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Abstract

Unlike mammals, zebrafish are able to regenerate a damaged retina. Key to this regenerative
response are Mller glia that respond to retinal injury by undergoing a reprogramming event that
allows them to divide and generate a retinal progenitor that is multipotent and responsible for
regenerating all major retinal neuron types. The fish and mammalian retina are composed of
similar cell types with conserved function. Because of this it is anticipated that studies of retina
regeneration in fish may suggest strategies for stimulating Muller glia reprogramming and retina
regeneration in mammals. In this review we describe recent advances and future directions in
retina regeneration research using zebrafish as a model system.

Introduction

Tissue regeneration provides a way for restoring function to damaged and diseased tissues
and organs, and for reversing the effects of aging. Mammals exhibit very little propensity for
regeneration, although a limited amount does occur in tissues and organs like skin, skeletal
muscle and liver. Other systems, like the central nervous system (CNS) do not regenerate in
mammals and injuries or disease to the CNS generally result in irreparable damage.

The retina lies at the back of the eye and is a relatively simple and accessible part of the
CNS that is composed of 6 neural cell types and one glial cell type that are laminated into 3
distinct nuclear layers (Fig. 1). Because of this relatively simple composition and its
accessibility to experimental manipulation the retina has served as an important
experimental system for studying CNS regeneration. Furthermore, damaged neurons are the
cause of blindness associated with retinal diseases like, macular degeneration, retinitis
pigmentosa, diabetic retinopathies and glaucoma. Thus restoring these neurons in people
suffering from blinding eye disease is a major goal of vision researchers. Unfortunately
mammals are incapable of regenerating damaged retinal neurons. However, the robust
capacity of zebrafish to regenerate all retinal cell types, combined with abundant genetic
tools, puts this model system in a unique position to decipher the molecular mechanisms
underlying retina regeneration. Furthermore, it is anticipated that an understanding of the
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mechanisms contributing to retina regeneration in fish will facilitate the development of
strategies to stimulate this process in mammals. A number of excellent reviews have recently
been written on retina regeneration in zebrafish and the reader is referred to these for a more
comprehensive picture of retina regenerationl 2. In this review we will discuss the more
recent literature relevant to retina regeneration in zebrafish, identify areas where information
is missing and discuss how studies of retina regeneration in fish may be used to suggest
strategies for stimulating retina regeneration in mammals.

Muller glia and their behavior in the damaged retina

Muiller glia are the major glial cell type in the retina. They exhibit a radial morphology
where their cell body and nuclei reside in the retina’s inner nuclear layer (INL) and they
extend processes to the outer and inner retinal limiting membranes (Fig. 1). Muller glia also
extend processes laterally allowing them to interact with neighboring neurons. This Miller
glial cell architecture allows them to contribute to retinal structure and monitor the retinal
environment so they can participate in retinal homeostasis and neural protection®>.

Muiller glia respond to retinal injury by hypertrophy and activation of cytoskeletal genes, like
glial fibrillary acidic protein (Gfap) and vimentin8. Only rarely do Miiller glia divide
following retinal injury in mammals, and when they do they often result in fibrosis and glial
scarring®. Interestingly, Miiller glia in zebrafish respond to retinal injury by initiating a
gliotic response that is characterized by hypertrophy and increased Gfap expression’.
However, this gliotic response is transient in fish and accompanied by a reprogramming
event that allows injury-responsive Muller glia to adopt properties of a retinal stem cell (Fig.
2)89. How Miiller glia transition from a gliotic response to a regenerative one is not well
understood and may be a key difference between regenerative success in fish and mammals.
Thus, a better understanding of the mechanisms that drive gliosis in mammals and those that
resolve it in fish may be useful in devising regenerative strategies in mammals.

The acquisition of stem cell properties by fish Muller glia is associated with large scale
changes in gene expression that precede Miller glia proliferation and the generation of
retinal progenitors®-12, These changes in gene expression are accompanied by a partial
reprogramming of the zebrafish genome that is characterized by changes in DNA
methylation and activation of genes associated with multipotency (Fig. 2)89. The
reprogrammed nuclei of injury-responsive Miller glia migrate from the INL to the outer
nuclear layer (ONL) where they divide asymmetrically and then return to the INL (Fig. 2), a
process referred to as interkinetic nuclear migration1314, This asymmetric division results in
the generation of a retinal progenitor that also exhibits interkinetic nuclear migration as it
amplifies in a Pax6-dependent manner#.15, which results in a small population of
progenitors capable of regenerating all major retinal neuron types (Fig. 2)16-17, The
significance of interkinetic nuclear migration during retina regeneration has not been
studied, but may expose nuclei to a changing gradient of factors spanning the retina that
impact progenitor proliferation and differentiation18.19,
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Signaling mechanisms underlying Muller glia reprogramming and retina
regeneration

Retina regeneration is initiated by dying cells. These cells may inform Mauller glial of their
demise via secreted factors and/or through perturbations in their interaction with Muller glial
cell processes. Interestingly, a variety of genes encoding growth factors and cytokines, like
Hb-egf, Insulin, Igf-1, IL11, Leptin and Tnfa are induced in the injured fish retina and can
stimulate Miiller glia proliferation under appropriate conditions (Fig. 2)29-24. All of these
factors are expressed by Muller glia-derived progenitors and therefore, may act in an
autocrine and paracrine fashion to stimulate Maller glia and progenitor proliferation. It is
worth mentioning that Mller glia have been shown to act as phagocytic cells by engulfing
apoptotic photoreceptor cell bodies and this phagocytosis was necessary for Miller glia
proliferation after injury”-25. The significance of this phagocytosis is not completely clear
although it has been speculated that it may impact progenitor fate2>.

Of the variety of secreted factors known to affect Miller glia proliferation, Tnfa is the only
one shown to be expressed by dying cells and therefore, may represent a signal that
communicates cell death to Miiller glia23. However, Tnfa is not always associated with
dying retinal neurons and on its own, has a very small effect on Miiller glia
proliferation23.24, We have shown that inhibition of Notch signaling significantly enhances
Muiller glia proliferation in the injured retina and that this is mediated by a MAPK-
dependent signaling pathway2°. Recent studies suggest that Notch inhibition in combination
with Tnfa, stimulates Miller glia proliferation and neurogenic competency in the uninjured
retina2,

Although inhibition of Notch signaling enhances Miller glia proliferation in the injured
retina (Fig. 2)20-24, a number of studies have also indicated an increased expression of Notch
signaling components in injury-responsive Miiller glia2%-2627_ QOne study suggests Notch
signaling stimulates proliferation of progenitors destined to regenerate photoreceptors?8,
while another showed this signaling enhances progenitor differentiation?9. We favor the idea
that Notch signaling helps maintain Miller glia in a differentiated state and contributes to
progenitor differentiation, while Notch signaling inhibition facilitates Mdiller glia
reprogramming and proliferation in response to retinal cell death. This would imply
constitutive Notch signaling in Muller glia of the uninjured retina and relief of this signaling
in Miller glia responding to retinal injury. Surprisingly, Notch signaling has never been
visualized in the fish retina and therefore, it is not clear that Notch signaling is restricted to
Muller glia in the uninjured retina and specifically reduced in Mller glia-derived
progenitors after retinal injury. Examining Notch signaling in Notch reporter fish will help
resolve this issue22:30, Furthermore, signals regulating Notch signaling in the injured retina
remain uncharacterized. The observation that Notch signaling contributes to Mdiller glia
quiescence in the retina is similar to its role in maintaining neural stem cell quiescence in the
adult brain31:32,

Some of the earliest signaling pathways regulated in the injured retina and necessary for
Miiller glial cell proliferation include MAPK and PI3K signaling (Fig. 2)2922, Within the
first hour following retinal injury, pErk and pAkt are increased in Mdiller glia and
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photoreceptor outer segments, respectively?2. Interestingly, pErk returns to basal levels in
Muiller glia that proliferate. Although, the mechanisms by which these signaling pathways
regulate retina regeneration deserves further attention, they are required for p-catenin and
pStat3 expression that are necessary for injury-dependent Miller glia and progenitor
proliferation21:22, The mechanism by which MAPK and PI3K signaling control B-catenin
and pStat3 expression remains unclear.

MicroRNAs regulate mRNA stability and translation and have the potential to impact the
expression of a large number of mMRNAs during retina regeneration. Knockdown of the
microRNA processing enzyme, DICER, has indicated microRNAs can stimulate Miller glia
proliferation and retina regeneration33. Indeed, a number of microRNAs have been identified
that increase in response to retinal injury, some of which contribute to progenitor
amplification33. However, microRNA suppression also plays an important role in retina
regeneration with /et7and miR-203 suppression contributing to Mdiller glia reprogramming
and progenitor proliferation, respectively®34. miR-203 appears to inhibit proliferation of
Miiller glia-derived progenitors by suppressing Pax6b expression (Fig. 2)34. A role for
microRNAs in differentiation of progenitors in the injured retina remains unstudied, but is
almost certain to have an important role.

Endogenous inhibitors of Muller glia reprogramming and retina

regeneration

In addition, to positive acting factors that stimulate Muller glia reprogramming and
proliferation in the injured retina, it is likely that the uninjured retinal environment will
actively contribute to suppression of Miuller glia reprogramming and proliferation (Fig. 2).
Identifying these endogenous inhibitors of retina regeneration may not only inform us of
mechanisms regulating retina regeneration in fish, but also provide candidates whose activity
must be neutralized if we are to stimulate regeneration in mammals.

Previous studies have suggested that /et7 microRNA expression is associated with cellular
differentiation and that a Lin28-/et7 signaling loop regulates decisions to adopt a stem cell or
differentiated cell state35-37. Our studies suggest a similar signaling loop is operative in the
zebrafish retina with Lin28 expression associated with Miller glia reprogramming and
proliferation and /et7 associated with Miiller glia differentiation and quiescence®. Notch
signaling also appears to be associated with quiescent Muller glia and progenitor
differentiation in the injured retina20:24, This action appears to be mediated at least in part by
Insm1a, which suppresses a genetic program driving progenitor proliferation19. Additional
pathways contributing to Muller glia quiescence are indicated by fish harboring mutations in
tgifl and six3b, two genes that encode putative repressors of Tgfp/Smad signaling. These
genes are induced in the injured retina and mutations in these genes result in reduced
proliferation of Miiller glia in response to retinal injury38. This is reminiscent of BMP
signaling in the adult mouse hippocampus where blockade of this signaling pathway recruits
quiescent neural stem cells into the cell cycle39. Although Tgfp/Smad signaling is proposed
to contribute to Mller glia quiescence in zebrafish, this has never been directly tested; Tgifl
and Six3b have many targets in addition to the Tgfp/Smad pathway and it is important to
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verify which targets mediate their effect on retina regeneration. Whether additional pathways
contribute to Miller glia quiescence in the uninjured retina remains unknown; however,
these putative pathways may be revealed by identifying genes that encode secreted factors
whose expression is suppressed following retinal injury.

Extrinsic signals regulating lineage specification of Muller glia derived

progenitors

As the fish grows throughout life so does the retina. This retinal expansion results from the
addition of new neurons seeded into the retinas circumferential germinal zone from
neuroepithelial progenitors residing at the ciliary margin (Fig. 3)4°. These progenitors give
rise to all major retinal cell types except rods, which are generated by rod progenitors found
in the ONL. Interestingly, besides being a source of multipotent progenitors in the injured
retina, Muller glia are also the source of unipotent rod progenitors in the uninjured retina
(Fig. 3)174142 These unipotent progenitors are responsible for generating rods in the ONL
as the retina expands throughout the fish’s life. Although unipotent and multipotent Miller
glia-derived progenitors appear to be exclusively produced in uninjured and injured retinal
environments, respectively, the particular aspects of these environments that drive Miller
glia-derived progenitors to adopt unipotent or multipotent potent character remain poorly
understood. Interestingly, growth factors and cytokines, like Hb-egf, insulin, Tnfa and leptin
are induced in injury-responsive Miller glia and stimulate Miiller glia in the uninjured retina
to divide and produce multipotent progenitors?0-24, Thus, these factors may be components
of the injured retinal environment that contribute to progenitor multipotency. Other
components of the uninjured and injured retinal environment that control the generation of
multipotent progenitors remain to be defined. Identifying these environmental components,
the signal transduction machinery and gene expression programs that drive progenitors to
adopt unipotent or multipotent characteristics will be important for not only understanding
Muller glia plasticity, but also for harnessing this plasticity for retinal repai.

Although injury-induced Muller-glia derived progenitors have the potential to regenerate all
major retinal cell types, some reports suggest they predominantly regenerate ablated
neurons*1:4344_ Other studies suggest progenitors in the injured retina may retain a
multipotent character regardless of the type of neuron ablated since ectopic neurons appear
outside the injury site and are also found in uninjured retinas treated with a variety of growth
factors and cytokines20-22.24, Recent studies suggest Miller glia are intrinsically multipotent
regardless of the type of neuron ablated and that ectopic or excess neurons are generated>.
Thus, it is important to determine if these additional neurons persist in the retina and
contribute to retina structure and function.

Conclusions and future directions

The zebrafish retina provides an ideal system for studying retina regeneration. Investigations
into the mechanisms underlying retina regeneration have revealed gene expression programs
and signaling pathways that are important for this process. Comparison of retinal injury
responses in zebrafish and mammals may help identify factors that can stimulate mammalian
retina regeneration. The study of retina regeneration is still in its infancy and there remain
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many unanswered questions. Some were described above, additional questions are outlined

b

elow.
1. Avre all Mdiller glia equal in their ability to generate progenitors?
2. How do dying cells communicate to Muller glia to stimulate their

reprogramming and proliferation?

3. How much of regeneration is a recapitulation of development and what are
its unique aspects?

4. What directs Miiller glia-derived progenitors to regenerate specific cell
types? Is there heterogeneity between progenitors associated with a
particular Muller glia?

5. Why is progenitor proliferation limited? How is it controlled? What are
the consequences of reducing or enhancing this proliferation?

6. What components of an uninjured and injured retinal environment direct
Muiller glia to generate unipotent and multipotent progenitors,
respectively?

7. What is the hierarchical and regulatory relationship of various signaling
cascades, like MAPK, PI3K, Notch, B-catenin and Stat3 that regulate
retina regeneration?
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Figure 1.
Retinal anatomy. Panel A: is a diagram of the fish head and eye. Panel B: is a diagram of the

eye with the retina depicted as a thin piece of tissue lining the back of the eye. The optic
nerve (ON) is composed of axons emanating from retinal ganglion cells. Panel C: is similar
to panel B, but the retina is enlarged to show the various retinal layers. The retina is
organized into three nuclear layers (outer nuclear layer [ONL], inner nuclear layer [INL] and
ganglion cell layer [GCL]) that are separated by synaptic layers. Panel D: shows the neurons
and glia of the retina. The ONL harbors Rod (R) and cone (C) photoreceptors. The INL
harbors horizontal (H), bipolar (BP), amacrine (A) and Miiller glial (MG) cells. The MG cell
is unique in that it is the only retinal cell to extend processes into the ONL and GCL. The
GCL harbors ganglion cells (GC) whose axons make up the optic nerve (ON).
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Figure 2.
Signaling pathways that regulate Maller glial cell reprogramming and retina regeneration.

Shown are some of the pathways that have been identified to regulate Muller glia
reprogramming, proliferation and progenitor differentiation. See text for details.
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Figure 3.

Retinal progenitors. Progenitors in the retinal periphery are responsible for producing all
neurons except rods in the constantly expanding fish retina. Muller glia-derived unipotent
rod progenitors are responsible for generating rods in the ONL of the expanding retina.
Muller glial-derived multipotent progenitors are generated in the injured retina and
responsible for regenerating all of the major retinal neurons.
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