ratios and establish appropriate output connec-
tivity and function. Since the environment surrounding
intrinsic progenitors affects their propensity for neurogen-
esis, these methods must be demonstrated to be effective in
animal models that faithfully recapitulate human diseases of
the eye. Finally, methods to activate intrinsic regeneration
must be established to be safe and effective, as well as
practical for use in clinical settings.

A fundamental challenge of investigating and stimulating
regeneration from intrinsic progenitors is to demonstrate
conclusively that any results represent true regeneration, and
not accidental labeling of healthy endogenous cells of the
same type. Most methods to distinguish endogenous cells
from newly generated cells, including nucleoside analogue
labeling, chromosomal sex, and constitutive reporter gene
expression, can be used for transplantation experiments, but
not for intrinsic regeneration experiments.

Even using these methods, cell fusion and protein transfer
artifacts have long been problematic for demonstrating re-
generation from transplanted cells (Alvarez-Dolado et al.,
2003; Santos-Ferreira et al., 2016; Santos-Ferreira et al.,
2015). Therefore, when regeneration is attempted from en-
dogenous progenitors, it is even more difficult to exclude
alternative interpretations for positive results (Blackshaw and
Sanes, 2021).

As described earlier, some recent high-profile claims of
intrinsic regeneration in the retina (Yao et al., 2018; Zhou
et al., 2020) have been called into question given that virally
delivered glial mini-promoters seem not to drive expression
faithfully in only glial cells in the presence of ectopic tran-
scription factors (Hoang et al., 2022; Le et al., 2022; Leib
et al., 2022).

This causes labeling of endogenous neurons with the glial
fibrillary acidic protein (GFAP)-promoter-driven payload,
leading to the appearance of newly born neurons derived
from GFAP-expressing mature Miiller glial cells, although
these are actually healthy endogenous neurons generated
normally during development (Fig. 6). To demonstrate that
genuine intrinsic regeneration occurs, immunostaining with
individual cell-type-specific markers is not sufficient, and
transcriptomic profiling should be the gold standard instead.

Single-cell RNA sequencing is a particularly useful
method for this purpose, since it is likely that regenerated
neurons will display at least some heterogeneity and gene
expression differences from endogenous neurons, even if
reprogramming and regeneration work well. In addition,
transgenic reagents, which are subject to regulation by a more
complete promoter environment in the genome, are likely to
provide better cell-type-specific expression and fidelity than
promoter fragments provided by viral or plasmid delivery.
Once regeneration is rigorously confirmed, though, it will be
important to develop tools for reprogramming that can be
used in humans rather than relying on transgenic lines.

Once regeneration from intrinsic progenitors can be
meaningfully achieved, it will be necessary to determine
whether neurons are regenerated in complements of subtypes
that are appropriate for the human retina. Fundamentally, it
will be important to identify whether regeneration occurs
across functional subtypes, or whether bias exists in the
subtypes of retinal neurons regenerated; if bias does exist, the
subtypes of neurons generated may not be adequately
equipped to restore vision in human patients.
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A

FIG. 6. Promiscuous viral infection and/or expression can confound reports of intrinsic regeneration. (A) In the
preferred case, virus only transduces and becomes activated in Miiller glia (pink) (left panel), and therefore neurogenesis
from labeled Miiller glia (red) is the exclusive source of labeled mature neurons (green) (right panel). (B) In the alternate
case, virus may transduce and become active in several retinal cell types ( pink), even if inefficiently (left panel), and labeled
mature neurons (red) may be directly transduced rather than produced by neurogenesis (right panel).

Subtypes of RGCs, for example, are differentially vul-
nerable to injury in the mouse (Tran et al., 2019), and project
to different visual target areas in the brain in zebrafish
(Kolsch et al., 2021; Robles et al., 2014), indicating that
precise ratios of particular subtypes may be required to re-
store vision faithfully. Moreover, humans and other primates
have RGC subtypes that do not map neatly onto those types
identified in model organism studies, for example, with a
predominance of image-forming foveal midget ganglion cells
(Peng et al., 2019). Using protocols derived from work in
model organisms, therefore, may not produce RGC subtypes
that are adequately tuned to re-establish human vision.

A further obstacle to meaningful regeneration is for newly
generated neurons to integrate into existing circuitry and, in
the case of RGCs, extend long-distance axons to connect with
visual centers in the brain. Neurons in the zebrafish retina are
capable of functionally integrating into circuitry following
regeneration from Miiller glia, and that regenerated neurons
can maintain the same preferences for synaptic partners held
by neurons of that type generated during development
(McGinn et al., 2017; Yoshimatsu et al., 2016), though they
do not always do so with perfect fidelity (D’Orazi et al.,
2016).

Circuit plasticity within the mouse retina after partial de-
generation would suggest that newly generated neurons may
be capable of finding and establishing synapses with their
typical partners, given sufficient synaptic space for them to
explore (Beier et al., 2018), and, indeed, some neurons gen-
erated from Miiller glia in the mouse respond to light, indi-
cating that they have likely integrated into the adult retina
(Todd et al., 2021).

The RGC axon extension and target selection is likely to
present a significant challenge to regenerative efforts, with
RGCs needing to extend an axon into the optic nerve and
connect with visual targets in the brain in the absence of
developmental cues and over a much longer physical distance
than is present developmentally. To produce a fully re-
generated and functional RGC from endogenous Miiller glia,
it will be necessary to integrate discoveries from studying

intrinsic rebirth of RGCs with discoveries from studying the
regenerative capacity of injured RGC axons (Williams et al.,
2020).

The identification of transcriptional programs and path-
ways that allow limited regeneration of mammalian RGCs
following injury (Jacobi et al., 2022; Tian et al., 2022;
Winter et al., 2022) is likely to offer useful insight into
critical genetic controls over regeneration from endogenous
progenitors.

The regenerative capacity of endogenous cells is affected
by their environment and the method of injury used in model
organisms, and, therefore, identifying methods of intrinsic
regeneration that produce robust regeneration in the context
of human retinal disease processes is crucially important. In
zebrafish, regeneration is most often induced by protocols
that ablate neurons acutely, such as light damage or drug-
induced toxicity (Lahne et al., 2020).

These methods induce a robust regenerative response in
the zebrafish retina, and, thus, they have served as a tre-
mendously useful starting point for investigating intrinsic
regeneration in the mammalian retina, but they may not
translate well to human diseases that progressively cause
neuron death over a period of years. Human disease states
may alter the retinal microenvironment into which re-
generated neurons are born and could affect their develop-
ment by affecting the retinal vasculature, health of RPE and
other support cells, and immune system activation, among
other factors.

It may be necessary to identify mammalian models that
more closely approximate the disease processes that occur in
the human retina, such as RGC death in response to increased
intraocular pressure to model glaucoma (Zhang et al., 2019).
Inducing disease and subsequent regeneration in large ani-
mals, including non-human primates, will also be a necessary
step toward demonstrating the feasibility and safety of these
approaches.

A final hurdle to directing regeneration from intrinsic
progenitors to cure human disease is the ability to place the
initiation and control of regeneration in the hands of a
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clinician. This is challenging first in terms of the logistical
requirements for targeted gene delivery in humans; work in
zebrafish and mice allows investigators to use transgenic
lines that activate a virally delivered payload only under
specific conditions of gene expression, but this is not possible
in humans.

Gene delivery to neurons in the retina through subretinal
injection of AAV is an attractive strategy, and one that has
already been approved by the Food and Drug Administration
for the treatment of inherited retinal disease (Bainbridge
et al., 2015). It would be useful, in this case, simply to place
AAV-delivered genes under the control of a cell-type-
specific promoter, such as the GFAP promoter to target
Miiller glia, but the fidelity of small promoter fragments is
limited, as discussed earlier (Le et al., 2022; Leib et al.,
2022).

This issue could potentially be mitigated by also using an
engineered viral capsid that preferentially infects particular
cell types, such as the ShH10 variant of AAV6 that primarily
infects Miiller glia (Klimczak et al., 2009). The content of
virally delivered reprogramming factors will likely deter-
mine whether gene delivery in the clinic must be stringently
restricted only to specific cell types, or whether some off-
target infection can be tolerated.

Conclusion

Retinal regeneration from intrinsic progenitors holds sig-
nificant promise as a strategy to repair vision in patients.
Building on lessons from retinal development in mammals,
and from regeneration after injury in fish and birds, some
groups have demonstrated proof of the principle that regen-
eration of retinal neurons may be possible from intrinsic
Miiller glia in the mammalian retina.

Future work may focus on other potential endogenous
sources of new neurons. However, considerable work will be
necessary to increase the efficiency of regeneration, to ensure
the generation of particular complements of desired neuron
types, and to develop safe and effective tools for translating
these discoveries into clinical use.
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Abbreviations Used

AAYV = adeno-associated virus

AC = amacrine cell
Ascll = ashaete-scute basic helix-loop-helix family

transcription factor 1
Atoh1 = atonal basic helix-loop-helix transcription factor 7
Atoh7 = atonal basic helix-loop-helix transcription factor 7
BC =bipolar cell
Brn3b =POU homeodomain class 4 homeobox 2
transcription factor
CMZ = ciliary marginal zone
Crx = cone-rod homeobox
E =embryonic day
GFAP = glial fibrillary acidic protein

HC = horizontal cell
Ikzf1 =Ikaros zinc finger transcription factor 1

Ikzf4 = Ikaros zinc finger transcription factor 4

Isll =1Islet 1

Nfia = nuclear factor la

Nfib =nuclear factor 1b

Nfix = nuclear factor 1x

NMDA = N-methyl-D-aspartate
Nrl = neural retina leucine zipper
Otx2 = orthodenticle homeobox 2

P =postnatal day

Pax6 = paired box 6
Prdm1 =PR domain zinc finger protein 1
Prox1 = prospero homeobox 1
Ptbp1 = polypyrimidine tract binding protein 1

Ptc = patched
Ptfla = pancreas associated transcription factor la
Rbpms =RNA binding protein, mRNA processing factor

RGC =retinal ganglion cell
RNA =ribonucleic acid
RPC =retinal progenitor cell
RPE =retinal pigment epithelium
Satb1 = special AT-rich binding homeobox protein 1
Shh = Sonic hedgehog
ShH10 = AAV variant derived from shuffled (ShH) library
Sox2 = sex-determining-region-of-Y-chromosome-box
transcription factor 2
Sox4 = sex-determining-region-of-Y-chromosome-box
transcription factor 4
Sox11 = sex-determining-region-of-Y-chromosome-box
transcription factor 11
STAT =signal transducer and activator of transcription
Tbrl = T-box brain transcription factor 1
Vsx2 = visual system homeobox 2




