
Müller glia: Stem cells for generation and regeneration of retinal
neurons in teleost fish

Jenny R. Lenkowski**,1 and Pamela A. Raymond*,1

Department of Molecular, Cellular, and Developmental Biology, College of Literature, Science,
and the Arts, University of Michigan, Ann Arbor, MI, USA

Abstract

Adult zebrafish generate new neurons in the brain and retina throughout life. Growth-related

neurogenesis allows a vigorous regenerative response to damage, and fish can regenerate retinal

neurons, including photoreceptors, and restore functional vision following photic, chemical, or

mechanical destruction of the retina. Müller glial cells in fish function as radial-glial-like neural

stem cells. During adult growth, Müller glial nuclei undergo sporadic, asymmetric, self-renewing

mitotic divisions in the inner nuclear layer to generate a rod progenitor that migrates along the

radial fiber of the Müller glia into the outer nuclear layer, proliferates, and differentiates

exclusively into rod photoreceptors. When retinal neurons are destroyed, Müller glia in the

immediate vicinity of the damage partially and transiently dedifferentiate, re-express retinal

progenitor and stem cell markers, re-enter the cell cycle, undergo interkinetic nuclear migration

(characteristic of neuroepithelial cells), and divide once in an asymmetric, self-renewing division

to generate a retinal progenitor. This daughter cell proliferates rapidly to form a compact

neurogenic cluster surrounding the Müller glia; these multipotent retinal progenitors then migrate

along the radial fiber to the appropriate lamina to replace missing retinal neurons. Some aspects of

the injury-response in fish Müller glia resemble gliosis as observed in mammals, and mammalian

Müller glia exhibit some neurogenic properties, indicative of a latent ability to regenerate retinal

neurons. Understanding the specific properties of fish Müller glia that facilitate their robust

capacity to generate retinal neurons will inform and inspire new clinical approaches for treating

blindness and visual loss with regenerative medicine.
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1. Introduction

All cells in a multicellular organism are clonally related since, by definition, they derive

from a common ancestor – the single-cell zygote. The challenge of development is to

generate additional cells by mitotic division and then direct those cells to exit the cell cycle

and select among a multitude of distinct differentiation pathways, all within a tightly

regulated spatiotemporal sequence necessary to produce and maintain the complex,

multifunctional tissues and organs of the mature organism. Exactly how this myriad array of

cellular interactions, complex programs of gene expression, and patterns of organogenesis

are coordinated and integrated have generated questions that have intrigued students of

developmental biology for many centuries. Even more complex and fascinating is the

phenomenon called ‘epimorphic’ regeneration, which is the restoration of damaged tissues,

organs, or body parts in the adult organism. The scientific revolution that was initiated by

the arrival on the scene of embryonic stem cells (ESCs), somatic or ‘adult’ stem cells, and

more recently induced pluripotent stem cells (iPSCs), has triggered a tsunami of

investigators studying the fundamental developmental questions of cell lineage, cell fate,

and cell differentiation. Many of these studies are inspired by the prospect of discovering

and designing novel therapeutic approaches to enhance endogenous repair and regenerative

therapies for the treatment of human injury and disease.

The remarkably early appearance in the developing embryo of cells fated to become the

central nervous system (CNS) is a crucial event in establishing the vertebrate body plan, as

first demonstrated by the pioneering work of Hans Spemann in the early 20th century. The

CNS derives embryonically from a tubular sheet of pseudostratified, multipotent,

proliferating neuroepithelial cells with distinct apical-basal polarity (Gotz and Huttner,

2005). Neuroepithelial cells are self-renewing and multipotent; they generate all the intrinsic

cells of the CNS, neurons and glia, and are thereby often referred to as neural stem cells

(Alvarez-Buylla et al., 2001; Merkle and Alvarez-Buylla, 2006; Revishchin et al., 2008;

Temple, 2001). A common theme across all regions of the embryonic CNS is that neurons

are generated before glial cells (Miller and Gauthier, 2007; Okano and Temple, 2009),

although this characterization is not completely accurate, a caveat that is key to

understanding neurogenesis and regeneration in the adult CNS. After the initial stages of

neurogenesis in some regions of the brain, e.g., the mammalian cerebral cortex, the

properties of neuroepithelial stem cells change; although they retain their distinctive spindle-

shape, with apical (ventricular) and basal (pial) processes that span the width of the

neuroepithelium, some neuroepithelial cells begin to express glial-specific markers, and at

this stage they are identified as radial glia (Gotz and Huttner, 2005; Rakic, 2003). Radial

glia continue to divide, sometimes symmetrically to expand their population, but sometimes

asymmetrically, in which one daughter retains the properties of a radial glia – self-renewal –

and the other becomes a neuronal progenitor that subsequently divides to generate late-born

neurons; eventually radial glia in the embryonic mammalian brain differentiate into

astrocytes (Campbell and Gotz, 2002; Fishell and Kriegstein, 2003; Mori et al., 2005;

Morrens et al., 2012).

The discovery of the glial origin of later-born neurons in the embryonic brain overturned a

long-standing dogma, which dated from studies at the end of the 19th century by Wilhelm
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His, who proposed separate lineages for glia and neurons from dedicated progenitors.

Another dogma fell with the demonstration that neural stem cells persist in highly restricted,

specialized ‘niches’ in the adult mammalian brain that remain in contact with the ventricles

(Doetsch, 2003). It is now widely accepted that adult neural stem cells are the direct

descendants of radial glia that have been sequestered and prevented from fully

differentiating (Alvarez-Buylla et al., 2001; Cerveny et al., 2010; Doetsch, 2003; Fuentealba

et al., 2012; Kriegstein and Alvarez-Buylla, 2009; Temple, 2001). The radial glial origin of

adult neural stem cells thus provides a continuous link between the limited and spatially

restricted neurogenesis in the adult brain and the final stages of neurogenesis in the

developing mammalian brain.

Most species of fishes grow continuously, so their body size increases throughout adult life

(Brown, 1957). In contrast to the limited neurogenesis found in the adult mammal brain,

neuro-genesis is widespread and robust in several species of teleost fishes that have been

examined (Adolf et al., 2006; Cerveny et al., 2012; Chapouton et al., 2007; Grandel and

Brand, 2013; Grandel et al., 2006; Marcus et al., 1999; Zupanc, 2001, 2006; Zupanc et al.,

2005). Progenitor cells in the adult teleost CNS are heterogeneous in nature, and at least two

distinct populations of multipotent, proliferating cells have been described: 1) radial glial

cells that express characteristic markers, e.g., glial fibrillary acidic protein (GFAP),

glutamine synthetase (GS), vimentin (an intermediate filament protein), S100B (a calcium-

binding protein), aromatase-B (a cytochrome P450 enzyme involved in lipid synthesis), and

brain lipid binding protein (BLBP), and 2) glial-marker negative progenitors that instead

express markers of neuroepithelial cells, e.g., nestin (an intermediate filament protein), Sox2

(an SRY-box transcription factor), Musashi-1 (an RNA-binding protein), and exhibit

‘interkinetic nuclear migration’, a distinctive property of neuroepithelial cells discussed

below (Chapouton et al., 2007; Kizil et al., 2012). Persistent neurogenesis in the adult brain

is associated with a robust capacity to regenerate neurons and neuronal circuits following

CNS injury (Becker and Becker, 2008; Chapouton et al., 2007; Kizil et al., 2012; Zupanc,

2001, 2006; Zupanc and Sirbulescu, 2011).

The neural retina is an embryonic derivative of the brain, and as elsewhere in the CNS,

retinal neurons and glia derive from multi-potent neuroepithelial progenitor cells. In fish,

persistent neuro-genesis and the capacity to regenerate neurons leading to repair and

restoration of function in damaged retinal tissue of adult animals has been recognized for

decades (Easter, 1983; Hitchcock et al., 2004; Hitchcock and Raymond, 1992; Johns, 1981;

Raymond, 1991, 2004; Raymond and Hitchcock, 1997, 2000). Most recent studies of

persistent neurogenesis and regeneration in the retina have used the zebrafish (Danio rerio,

formerly Brachydanio rerio) as an experimental model because of the many, well known

advantages of this species: ease of maintaining and breeding, availability of genetic tools

including mutants and transgenic lines, and a rapidly growing community of zebrafish

researchers (Avanesov and Malicki, 2004; Easter and Malicki, 2002; Goldsmith and Harris,

2003; Link and Darland, 2001). Several recent reviews provide excellent summaries of our

current understanding of the genetic and molecular mechanisms involved in retinal

neurogenesis in zebrafish (Avanesov and Malicki, 2004; Cerveny et al., 2012; Fadool and

Dowling, 2008; Stenkamp, 2007, 2011).
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Studies of retinal regeneration in zebrafish are now focused squarely on Müller glial cells,

since lineage tracing studies a few years ago definitively identified them as the source of

retinal progenitor cells responsible for regenerating retinal neurons in the damaged retina, as

we will discuss below. What has piqued the interest of many investigators, and stimulated

wider interest in understanding the regenerative abilities of the fish retina, is that Müller glia

in both chick and mammalian (including human) retinas display some molecular properties

of retinal neuroepithelial progenitor cells and under certain conditions can give rise to cells

with neuronal markers (Ahmad et al., 2011; Fischer and Bongini, 2010; Fischer and Reh,

2003; Jadhav et al., 2009; Karl and Reh, 2010; Lamba et al., 2009b; Moshiri et al., 2004;

Reichenbach and Bringmann, 2013; Takeda et al., 2008). However, except in fishes,

neuronal regeneration from an endogenous source of stem cells that leads to functional

repair of damaged retinas has not been demonstrated. The scientific community has

embraced the idea that the Müller glial origin of neuronal progenitors in the regenerating

zebrafish retina is conceptually aligned with the concept of reprogramming differentiated

cells into pluripotent stem cells, a discovery that has generated much excitement and

captured the attention of scientists, physicians, and the public because of its promise for

regenerative medicine (Hochedlinger and Plath, 2009; Jopling et al., 2011; Karl and Reh,

2010; Knapp and Tanaka, 2012; Plath and Lowry, 2011).

This review chronicles the scientific studies that led to our present understanding of the

neurogenic properties and stem cell-like behavior of Müller glial cells in teleost fish retinas.

We conclude by posing a series of unanswered questions in the hope of stimulating

additional investigations that will lead eventually to therapies designed to unlock and

enhance the latent ability of human Müller glial cells to generate new retinal neurons.

2. Postembryonic retinal growth and persistent neurogenesis in teleost fish

2.1. Common developmental origin of retinal neurons and Müller glial cells

The structure and function of the vertebrate retina has been remarkably conserved over more

than 500 million years of evolution, and this is reflected in a common developmental

program. To briefly summarize, at an early stage in embryonic development, bilaterally

paired optic primordia, which express specific ‘eye field’ transcription factors, evidence of

commitment to a retinal fate (Chuang and Raymond, 2002; Zuber et al., 2003), grow out

laterally from the forebrain to reach the surface ectoderm, then invaginate to form the optic

cup. The inner surface of the cup develops into the neural (sensory) retina and the outer

surface becomes the retinal pigmented epithelium (RPE); the apical surfaces of the neural

and pigmented epithelia appose each other, sandwiched between the collapsed bilayers of

the optic cup (Chow and Lang, 2001). The retinal neuroepithelium is a pseudostratified,

columnar epithelium similar to the rest of the embryonic CNS. Retinal neuroepithelial cells

are spindle-shaped with radial processes that span the width of the epithelium, from the

apical surface (outer limiting membrane, equivalent to the ventricle in the brain) to the basal

surface (inner limiting membrane, equivalent to the pia mater in the brain) (Fig. 1) (Ramón y

Cajal, 1960).

The nuclei of proliferating neuroepithelial cells exhibit the peculiar property ‘interkinetic

nuclear migration’, which is associated with stages of the cell cycle (Fujita and HoriM,
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1963; Hinds and Hinds, 1974; Sauer, 1935): DNA synthesis occurs when the nucleus is

located more basally in the epithelium, the nucleus then trans-locates apically within the

radial process, and mitosis is at the apical surface. Although these original descriptions of

interkinetic nuclear migration (IKNM) suggested that the basal process is withdrawn and the

cell rounds up to divide, more recent time-lapse studies with fluorescent markers show that

during mitosis of radial glia in the mouse cortex (Noctor et al., 2001) or neuroepithelial cells

in the embryonic zebrafish retina (Baye and Link, 2007; Das et al., 2003; Del Bene et al.,

2008; Norden et al., 2009) the basal process of at least one of the two daughter cells is

retained. Thus, neuroepithelial cells in the developing retina have at least two distinct roles:

1) generate retinal cells, and 2) provide a vertical scaffolding around which neural circuits

are built. After a phase of rapid proliferation and expansion of the retinal neuroepithelium,

histogenesis of the neural retina commences (Fujita and HoriM, 1963; Hinds, 1968; Hinds

and Hinds, 1974, 1978; Hollyfield, 1972, 1968; Kahn, 1974; Mann, 1928; Ramón y Cajal,

1960; Rapaport et al., 1996, 2004; Sidman, 1960).

Retinal histogenesis is largely a process of sequential delami-nation of the neuroepithelium

to generate the mature neural retina, which is a remarkably ordered, laminar arrangement of

six fundamental types of retinal neurons parceled into three nuclear layers and supported by

one type of endogenous glial cell, the Müller cell, which was first described by Heinrich

Müller in the mid-19th century. Lineage-tracing studies have convincingly shown that

retinal neurons and Müller glia have a common origin – individual retinal neuroepithelial

cells are multipotent and form radially distributed clones of retinal cells (Holt et al., 1988;

Turner and Cepko, 1987; Turner et al., 1990; Wetts and Fraser, 1988). In all vertebrate

retinas, photoreceptors in the outer nuclear layer (ONL) are sensory neurons that retain

many apical features of epithelial cells, including adherens junctions at the apical surface

(outer limiting membrane, OLM) and an elaborate, cilium-derived appendage that contains

the molecular machinery of visual transduction. The axons of photoreceptors synapse on

interneurons in the inner nuclear layer (INL), which in turn provide input to retinal ganglion

cells in the innermost ganglion cell layer (GCL), whose axons exit the eye as the optic

nerve.

Müller cells are specialized radial glia with nuclei in the INL and a radial process that

extends apically and basally to span the width of the retinal epithelium to provide structural

and metabolic support for retinal neurons (Bringmann et al., 2006; Reichenbach and

Bringmann, 2013; Sarthy and Ripps, 2001). The diverse roles of Müller glia include: 1)

They have profuse, elaborate lateral projections that ensheath the cell bodies and processes

of every retinal neuron. 2) They provide homeostatic regulation of extracellular volume and

composition (e.g., water, nutrients, ions, pH, waste products, and trophic factors). 3) They

regulate blood flow and maintain the blood-retinal barrier. 4) They support synaptic activity

of neurons. 5) They function as light-guides and mediate mechanical tissue homeostasis. 6)

They contribute to the isomerization of retinoids in the cone visual cycle. 7) Finally, they

become reactive/activated after a pathological disturbance of the retina, and this response

can have both positive (neuroprotective) and/or negative (gliosis, glial scar) consequences.

2.1.1. Not all Müller glia are the last cells ‘born’ in the retina—In the late 19th

century, Santiago Ramón y Cajal made astonishingly astute observations of neurons and
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glial cells in mature and developing CNS tissues from several vertebrate species that were

prepared with the Golgi method and other stains, and he concluded that Müller glia are

among the earliest retinal cells to show signs of differentiation (Ramón y Cajal, 1972). This

conclusion has been supported by a number of more recent studies of the developing retina

with electron microscopy, histochemistry, and Golgi staining. Distinctive ultrastructural

features of early differentiating Müller glia in the prenatal rabbit (Uga and Smelser, 1973)

and rat (Kuwabara and Weidman, 1974) retinas include abundant smooth ER and lipid

droplets, and the appearance of esterase activity identifies Müller glia in prenatal mouse

retina (Bhattacharjee and Sanyal, 1975). Immunocytochemical staining for the Müller glial

marker vimentin reveals early differentiating Müller glia in chick embryo retinas (Lemmon

and Rieser, 1983), and Golgi staining in the developing chick retina also documents early

morphological differentiation of Müller glia, in particular, the initial formation of lateral,

cytoplasmic projections that enwrap the neurons (Prada et al., 1989). Together these studies

suggest that during retinal histogenesis, some neuroepithelial cells gradually differentiate

into Müller glia while retinal neurons are being generated (Fig. 1).

The morphological evidence for early differentiation of Müller glia is contrary to the current

widely held belief that Müller glia are among the last cells generated during retinal

development, a proposition that is based on ‘birthdating’ studies (Sarthy and Ripps, 2001).

Beginning with the pioneering study by Richard Sidman (Sidman, 1960), numerous

investigators have used a pulse of 3H-thymidine to mark retinal progenitor cells synthesizing

DNA in preparation for mitotic division (Fujita and HoriM, 1963; Hollyfield, 1972; Kahn,

1974; LaVail et al., 1991; Rapaport et al., 2004; Stiemke and Hollyfield, 1995; Young,

1985a, b). Because daughter cells that become postmitotic and differentiate permanently

retain the radioactive label, whereas proliferating cells that undergo further mitotic divisions

dilute out the label, the time of exposure to 3H-thymidine indicates the terminal mitotic

division of a cell – its ‘birthdate’. This method works well for terminally mitotic cells, such

as neurons, but since Müller glia reenter the cell cycle under certain conditions, if they do so

in the developing retina, then early differentiating Müller glia that are still mitotically active

would be missed using this 3H-thymidine-birthdating strategy.

Several studies suggest that differentiating Müller glia in the embryonic retina are not

terminally mitotic, but continue to proliferate similar to radial glia in the brain. For example,

in the developing cat retina, while proliferating neuroepithelial cells were still dividing at the

OLM, a few mitotic cells in the INL that incorporated 3H-thymidine were thought to be

Müller glia (Rapaport et al., 1984). Similarly, in frogs (Xenopus and Rana), scattered cells in

the INL with elongated nuclei characteristic of Müller glia incorporate 3H-thymidine after

retinal lamination (Hollyfield, 1968; Hollyfield, 1971; Stiemke and Hollyfield, 1995;

Straznicky and Gaze, 1971). None of these studies used Müller-specific markers, so the

identity of the proliferating cells was not certain. A study of Müller cell differentiation in

zebrafish embryos noted that Müller-specific markers such as GS appeared at 60 hours post-

fertilization (hpf), and since most cells in the INL become post-mitotic at 54 hpf (Hu and

Easter, 1999), they concluded that Müller glia were postmitotic (Peterson et al., 2001).

However, subsequent studies provided evidence that Müller glia in zebrafish embryos do

proliferate after they begin to differentiate. In transgenic zebrafish with a Müller glial-
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specific reporter – Tg(gfap:EGFP), in which expression of enhanced green fluorescent

protein (GFP) is driven by regulatory elements of the glial fibrillary acidic protein (gfap)

gene (Bernardos and Raymond, 2006) – GFP-labeled Müller glia appear in the embryonic

retina as early as 48 hpf, and they are mitotically active (Bernardos et al., 2007). Similarly,

Müller glia identified in zebrafish embryos by immunolabeling with anti-GS or anti-GFAP

incorporated BrdU at 55 and 60 hpf (Nelson et al., 2008).

Despite these contradictory reports in the literature about when Müller glia are ‘born’ in the

developing retina, since Müller glia are critical to the structural integrity of the laminated

retina and stabilize the vertical columns of neurons (Layer and Willbold, 1993; Willbold et

al., 1995), it would not be surprising that when neurons start to differentiate they quickly

begin to require the supportive functions of Müller glia. Furthermore, there is no dispute

about the ability of differentiated Müller glia from the adult retina to proliferate under

pathological conditions or in vitro (Bringmann et al., 2003, 2006; Dyer and Cepko, 2000a;

Fisher and Lewis, 2003; Sarthy, 1985, 1991).

In all vertebrates, two general patterns of retinal differentiation are observed (Mann, 1928;

Ramón y Cajal, 1960). First, retinal ganglion cells near the center of the hemispheric optic

cup adjacent to the optic stalk are the first to differentiate. Second, gradients of

differentiation then progress from inner to outer layers and from center to periphery of the

retinal hemisphere. As a result of these two development patterns: 1) rod photoreceptors are

the last type of neurons generated (inner-to-outer gradient), and 2) the last stages of

neurogenesis are at the peripheral margin of the retina, at the boundary with the ciliary

epithelium (central-to-peripheral gradient). The consequences of these ontogenetic patterns

of retinal development are discussed next.

2.2. Retinal stem cell niche – a neuroepithelial germinal zone persists at the ciliary margin
in fish

As fishes grow during larval and adult life, the retina enlarges by a combination of

intraocular expansion and cellular hypertrophy as well as neurogenesis (Ali, 1964; Fernald,

1991; Johns, 1977, 1981; Johns and Easter, 1977; Lyall, 1957; Meyer, 1978; Müller, 1952;

Sandy and Blaxter, 1980). The increase in retinal size and rate of neurogenesis is variable

with age and among individuals (Brown, 1957) and is coordinated with body growth at least

in part through hormonal regulation mediated by the growth hormone/IGF-1 axis (Boucher

and Hitchcock, 1998; Mack and Fernald, 1993; Otteson et al., 2002; Otteson and Hitchcock,

2003). The neurons that contribute to the increase in retinal size are largely born in the

circumferential germinal zone at the ciliary margin where neuroepithelial cells generate

concentric annuli of new retinal tissue (Amato et al., 2004; Centanin et al., 2011; Cerveny et

al., 2012; Harris and Perron, 1998; Hitchcock et al., 2004; Hitchcock and Raymond, 2004;

Moshiri et al., 2004; Otteson and Hitchcock, 2003; Raymond et al., 2006; Stenkamp, 2007).

The sequence of histogenesis in the newly generated retina at the periphery recapitulates

embryonic and larval stages of retinal development, including the order of generation of

different cell types. In fact, the vast majority of the neural retina in adult fish (and frogs) is

generated postembryonically by neurogenesis in the circumferential germinal zone, or

ciliary marginal zone (CMZ) (Allison et al., 2010; Moshiri et al., 2004; Raymond, 1986). In
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contrast, limited neurogenesis occurs in the CMZ of early postnatal birds, but in mammals

the CMZ is absent (Kubota et al., 2002); an exception is that in mice heterozygous for a null

mutation in patched (ptc) – the receptor for Shh (Sonic hedgehog), a mitogenic factor for

retinal progenitors in vitro – proliferating retinal progenitors are present in the CMZ, and

neurogenesis continues up to 3 months of age (Moshiri and Reh, 2004). Similarly, in

zebrafish, mutations in ptc2 result in expansion of progenitors in the CMZ (Bibliowicz and

Gross, 2009).

Neuroepithelial cells in the CMZ of fish and larval frogs include multipotent, retinal stem

cells that self-renew and generate all types of retinal neurons and Müller glia (Fig. 2 and

Agathocleous and Harris, 2009; Centanin et al., 2011; Raymond et al., 2006; Wehman et al.,

2005). In the CMZ of both Xenopus (Harris and Perron, 1998; Xue and Harris, 2012) and

zebrafish (Raymond et al., 2006), developmental stages are represented spatially, reflecting

the appositional mode of cell addition, i.e., retinal stem cells are most peripheral, adjacent to

the ciliary epithelium, then multipotent progenitors, and then committed retinal progenitors

most central, adjacent to the differentiating retinal cells. The regulation of proliferation, gene

expression profiles, and signaling pathways that characterize retinal stem and progenitor

cells in the CMZ have been studied extensively (Bibliowicz and Gross, 2009; Calinescu et

al., 2009; Cerveny et al., 2010; El Yakoubi et al., 2012; Gonzalez-Nunez et al., 2010; Kubo

and Nakagawa, 2009; Kubo et al., 2003, 2005; Meyers et al., 2012; Moshiri et al., 2004,

2005; Negishi et al., 1990; Perron and Harris, 2000; Raymond et al., 2006; Reh and Levine,

1998; Stenkamp, 2007; Stenkamp et al., 1997; Stephens et al., 2010; Vitorino et al., 2009;

Xue and Harris, 2012). The relevant signaling pathways include IGF (Insulin-like Growth

Factor), FGF (Fibroblast Growth Factor), Hedgehog, Wnt (Wingless-type MMTV

integration site family), BMP (Bone Morphogenetic Protein), retinoic acid, thyroid

hormone, and Notch. Transcription factors associated with specification of retinal cell fate

and expressed in the CMZ include homeobox genes rx1/2 (retinal homeobox 1/2), pax6

(paired homeobox 6), six3 (sine oculis homeobox 3), vsx2 (visual system homeobox 2), and

proneural genes ascl1a (achaete-scute complex homolog 1a), neurod (neurogenic

differentiation), atoh7 (atonal homolog 7), among others.

The CMZ and surrounding microenvironment in adult zebrafish retina (Fig. 2) share many

characteristics with neural stem cell niches in the adult mammalian brain: 1) Radial-glial

markers such as BLBP (also known as fatty acid binding protein and encoded by the

zebrafish gene, fabp7a) are expressed by retinal stem and progenitor cells; 2) The

extracellular-matrix associated carbohydrate epitope SSEA-1/LeX/CD15 is expressed on the

circumferential blood vessel that lies on the vitreal surface adjacent to the CMZ and on the

overlying RPE; 3) N-cadherin protein (encoded by the cdh2 gene) is diffusely distributed on

the basolateral plasma membranes of retinal stem and progenitor cells as well as localized to

specialized adherens junctions at the OLM (Raymond et al., 2006).

The stem cell niche in the CMZ represents a remnant of the last stages of embryonic retinal

development – retinal stem and progenitor cells that have resisted the wave of differentiation

that swept from center of the retina to the peripheral margin. The second developmental

gradient builds the retinal laminae from the inner surface (retinal ganglion cells) to the outer

surface (rod photoreceptors). In teleost fish retinas, the second development gradient also
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extends into adult life, with the persistent generation of rod photoreceptors, as discussed

next.

3. Rod photoreceptor lineage in teleost fish

3.1. Continued accumulation of rod photoreceptors reflects life history changes in the
visual environment

In some species of teleost fishes, the retina has cones but few or no rods during larval stages,

and rods begin to appear in the differentiated retina only during larval development or at

metamorphosis (Blaxter, 1975; Blaxter and Staines, 1970), and subsequently rods continue

to increase in proportion to other retinal cells during post-larval retinal growth (Branchek

and Bremiller, 1984; Johns and Easter, 1977; Kunz et al., 1983; Locket, 1980; Lyall, 1957;

Müller, 1952; Raymond, 1985; Stenkamp et al., 1997, 1996). The delayed appearance of rod

photoreceptors in the retina has been attributed to changes in the life history and photic

environment of fishes: The larvae live near the surface of the water, where sunlight

penetrates, but as they grow larger they move deeper, ambient light diminishes and rods

become more important to visual function. The first thorough quantification of the

differential addition of rods to the retina was a study published in 1952 by Hans Müller, who

counted retinal cells and calculated total numbers in guppies (Lebistes reticulatus) from

hatching to adult stages; he found a three-fold increase in ganglion cells and cones, but a

sevenfold increase in rods (Müller, 1952). Similarly, in adult goldfish (Carassius auratus)

from 1 to 4 years of age, the number of ganglion cells and cones increases almost six-fold,

but the number of rods increases ten-fold (Johns and Easter, 1977). The accumulation of

rods in the adult goldfish retina has two consequences: 1) The planimetric density of rods

(number per mm2 of retina surface) increases slightly with growth, whereas the density of

other retinal neurons decreases as a result of retinal stretching (Johns and Easter, 1977); 2)

the dark-adapted visual sensitivity, as measured psychophysically, reflects the slight

increase in rod density (Powers et al., 1988).

The delayed generation of rod photoreceptors compared with cone photoreceptors is not

specific to fishes. In mammalian retinas, cones are also generated before rods, and in most

species production of rods continues postnatally (Carter-Dawson and LaVail, 1979;

Rapaport et al., 1996, 2004; Turner and Cepko, 1987; Turner et al., 1990; Young, 1985a).

We next turn to a discussion of the retinal progenitors that generate rod photoreceptors

within the fully differentiated, functioning retina of adult fishes.

3.2. Rod photoreceptors are generated by proliferating, lineage-restricted progenitors

The rod photoreceptors that accumulate in the adult fish retina are not born in the CMZ but

derive from proliferating rod precursors, which appear to be lineage-restricted progenitors

(Fig. 2). Inga-Britt Ahlbert observed mitotic figures in the ONL of larval salmonid (Salmo)

species and suggested that they might be generating rods (Ahlbert, 1976); similar

observations had been made earlier in other fish species (Lyall, 1957; Vilter and Lewin,

1954). This suggestion was confirmed in the 1980's when proliferating cells in the ONL that

incorporated 3H-thymidine and then differentiated into rods were discovered in

metamorphosing herring (Clupea harengus) and sole (Solea solea) (Sandy and Blaxter,

Lenkowski and Raymond Page 9

Prog Retin Eye Res. Author manuscript; available in PMC 2015 May 01.

N
IH

-P
A

 A
uthor M

anuscript
N

IH
-P

A
 A

uthor M
anuscript

N
IH

-P
A

 A
uthor M

anuscript



1980), and juvenile cichlids (Haplochromis burtoni) and goldfish (Johns and Fernald, 1981).

Follow-up longitudinal studies of 3H-thymidine-labeled cells in embryonic cichlids

(Hagedorn and Fernald, 1992) and larval goldfish (Johns, 1982), in which production of rods

occurs at a high rate, revealed that retinal progenitors in the INL incorporate 3H-thymidine

and form migrating chains of elongated, progenitor cells that move apically into the ONL,

where they continue to proliferate before differentiating into rod photoreceptors (Fig. 3).

The newly generated, 3H-thymidine-labeled rod photoreceptors in goldfish persist for at

least 180 days (Johns, 1982), so rod genesis is not likely to reflect a process of photoreceptor

turnover. The addition of rod photoreceptors is especially evident in the peripheral retina,

which is most recently generated by the CMZ and therefore still actively acquiring its cohort

of rod photoreceptors.

Although a pulse of 3H-thymidine delivered to adult goldfish labels the mitotically active

rod precursors in the ONL, this technique often labels few if any proliferating progenitors in

the INL. Subsequent studies used continuous exposure (for one to several days) to the

thymidine analog bromodeoxyuridine (BrdU) and observed BrdU-labeled progenitors in the

INL of juvenile and adult rainbow trout (Onchorynchus mykiss) (Julian et al., 1998) and

goldfish (Otteson et al., 2001) retinas. The implication from these observations is that the

INL progenitors are quiescent or slowly cycling, and exposure to a brief pulse of BrdU

(or 3H-thymidine) is therefore unlikely to be synchronous with the S-phase of the cell cycle.

Juan Korenbrot and colleagues used a double-labeling technique with sequential exposure

first to BrdU then to iododeoxyuridine (IdU) to demonstrate that rod precursors in the ONL

are derived from INL progenitors that form clusters in the INL and migrate into the ONL

(Julian et al., 1998). After systemic exposure of juvenile goldfish to BrdU for 9 days, Peter

Hitchcock and colleagues also found many BrdU+ rods in the ONL at 30 days and rare

BrdU+ cells in the INL that were immunoreactive for the progenitor marker Pax6; they

concluded that these label-retaining cells were slowly cycling ‘stem cells’ at the origin of the

rod photoreceptor lineage (Otteson et al., 2001). As discussed in Section 3.3 below, the INL

‘stem cells’ have now been identified as Müller glia.

Rod precursors in the ONL do not express Pax6 (Hitchcock et al., 1996), and because they

proliferate rapidly, they are easily visualized by immunostaining with a marker for late

G2/M phase, PCNA (proliferating cell nuclear antigen). In the cichlid retina, rod precursors

show a circadian rhythm of proliferation with a higher number of mitoses in the dark phase

(Chiu et al., 1995). Ocular growth and retinal stretching also modulate the rate of

proliferation of rod precursors. In both goldfish (Raymond et al., 1988a) and zebrafish

(Sherpa et al., 2011) mutant strains have been isolated that have grossly enlarged eyes due to

elevated intraocular pressure (a phenotype related to congenital glaucoma in humans, or

buphthalmia); in these fish the number of 3H-thymidine or BrdU-labeled rod precursors is

increased, indicating a larger population that generates more rod photoreceptors.

Subsequent studies have provided insights into the genetic regulation of the rod lineage in

zebrafish (for details, see the recent review by Deborah Stenkamp; Stenkamp, 2011).

Proliferating progenitors in the rod lineage of the late embryonic to adult zebrafish originate

in the INL and migrate to the ONL while undergoing progressive changes in expression of

transcription factors associated with commitment to retinal and photoreceptor cell fate:
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pax6-expressing cells in the INL give rise to migrating progenitors that express rx1 and

neurod; as the progenitors move into the ONL they express crx (cone-rod homeobox) and

nr2e3 (nuclear receptor sub-family 2, group E, member 3; an orphan nuclear receptor known

to activate rod-specific genes and repress cone-specific genes) indicative of rod

photoreceptor specification (Bernardos et al., 2007, 2005; Nelson et al., 2008; Ochocinska

and Hitchcock, 2007, 2009).

Several laboratories have shown that the population of proliferating rod precursors in the

ONL, and thereby the rate of rod photoreceptor production in fishes, is subject to hormonal

regulation associated with growth (rapidly growing fish have more proliferating rod

precursors); selective destruction of rod photoreceptors also results in an increased number

of proliferating rod precursors (reviewed in Stenkamp, 2011). A recently described

transgenic model of rod photoreceptor degeneration in zebrafish has been especially useful

for understanding the regulation of rod photoreceptor genesis (Morris et al., 2005). In this

transgenic line, Tg(XOPS:mCFP), the Xenopus rod opsin promoter drives expression of

membrane-targeted cyan fluorescent protein, which causes rods to degenerate as soon as

they begin to differentiate, presumably as a result of toxic levels of the reporter protein, but

cones are not affected. In response, the population of proliferating rod precursors is

expanded by almost three-fold in the adult retina (Morris et al., 2005). A microarray analysis

of the transcriptome of Tg(XOPS:mCFP) zebrafish compared with wild-type zebrafish

uncovered three transcription factors that in adults are expressed selectively in the CMZ and

the proliferating rod precursors in the ONL: a member of the Sox group C family, sox11b; a

zinc-finger transcription factor, insm1a (insulinoma-associated 1a); and a member of the

myeloblastosis family of proto-oncogenes, c-myb (Morris et al., 2011). A subsequent study

showed that insm1a expressed in proliferating rod precursors in the ONL is negatively

regulated by Notch signaling, and promotes cell cycle progression, expression of neurod,

crx, and nr2e3, and differentiation of rod photoreceptors (Forbes-Osborne et al., 2013).

The mechanisms that determine the choice of rod versus cone fate by the photoreceptor

progenitors in the fish retina are not yet fully understood, but retinoic acid (RA) signaling

has been implicated in rod/cone cell fate decisions (Stevens et al., 2011). Zebrafish have

four morphologically, spectrally, and functionally distinct types of cones that express

specific cone opsin genes, rendering them maximally sensitive to different wavelengths of

light: long (red), medium (green), short (blue), and ultraviolet (UV), respectively (Chinen et

al., 2003; Hisatomi et al., 1996; Raymond et al., 1993). Exposure of zebrafish embryos to

exogenous RA alters the numbers of rods and cones – rod photoreceptors are increased and

cones, especially red cones, are reduced – whereas morpholino-targeted knockdown of the

RA nuclear receptor, RARαβ, results in a decrease in number of rods (Stevens et al., 2011).

Exposure to RA in vitro also biases retinal progenitor cells from embryonic and neonatal

rats to develop as rod photoreceptors (Kelley et al., 1994). In the mouse retina, a

transcriptional network controls photoreceptor cell fate decisions, rod versus cone (reviewed

in Swaroop et al., 2010). In the mammalian retina, specification of rod fate, and concomitant

suppression of cone fate, is controlled by a cascade of transcription factors, including a

receptor related to RARαβ called RORβ (RAR-related orphan nuclear receptor β), its

downstream target NRL (Neural Retina Leucine-zipper transcription factor in the Maf sub-
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family), and the NRL target Nr2e3. In contrast, in zebrafish the progenitors for both rods

and cones have similar molecular profiles including expression of rx1, crx, neurod, nrl, and

nr2e3 (reviewed in Stenkamp, 2011), suggesting that mechanisms underlying photoreceptor

commitment and cell fate selection in different vertebrate species may vary (Adler and

Raymond, 2008).

3.3. Müller glial cells function as ‘radial glia’ to generate rod progenitors

3.3.1. Radial fibers guide migration of progenitors—The identity of the slowly

cycling, Pax6+ progenitors in the INL that give rise to the rod photoreceptor lineage

remained an enigma for many years (Johns, 1982; Julian et al., 1998; Otteson et al., 2001),

although a hint of their origin was evident in that the clusters or chains of proliferating,

spindle-shaped progenitors appeared to migrate from INL to ONL in close associationwith

the radial processes of Müller glia (Fig. 2). This relationship was demonstrated directly by

serial electron microscopic (EM) reconstruction combined with longitudinal 3H-thymidine

autoradiography in larval goldfish retinas (Fig. 3, see Raymond and Rivlin, 1987). The 3H-

thymidine-labeled progenitors in the INL are bipolar-shaped with short (<200 μm) leading

processes that curl around the radial Müller fiber and neighboring progenitors in the

migrating chain. These characteristics are consistent with a migration pathway guided by the

radial glial fiber, and are remarkably similar to the morphology of neuroblasts in the

embryonic mammalian brain migrating along the radial glial fibers to reach the neocortex

(Rakic, 1972).

For serial EM reconstructions of 3H-thymidine-labeled progenitors (Fig. 3), we injected a

pulse of 3H-thymidine and then processed the retinas 1 h to 14 days later; we examined 235

labeled cells from 11 retinas. We could longitudinally track the label in clusters of

progenitors as they migrated from the INL to ONL and then differentiated into rod

photoreceptors, but we never saw a labeled Müller glial cell (Raymond and Rivlin, 1987),

which in retrospect is explained by their relative quiescence in the unperturbed retina. As

mentioned in the Introduction, we now know that the migrating neuroblasts in the neocortex

are clonally related to the radial glial cell progenitor that guides them (Noctor et al., 2001,

2002); these studies used a retroviral vector encoding GFP to label mitotic radial glia, and

examined clones up to 3 days later with live imaging and immunocytochemistry. When

lineage-tracing methods were applied to developing zebrafish retinas, the INL ‘stem cells’

that generate rod photoreceptors were finally identified as Müller glial cells.

3.3.2. Müller glia generate rod photoreceptors—Lineage-tracing studies in larval

zebrafish retina with transgenic Müller-glia reporter lines, Tg(gfap:EGFP)mi2001, mi2002,

showed that proliferating Müller glia are the source of rod progenitors (Bernardos et al.,

2007). The cell specificity of the GFP reporter was verified by co-localization with several

Müller-specific markers, including cellular retinaldehyde binding protein (CRALBP,

encoded by one of the two zebrafish gene paralogs, rlbp1a), BLBP (fabp7a), and

apolipoprotein – (apoE) (Bernardos and Raymond, 2006). Proliferating GFP+ Müller glia

were identified by immunocytochemistry with PCNA or BrdU incorporation; approximately

4% of Müller glia in juvenile zebrafish (1.5 months old) are mitotically active, and all

Müller glia are weakly immunoreactive for the retinal progenitor marker Pax6 (Bernardos et
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al., 2007). Continuous, systemic exposure to BrdU for 7 days revealed abundant BrdU-

labeled, weakly Pax6-immunoreactive, clusters of spindle-shaped progenitors spanning the

INL/ONL, some of which were also immunoreactive for the photoreceptor progenitor

marker Crx. We also found several examples of GFP+/BrdU+ cells in the ONL that were

immunoreactive for rhodopsin, identifying them as rod photoreceptors. The neuronal

progenitors that derive from mitotic divisions of Müller glia down-regulate expression of the

glial marker, GFAP, so the transgene reporter is turned off, but perdurance of the GFP

protein allows it to be used as a lineage tracer.

Taken together with the previous work on rod photoreceptor genesis in teleosts, the

implication of this finding is that all or most of the rod photoreceptors in the fish retina are

derived from differentiated Müller glial cells (Fig. 2). A possible exception is the early-

differentiating ‘precocious’ ventronasal patch of rod photoreceptors that appears in the

embryonic zebrafish retina at ~50 hpf (Kljavin, 1987; Raymond et al., 1995; Schmitt and

Dowling, 1996, 1999). This has not been described in other teleost species, and its

significance for retinal histogenesis or visual function is not known. The Müller glial

processes in the ONL of adult zebrafish retina express abundant amounts of a modified form

of NCAM (neural cell adhesion molecule), polysialic acid–NCAM (PSA–NCAM),

associated with embryonic and adult neurogenesis, and this may provide microenvironment

cues necessary for continued rod photoreceptor generation (Kustermann et al., 2010).

4. Müller glial-dependent retinal regeneration in teleost fish

4.1. Historical overview of retinal regeneration studies and lesion models

The ability to regenerate body parts and organs is a fascinating subject for scientific

investigation, and understanding the biological mechanisms that underlie regeneration has

enormous implications for the field of regenerative medicine. While some organisms can

remodel remaining tissue to regenerate lost body parts, known as morphallaxis, many others

rely on proliferation of dedifferentiated tissue to replace the lost tissue, known as

epimorphic regeneration. Some adult urodele amphibians (newts and salamanders) and adult

teleost fishes can regenerate neural retina, although the process of regeneration, and even the

source of progenitor cells, varies between the two groups. Many excellent scientific reviews

published in the last 10 years have described retinal regeneration in non-mammalian

vertebrates (Brockerhoff and Fadool, 2011; Gallina et al., 2013; Gemberling et al., 2013;

Hitchcock and Raymond, 2004; Karl and Reh, 2010; Lamba et al., 2009b; Moshiri et al.,

2004; Otteson and Hitchcock, 2003; Stenkamp, 2007). Here we focus exclusively on retinal

regeneration in fishes; we begin with a brief historical overview summarizing the retinal

lesion paradigms that have been developed to assess the regenerative ability of the fish

retina and then discuss the progress toward identifying the source of the regenerated

neurons.

The first evidence that retinal neurons regenerate in teleost fish was provided by Ferdinando

Lombardo (1968, 1972), who surgically removed the dorsal quadrant of the retina in adult

goldfish (C. auratus) and subsequently observed mitotic figures in the CMZ and along the

cut edges of the wound. A number of subsequent studies documented regeneration of retinal

neurons, including photoreceptors, after transscleral, surgical removal of small pieces of
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retina in goldfish (Hitchcock, 1997; Hitchcock and Cirenza, 1994; Hitchcock et al., 1992,

1996; Hitchcock and Vanderyt, 1994), green sunfish (Leopomis cyanellus) (Cameron and

Easter, 1995), zebrafish (Cameron, 2000; Cameron and Carney, 2000, 2004; Yurco and

Cameron, 2005), trout (O. mykiss) (Faillace et al., 2002), and winter flounder (Pleuronectes

americanus) (Mader and Cameron, 2004). The gap in the retina created by the surgery

partially closes by wound contraction, and then proliferating, neuroepithelial-like retinal

progenitors collect in a ‘blastema’ at the wound margin; eventually retinal neurons

regenerate to fill in the gap and restore the cytoarchitecture. Transscleral punctures of the

retina with needles in goldfish (Sullivan et al., 1997) and zebrafish (Fausett and Goldman,

2006; Liu et al., 2002) damages limited numbers of retinal neurons, but provokes a similar

proliferative response at the lesion site and in surrounding tissue.

After surgical excision, retinal neurons regenerate in approximately the correct proportions

and retinal circuitry is restored (Hitchcock and Cirenza, 1994; Hitchcock et al., 1992;

Hitchcock and Vanderyt, 1994). In addition to the proliferative blastema at the wound

margin, clusters or chains of elongated, proliferating cells in the INL appear in the

undamaged retina (Cameron, 2000; Cameron and Easter, 1995; Faillace et al., 2002; Yurco

and Cameron, 2005) and produce cone photoreceptors and other retinal neurons that are

incorporated into the extant retina. Intraocular injections of growth factors and cytokines,

such as FGF, ciliary neurotrophic factor (CNTF), and interleukin-6 (IL-6) also stimulate

proliferation of cells in the INL and ONL (Faillace et al., 2002; Negishi and Shinagawa,

1993).

Hartwig Wolburg and colleagues introduced the use of neurotoxins delivered to the retina by

intraocular injection; at high doses, ouabain (an irreversible inhibitor of Na–K ATPase)

completely destroys the neural retina in goldfish, whereas at lower doses, retinal neurons in

the inner layers are destroyed while the photoreceptors in the outer retina survive (Maier and

Wolburg, 1979). Ouabain diffuses into the neural retina from the vitreous, and neurons in

the inner retina are preferentially damaged because they are exposed to a higher drug

concentration (Raymond et al., 1988b). In both goldfish and trout (Kurz-Isler and Wolburg,

1982), destruction of retinal neurons by ouabain stimulates mitotic activity of retinal

progenitors in the CMZ, and the peripheral retina is restored through enhancement of the

normal growth process. However, the central retina (if it is not completely destroyed by

ouabain) regenerates from nests or clusters of neuroepithelial-like progenitors (Fig. 2) that

are distributed across the damaged region (Kurz-Isler and Wolburg, 1982; Maier and

Wolburg, 1979; Raymond et al., 1988b). Ouabain has recently been used to destroy retinal

neurons in adult zebrafish (Fimbel et al., 2007; Nagashima et al., 2013), and the regenerative

response is more robust compared with goldfish (Raymond et al., 1988b).

Other early studies in goldfish employed intraocular injection of more selective neurotoxins,

including tunicamycin (which destroys rod photoreceptors) and 6-hydroxydopamine (which

targets dopaminergic interplexiform neurons) (Braisted and Raymond, 1992, 1993; Negishi

et al., 1991a,b, 1982a, 1987). Low doses of 6-hydroxydopamine selectively ablate the

dopaminergic cells, which are not regenerated in the central retina (Braisted and Raymond,

1992; Negishi et al., 1982b); only at higher doses that result in non-selective neuronal loss is
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an intrinsic regenerative response triggered in the central retina (Braisted and Raymond,

1993; Negishi et al., 1987).

Methods that preferentially destroy photoreceptors have also been developed. Argon lasers

(ophthalmological instruments designed for photocoagulation) were used to focally ablate

photoreceptors in small circular areas (~200–300 μm diameter) in goldfish retina (Braisted

et al., 1994; Sullivan et al., 1997; Wu et al., 2001), and thermal probes were used in

zebrafish (Raymond et al., 2006). Most recent studies use exposure to light to destroy

photoreceptors with one of two paradigms: 1) The model developed in David Hyde's

laboratory is a chronic light lesion – albino zebrafish are dark-adapted for several days, then

exposed to constant, bright illumination (~3000–20,000 lux) for several days (Thummel et

al., 2008a; Vihtelic and Hyde, 2000; Vihtelic et al., 2006). 2) The model developed in our

laboratory is an acute light lesion – free-swimming, wild-type pigmented zebrafish are

exposed to a fiber optic cable emitting high intensity, wide-spectrum light (>100,000 lux)

for 30 min (Bernardos et al., 2007). In the constant light paradigm, rod photoreceptors are

more subject to damage than cones, and the dorsal retina is affected, whereas the ventral

retina is largely spared (Vihtelic and Hyde, 2000). In the acute light lesion, both cones and

rods are destroyed centrally in a wide horizontal zone stretching from nasal to temporal

poles of the retina (Qin et al., 2009). In both situations, cone photoreceptors, which are not

normally produced in central retina, regenerate, and rod photoreceptors are restored through

enhanced proliferative activity in the rod precursor population. Combining an acute, high

intensity light lesion followed by chronic bright light exposure in albino zebrafish creates

greater loss of cone and rod photoreceptors than either paradigm alone, and triggers an

extremely robust proliferative response in the inner retina (Thomas et al., 2012a). A more

recent light lesion paradigm applies focused light to a single eye in anesthetized fish, thus

allowing the other eye to act as a control but also causing damage to neurons besides the

photoreceptors (Weber et al., 2013). Studies of these light lesion paradigms have shown

different susceptibility to damage among the photoreceptors as well as different patterns of

photoreceptor loss across the whole retina.

Zebrafish genetic models in which photoreceptors degenerate have also been explored for

their potential to provide insights into selective regeneration. In the model of chronic rod

degeneration in the XOPS:mCFP transgenic line described above (Section 3.2), rod

precursors in the ONL proliferate and replace rod photoreceptors (Morris et al., 2008).

However, a comparison of two transgenic fish lines in which metranidozole-mediated rod

photoreceptor ablation destroys all rod photoreceptors or only a subset of rod photoreceptors

revealed that Müller glia do contribute to rod photoreceptor regeneration when there is an

extensive acute loss of all rod photoreceptors (Montgomery et al., 2010). A mutation in a

cone-specific gene in the visual transduction pathway (phosphodiesterase 6) causes cone

degeneration, and activation of a regenerative response (Morris et al., 2008). Genetically-

targeted, metranidozole-mediated cell ablation of larval zebrafish cones sensitive to

ultraviolet light also provokes their regeneration (Fraser et al., 2013).

Recovery of visual function after retinal regeneration in gold-fish and zebrafish has been

assessed only following ouabain-mediated destruction (Kästner and Wolburg, 1982; Lindsey

et al., 1995; Mensinger and Powers, 1999; Sherpa et al., 2008; Stenkamp et al., 2001). The
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electroretinogram (ERG) has been used to evaluate retinal function after regeneration, and

visual behaviors tested include the dorsal light reflex (in addition to vestibular cues, fish use

the direction of down-welling light from the surface for orientation; when blinded in one eye

they roll toward the sighted side), escape response (avoiding a large, dark shape suddenly

appearing in the visual field), and optokinetic nystagmus (eye-tracking of moving stimuli).

These assays demonstrate that the regenerated retina is functional, but they are not highly

quantitative or sophisticated measures of visual performance. Histological examinations of

the regenerated retina after ouabain destruction, surgical excision, or acute light lesions

reveal obvious defects in patterning of cone photoreceptors. Unlike rods, which all contain

the same visual pigment, rhodopsin, most vertebrates have more than one cone opsin gene

and therefore different spectral types of cones, each maximally sensitive to different

wavelengths of light. In teleost fishes, cones are organized in precise, crystalline mosaic

arrays, in which each spectral type of cone has a defined and largely invariant relationship

with neighbors of different spectral types (Branchek and Bremiller, 1984; Engström, 1963;

Marc and Sperling, 1976). Although all types of cones regenerate, the precise cone mosaic

pattern is not restored (Cameron et al., 1997; Cameron and Easter, 1995; Nagashima et al.,

2013; Qin et al., 2009; Salbreux et al., 2012; Stenkamp and Cameron, 2002; Stenkamp et al.,

2001). How these patterning defects affect visual function is unknown.

The origin of retinal progenitor cells in the regenerating fish retina remained elusive for

decades before lineage-tracing studies definitively identified Müller glia as the source of

regenerated neurons, as described in the following Section 4.2.1. The original studies of

retinal regeneration noted enhanced mitotic activity in the ONL and the CMZ after surgical

or neurotoxic lesions (Lombardo, 1968; Maier and Wolburg, 1979), and rod precursors were

the obvious candidates – a proliferating pool of retinal progenitors ready-at-hand (Raymond

et al., 1988b). However, when photoreceptors in the ONL were selectively destroyed with

bright light or laser photocoagulation, PCNA+ or BrdU+ dividing cells with elongated

morphology appeared in the INL (Vihtelic and Hyde, 2000; Wu et al., 2001), and Müller

glia nuclei translocated apically into the denuded ONL and reentered the cell cycle, as

demonstrated by labeling with BrdU (Braisted et al., 1994). Surgical lesions also triggered

proliferation of INL cells in the adjacent retinal tissue, which at the time were thought to

represent the Pax6+ stem cells at the apex of the rod lineage (Faillace et al., 2002; Otteson et

al., 2001), but also included Müller glia (Wu et al., 2001; Yurco and Cameron, 2005).

Thus, the weight of evidence steadily converged toward the conclusion that Müller glia

function as radial glial-like stem cells. Müller glia respond to homeostatic signals in the

uninjured, growing fish retina that call for more rod photoreceptors, but they are also on

alert for injury signals that call for multipotent retinal progenitors to replace other retinal

neurons.

4.2. Injury-induced responses of Müller glia

4.2.1. Lineage tracing identifies Müller glia as the source of retinal progenitors
—Three lineage-tracing studies in adult zebrafish with different transgenic reporters

together provided evidence that Müller glia are the source of regenerated neurons following

retinal injury. Fausett and Goldman (2006) isolated promoter elements from the goldfish α-1
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tubulin (tuba1a) gene that specifically induce GFP expression in Müller glia and neurogenic

clusters after stab wounds to the zebrafish retina. They reported that GFP co-localized with

Müller markers GFAP and GS, and that GFP+ Müller glia incorporated BrdU and expressed

the retinal progenitor marker Pax6. After 7 days post-lesion (dpl), they found GFP+ cells co-

labeled with HuC/D, a marker of retinal ganglion cells and amacrine cells. Subsequent

studies employed a Cre-ER/loxP conditional genetic recombination system for permanent

fate mapping with double transgenic fish (tuba1a:CreER™; β-actin:loxP-mCherry-loxP-

GFP) (Ramachandran et al., 2010b). The promoter fragment (1016 tubaa1) used to direct

expression specifically to proliferating Müller glia after retinal injury is from a gene used as

a neuron-specific marker – α-1 Tubulin protein is expressed widely in immature neurons in

the CNS and is induced in retinal ganglion cells regenerating their axons after optic nerve

crush (Hieber et al., 1998; Senut et al., 2004). Therefore, expression of GFP in the

neurogenic cluster after retinal stab wounds in the 1016 tuba1a transgenic zebrafish could

reflect independent activation of the reporter rather than inheritance from GFP-labeled,

proliferating Müller glia.

A second study used the transgenic lines described in Section 3.3.2, in which a glial-specific

promoter, zebrafish gfap, directs expression of GFP exclusively to astrocytes in the CNS and

Müller glia in the retina (Bernardos and Raymond, 2006). In addition to two transgenic lines

with a cytoplasmic GFP reporter (mi2001, mi2002), we also generated another transgenic

line with nuclear-targeted GFP (Tg[gfap:nGFP]mi2004); in this line, the GFP reporter is

strongly expressed in immature Müller glia, down-regulated in fully differentiated cells, but

then up-regulated in injury-induced, dedifferentiating Müller glia (Bernardos et al., 2007).

The nuclear-GFP reporter was especially useful in retinal regeneration studies for

unambiguous co-localization with markers of proliferation (e.g., PCNA and BrdU) and

transcription factors (e.g., Pax6). After acute light lesions, nGFP+ Müller glia reentered the

cell cycle at 1–2 dpl, then the nGFP reporter appeared in Pax6+ multipotent progenitors in

the neurogenic clusters in the INL at 3 and 4 dpl, in Crx+ photoreceptor progenitors in the

ONL at 4 and 5 dpl, and finally in immature photoreceptors at 5 and 6 dpl, which were

identified by morphology and immunostaining with the double-cone-specific antibody, zpr1

(Bernardos et al., 2007). Because neither neuronal progenitors nor photoreceptors express

the glial-specific intermediate filament, GFAP, the presence of the GFP reporter in these

cells after injury could be attributed to perdurance of the protein inherited from proliferating

Müller glia.

A third study (Fimbel et al., 2007) used intraocular injection of ouabain to destroy retinal

neurons, primarily in the inner retina, and followed the regenerative response with three

different transgenic lines: Tg(gfap:EGFP)nt, Tg(olig2:EGFP)vu12, and Tg(atoh7:EGFP)nt,

that express the GFP reporter in Müller glia, retinal progenitors, or differentiating retinal

ganglion cells, respectively. They showed that Müller glia (labeled with GFP driven by the

glial promoter gfap) reentered the cell cycle within one day, but the level of GFP expression

in this transgenic line was not sufficient for lineage tracing. The sequential expression of the

three transgenes, driven by the gfap, olig2 (oligodendrocyte transcription factor 2), then

atoh7 promoters, was consistent with the proposal that Müller glia are the source of

progenitors that regenerate retinal neurons.
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After it was established that Müller glia in the adult zebrafish retina are, in fact, the stem cell

source for retinal progenitors that regenerate neurons, Ryan Thummel and colleagues

developed a method for targeted knock-down of genes of interest in adult retinas with

morpholino oligonucleotides (Thummel et al., 2011, 2008b). They injected intraocularly and

then electroporated pcna morpholinos into the adult zebrafish retina immediately prior to

initiating a chronic light lesion. Not surprisingly, knock-down of PCNA inhibited

photoreceptor regeneration even as late as 28 dpl, but unexpectedly, they observed increased

cell death in the INL of Müller glia-like cells and a reduction in Müller glia cell numbers

(Thummel et al., 2008b). These results suggested that blocking cell division in injury-

induced Müller glia promoted their apoptosis, and confirmed that Müller glia are the cellular

source of regenerated neurons.

4.2.2. Müller glia dedifferentiate and express progenitor markers but they
retain a glial identity—A wealth of information has been generated using microarray and

proteomics analyses to identify damage signals and the Müller glial response to these signals

in zebrafish retina (Table 1) (Calinescu et al., 2009; Cameron et al., 2005; Craig et al., 2008;

Kassen et al., 2007; Morris et al., 2011; Nelson et al., 2013; Qin et al., 2009; Ramachandran

et al., 2012). These genomic studies have examined post-lesion survival times as early as 6

hours post-lesion (hpl) for tissues sampled from the ONL (Craig et al., 2008), 8 hpl for

Müller glia with a GFP reporter isolated by fluorescence activated cell sorting (FACS) (Qin

et al., 2009), and as late as 14 days post-lesion (dpl) for homogenates of the whole retina

(Cameron et al., 2005). Regardless of the lesion paradigm used, the sequence of basic

cellular responses to retinal damage in Müller glia are: 1) transient dedifferentiation, 2)

asymmetric division, and 3) redifferentiation.

In response to retinal damage, Müller glia transiently increase expression of markers of

retinal progenitors and immature Müller glia, indicating that they partially dedifferentiate.

After a thermal lesion or acute light lesion, the stem cell marker BLBP is up-regulated

within one hour, and the multipotent retinal progenitor marker Rx1 is up-regulated within

eight hours in Müller glial cells (Nagashima et al., 2013; Raymond et al., 2006). Rx1 protein

is also expressed in immature Müller glia near the CMZ and is quickly up-regulated in

activated Müller glia after destruction of either photoreceptors or retinal ganglion cells in

adult zebrafish (Nagashima et al., 2013). Pax6 expression is used as a marker for multipotent

retinal progenitors and is also associated with neurogenic radial glia in the mammalian brain

(Hsieh, 2012; Macdonald and Wilson, 1997). Zebrafish have two Pax6 genes – pax6a and

pax6b; after injury Müller glia up-regulate Pax6 protein (the antibody recognizes both

paralogs), and Müller glia-derived progenitors continue to express pax6b and pax6a during

regeneration (Bernardos et al., 2007; Raymond et al., 2006; Thummel et al., 2010). Vsx2 (the

ortholog of Chx10) is another marker of multipotent retinal progenitors in the CMZ that is

up-regulated in activated Müller glia (Raymond et al., 2006). Six3 is a critical transcription

factor for vertebrate and invertebrate eye development (Loosli et al., 1999; Singh and

Tsonis, 2010); it regulates cell proliferation and differentiation by directly interacting with

the cell-cycle inhibitor Geminin (Del Bene et al., 2004). Zebrafish have three Six3 paralogs,

but only six3b is up-regulated in Müller glia after acute light damage within 8 hpl

(Lenkowski et al., 2013; Qin et al., 2009; Sato et al., 2003). Olig2 is a basic helix-loop-helix
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transcription factor that is important during post-mitotic steps in cell fate determination in

selected populations of neurons and glia (Hafler et al., 2012). Based on the expression

profile of olig2 in the damaged fish retina, its role in cell fate determination may be

conserved during retina regeneration. During a chronic light lesion in an olig2:EGFP

transgenic fish line, Müller glia, and potentially the Müller glia-derived progenitors, begin to

express the GFP reporter between 51 and 68 h of light exposure, after Müller glia have

divided, and synchronous with increased levels of pax6b transcripts followed by olig2

transcripts in the retina (Thummel et al., 2008b).

Accompanying the transient increase in retinal progenitor markers in the injury-activated

Müller glia, some markers of Müller cell differentiation are reduced. The most dramatic

change is in the CRALBP gene paralog that is expressed in Müller glia, rlbp1a, which is

down-regulated within four hours after an acute light lesion and disappears by 1 day in

Müller glia in the damaged region after either acute light lesion or ouabain injection

(Nagashima et al., 2013). Reductions in GS and GFAP have been reported after ouabain

injections (Fimbel et al., 2007) or during chronic light lesions (Thummel et al., 2008a),

although in other studies, expression of the GFP reporter driven by the gfap promoter and/or

immunoreactivity with anti-GFAP is increased in injury-induced Müller glia (Bernardos et

al., 2007; Braisted et al., 1994; Lenkowski et al., 2013; Vihtelic et al., 2006; Wu et al.,

2001), similar to the gliotic response of mammalian Müller glia (Bringmann et al., 2009;

Wohl et al., 2012). Regardless of the levels of expression, both GS and/or GFAP are

typically used as specific markers of Müller glia after retinal injuries or cell death (Fausett

and Goldman, 2006; Montgomery et al., 2010; Powell et al., 2012; Ramachandran et al.,

2011, 2012; Vihtelic and Hyde, 2000; Wan et al., 2012; Yurco and Cameron, 2005).

The continued expression of glial markers by Müller glia in the damaged fish retina

indicates that they do not dedifferentiate completely, nor are they reprogrammed to become

neuroepithelial cells or retinal progenitor cells, contrary to what is sometimes suggested

(Karl and Reh, 2010; Wan et al., 2012). A survey of histology presented in published studies

of retinal regeneration indicates that Müller glia retain their apical-basal process throughout

the regenerative response; their lateral processes are also present, though remodeled

reflecting the loss and subsequent replacement of neurons (Fausett and Goldman, 2006;

Gemberling et al., 2013; Gorsuch and Hyde, 2013; Nagashima et al., 2013). In a number of

lesion models, including light damage of photoreceptors and destruction of inner retinal

neurons with ouabain, the overall lamination of the retina remains intact, and Müller glia

continue to provide structural support; in fact, without Müller glia, the cytoarchitecture of

the residual differentiated retina could not be maintained. For example, when Müller glia are

ablated with a glial toxin, the laminar structure of the retina is severely disrupted (Rich et al.,

1995), and genetically targeted conditional ablation of Müller glia in mice leads to

photoreceptor apoptosis, breakdown of the blood-retinal barrier, and intraretinal

neovascularlization (Shen et al., 2012). Conditional knock-out of Sox2 in postnatal murine

Müller glia forces their reentry into the cell cycle, withdrawal of their basal processes, and

symmetric division resulting in loss of Müller glia and severe laminar defects, especially in

the outer retina (Surzenko et al., 2013). Together these data suggest that successful

regeneration of retinal neurons in situ requires the continued homeostatic structural and
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metabolic support functions of Müller glia, as well as a source of retinal progenitors that

differentiate into neurons.

4.2.3. Regeneration ‘niches’ – neurogenic clusters derive from a self-renewing
mitotic division of a Müller glia—In all of the studies reviewed above, no matter the

type of retinal damage or species of teleost fish, investigators have described several distinct

types of proliferating cells within the retina (Fig. 2) including: 1) reactive microglia/

macrophages (identified with the specific antibody, 4C4), which migrate into the lesion to

phagocytize cellular debris; 2) elongated clusters of proliferating progenitor cells closely

associated with radial processes of Müller glia in the INL; and 3) scattered rod precursors in

the ONL. We have previously described the neurogenic clusters in the INL as regeneration

‘niches’, analogous to the retinal stem cell niche in the CMZ (Raymond et al., 2006), a

concept that has been helpful to understanding the behavior of somatic stem cells elsewhere

in the body (Wagers, 2012). What is somewhat unique about the retinal regeneration niche is

that Müller glia function as both stem cells and niche cells because they produce and then

support the neurogenic cluster of retinal progenitors that differentiate into neurons.

The gfap:nGFP transgenic zebrafish line that expresses nuclear GFP in immature and

injury-induced Müller glia in the retina (Bernardos et al., 2007), and which facilitated

lineage tracing studies described above (Section 4.2.1), also confirmed previous

observations in goldfish of IKNM by Müller glia nuclei as early as 1 day after photoreceptor

damage (Braisted et al., 1994). After photoreceptor destruction, mitosis occurs at the apical

surface (OLM); after inner retinal neuron destruction, Müller nuclei translocate apically but

do not penetrate through the intact layer of photoreceptors (ONL), and mitosis occurs at

inner border of the ONL (Nagashima et al., 2013). This initial mitotic division of the Müller

glia occurs between 1 and 2 dpl after photoreceptor damage and is delayed by approximately

one day after loss of inner retinal lesions (Bernardos et al., 2007; Nagashima et al., 2013;

Thummel et al., 2008a).

Within a few days after injury, neurogenic clusters of rapidly dividing retinal progenitors are

present in the INL. A question that has not been directly addressed until recently is whether

Müller glia divide repeatedly to generate neuronal progenitors or whether the glial-derived

progenitors divide symmetrically to generate neurogenic clusters surrounding each Müller

glia, similar to transit-amplifying progenitors in the vertebrate brain. Thummel et al. (2010)

suggested that multiple divisions of Müller glia are not required to generate neurogenic

clusters, since morpholino-mediated knock-down of Pax6b did not affect the initial Müller

glial division, but did inhibit the early divisions of the retinal progenitors, resulting in the

absence of neurogenic clusters and subsequent failure of cone regeneration after a chronic

light lesion. To examine this question directly, we used a sequential labeling scheme with

two thymidine analogs: BrdU and EdU (Nagashima et al., 2013). We exposed adult

zebrafish with acute light lesions to EdU (delivered continuously in the aquarium water)

from 20 to 36 hpl, which corresponds to the S-phase of the initial cell cycle in Müller glia.

After a 6-h chase period, we then exposed fish to continuous BrdU from 42 to 72 hpl. If

Müller glia divided only once, they would incorporate EdU but not BrdU; if they underwent

multiple rounds of division, they would incorporate both EdU and BrdU. We found that

86% of the EdU-labeled cells were BrdU-negative but surrounded by a cluster of BrdU+
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cells, and neurogenic clusters of weakly EdU+ progenitors (labeled with the inducible nGFP

transgenic reporter) were typically associated with a single strongly EdU+ cell, consistent

with dilution of the EdU label by subsequent divisions of the glia-derived retinal

progenitors. Additional evidence from light damaged retinas that Müller glia undergo one

asymmetric, self-renewing division includes the following: 1) in the gfap:GFP transgenic

line, neurogenic clusters at 3 dpl contain weakly GFP+ mitotic (PCNA+) elongated

(migratory) retinal progenitors associated with a single, strongly GFP+, non-mitotic

(PCNA–) cell with distinctive Müller glial morphology, including a polygonal cell body/

nucleus and a GFAP+ radial process that expresses the immunoglobin adhesion molecule,

Alcama (see Section 5.7 below), and 2) the number of Müller glia in the lesioned region

remains constant throughout the regeneration process (Nagashima et al., 2013). Therefore,

similar to mitotic divisions of radial glia in the vertebrate brain (Gotz and Huttner, 2005),

IKNM in Müller glia results in an asymmetric, self-renewing division.

Although PCNA expression has often been used to monitor cell proliferation during the

regenerative response, and the PCNA morpholino studies cited in Section 4.2.1

demonstrated that proliferation of Müller glia is necessary for retinal neuron regeneration,

other cell-cycle regulators are also critical for a successful regenerative response. For

example, zebrafish with a temperature-sensitive mutation in the mitotic checkpoint protein,

mps1 (multi-polar spindle1), when maintained at the restrictive temperature after acute light

lesion, fail to regenerate cone photoreceptors (Qin et al., 2009). Expression of mps1

increases when Müller glia begin to divide between 24 and 36 hpl and remains elevated at

least through 48 hpl (Qin et al., 2009), when their progeny constitute a rapidly amplifying

population of retinal progenitor cells.

In the developing mouse retina, the cyclin-dependent kinase inhibitor p27kip1 is up-regulated

in retinal progenitors at withdrawal from the cell cycle (Levine et al., 2000). In zebrafish

Müller glia, p27kip1 is down-regulated by 8 h after acute light lesion (Qin et al., 2009) and

by 16 h of light exposure in a chronic lesion (Kassen et al., 2007). Similarly, mouse Müller

glia down-regulate p27kip1 and up-regulate GFAP after injury (Dyer and Cepko, 2000a), and

in both the injured and uninjured mouse retina, p27kip1 deficiency leads to reactive gliosis in

Müller glia (Dyer and Cepko, 2000a; Vazquez-Chona et al., 2011). During mouse retinal

development, p57kip2 is expressed in the final cell cycle and in a subset of progenitors

different from the p27kip1-positive cells (Dyer and Cepko, 2000b, 2001). In zebrafish whole

retina lysates, p57kip2 is up-regulated by 16 h after the initiation of a chronic light lesion

(Kassen et al., 2007) and 8 h after stab wounds (Ramachandran et al., 2012), indicating tight

control of the cell cycle early in regeneration when Müller glia are dividing (Kassen et al.,

2007). Because rod precursors begin proliferating by 16 h in a chronic light lesion

(Thummel et al., 2008a), expression of these two cell cycle inhibitors may control cell cycle

dynamics in both Müller glia and rod precursors during the regenerative response.

In summary, Müller glia transiently and partially dedifferentiate and re-express some

progenitor markers. However, Müller glia themselves do not become retinal progenitor cells.

Rather, similar to neural stem cells in the adult mammalian brain, Müller glia divide

asymmetrically to generate a rapidly proliferating retinal progenitor cell that builds the

neurogenic cluster. The Müller glial cell and the glial-derived neuronal progenitors are
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tightly associated in a ‘regeneration niche’, that likely allows for specific signaling

interactions that support neurogenesis within the surrounding differentiated and functioning

retinal tissue, similar to the neural stem cell niche in the adult mammalian brain (Fuentealba

et al., 2012; Morrens et al., 2012).

5. Complex network of signaling pathways necessary for regeneration

The flowchart in Fig. 4 provides a summary overview of the signaling pathways discussed in

this section.

5.1. Stress response (HSP60, Stat3)

A classic stress response to retinal damage occurs in both the damaged and dying neurons

and the Müller glia in adult fish retinas. Apoptotic photoreceptor nuclei can be labeled by

TUNEL 6–12 h after damage in light lesion paradigms, peaking by 24 h after light lesion in

both acute and chronic lesions (Bernardos et al., 2007; Craig et al., 2008; Vihtelic and Hyde,

2000), but this time course is slower than other transcriptional changes that can be detected

in the damaged ONL and reactive Müller glia (Craig et al., 2008; Qin et al., 2009). Broadly

speaking, after retinal damage, several stress-response transcripts and proteins are rapidly

induced (as measured by microarray analysis of retinal homogenates) including several heat

shock proteins and proteins that protect against oxidative stress; these are likely indicative of

the damage response in photoreceptors after the initiation of a chronic light lesion (Craig et

al., 2008; Kassen et al., 2007; Nelson et al., 2013). Müller glia also initiate a stress response

after neuronal damage: hspd1 transcription increases within 8 hpl and remains elevated at

least through 48 hpl, along with at least 10 other heat-shock proteins and factors (Qin et al.,

2009). The hspd1 gene encodes heat shock 60-kDa protein 1 (HSP60), a mitochondrial

chaperone previously shown to be necessary for fin regeneration (Makino et al., 2005). Loss

of hspd1 function in temperature-sensitive mutant zebrafish significantly reduces

proliferation after acute light lesion in Müller glia that express the retinal progenitor gene

pax6 (Qin et al., 2009; Section 5.6). It is likely that heat shock proteins in general, and hspd1

specifically, are critical protein chaperones throughout the regenerative response: hspd1

mutants have defects in cone photoreceptor regeneration, and hspd1 expression is

maintained in the Müller glia after they have divided for at least 48 h after light damage (Qin

et al., 2009), and in whole retinal homogenates through at least 7 days after stab wounds

(Ramachandran et al., 2010a).

Microarray analysis of alterations in levels of gene transcripts indicates dramatic metabolic

changes following retinal damage. For example, regulation of iron, while it has not been

studied in the context of retinal neuron regeneration in zebrafish, is important for visual

function and health of the retina (Burke and Smith, 1981; Gnana-Prakasam et al., 2010;

Picard et al., 2011). Excess iron is highly toxic to cells because it easily generates reactive

oxygen species, and retinas of mice with reduced ferritin protein (used for iron storage) lose

significantly more photoreceptors in response to light damage (Picard et al., 2011). Within

16 h after initiation of light damage in adult zebrafish retinas, proteins associated with iron

storage and transport are significantly up-regulated, including transferrin (iron transporter),

hemopexin (binds heme), and ceruloplasmin (oxidizes iron) (Nelson et al., 2013). In

contrast, following intense light lesion, Müller glia down-regulate transcripts of transferrin,
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iron-regulated ion transporter, slc40a1 (iron exporter), and hypoxia-induced factor 1a

(regulates hypoxia-responsive genes), whereas ferritin (iron storage) and many cytochrome

p450 enzymes that use iron are up-regulated (Qin et al., 2009). Together these data suggest

that light damage-induced hypoxia necessitates a rapid response to prevent further damage

from free radicals generated by iron. In Müller glia the overall metabolic response likely

functions to bind and store iron as part of a neuroprotective response to a lesion, while in the

retina as a whole, iron oxidation and transport are increased.

Widely known to be critical for development and function of the immune system, the Jak-

Stat (Janus kinase/Signal transducer and activator of transcription) signaling pathway is also

important for glial development (Bonni et al., 1997), the stress response to neuronal damage

(Zhang et al., 2005), and maintenance of self-renewal properties of ESCs (Niwa et al.,

1998). In response to retinal damage in adult zebrafish, stat3 expression increases quickly in

the dorsal retina by 5 h after light-onset in a chronic light lesion (Nelson et al., 2012) and

specifically in Müller glia by 8 h after an acute light lesion (Qin et al., 2009).

Phosphorylated Stat3 levels also increase during the first 68 h of light damage (Kassen et al.,

2007). The roles of Stat3 in retinal regeneration are likely complex, as is true for other

signaling pathways discussed in this review. Stat3 is not required for the neuroprotective

effects of CNTF in chronic light damage (Kassen et al., 2009), so it is perhaps not surprising

that morpholino-mediated knock-down of Stat3 does not protect zebrafish photoreceptors

from light-induced cell death (Nelson et al., 2012). In contrast, mouse retinal ganglion cells

transfected with a constitutively active Stat3 can better survive various insults both in vitro

and in vivo (Zhang et al., 2008).

Interestingly, Stat3 levels in Müller glia increase in response to light damage in both adult

zebrafish and adult mice, yet mouse Müller glia do not typically divide in this situation (Joly

et al., 2011), nor do they initiate a program of photoreceptor regeneration. Only a subset of

zebrafish Müller glia that express Stat3 also express PCNA after photoreceptor damage

(Nelson et al., 2012), and a subset of embryonic mouse retinal progenitors that are phospho-

Stat3-positive also incorporate BrdU in response to CNTF treatment (Zhang et al., 2005).

Therefore, while Stat3 expression is required for a maximal proliferative response from the

population of retinal Müller glia after photoreceptor or inner neuron destruction in adult

zebrafish, increased Stat3 expression in response to damage is not sufficient to activate the

regeneration program in the mouse retina.

5.2. Secreted growth factors and cytokines (FGF, HB-EGF, TNFα, TGFβ/Tgif1, CNTF,
Mdka/b)

In addition to determining the transcriptional changes that occur in Müller glia as an early

response to retinal damage, a key goal of many studies has been to determine what secreted

factors signal retinal damage and/or cell loss, and how that signal is transduced in the Müller

glia. Signals that are critical for successful retinal neuron regeneration are likely to be

detected in damaged and dying neurons, reactive microglia, as well as Müller glia.

Particularly with light-lesion paradigms, in which photoreceptors are the only damaged

neurons, several research groups have identified factors secreted by dying photoreceptors

that likely have a role in initiating the regenerative response of Müller glia. Secreted factors
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present in the ONL after acute light lesion that may be important for signaling to the Müller

glia after injury include those that decrease after lesion (follistatin-a, nerve growth factor-β,

progranulin-a, and insulin-β) and others that increase (galectins, midkine-related growth

factors, activin, and connective tissue growth factor) (Craig et al., 2008). Noteworthy

changes also occur in the expression of many signaling pathways downstream of these

secreted factors. Future studies are needed to determine how adult zebrafish Müller glia

respond to these signals and to compare their responses to those of adult mammalian Müller

glia that do not exhibit robust regeneration.

Microglia, the resident macrophages of the retina, become reactive within 8 h after acute

light lesion or ouabain injection and migrate into the damaged areas where they phagocytize

cell debris (Fig. 2) (Bernardos et al., 2007; Craig et al., 2010; Nagashima et al., 2013;

Nelson et al., 2013). Because microglia also release cytokines, they may contribute to the

initial damage response. Two ligands in the TGFβ signaling pathway inhibit the activation

of mammalian microglia in vitro (TGFβ ligand, Suzumura et al., 1993) and in vivo, where

they also regulate the inflammatory response to neuron excitotoxicity (activin A,

Abdipranoto-Cowley et al., 2009). In the zebrafish brain, traumatic injury induces

inflammation and a regenerative response, whereas immunosuppression impairs the

regenerative response, and induction of inflammation, even without injury, induces a

proliferative neurogenic reaction (Kyritsis et al., 2012). As with zebrafish brain

regeneration, retinal regeneration may depend on an inflammatory response initiated by

activated microglia, a topic that deserves further investigation.

Signaling by the inflammatory cytokine TNF (Tumor Necrosis Factor) has been implicated

in proliferative gliosis in the mammalian retina (Bringmann et al., 2009), and TNFα is

required for proliferation of Müller glia during retinal neuron regeneration in zebrafish. In

whole retina analyses, tnf receptor-21 transcripts (Kassen et al., 2007) and TNF receptor-

associated protein-1 (Nelson et al., 2013) both increase by 16 h after initiation of a chronic

light lesion. Further studies showed that the TNFα ligand is expressed in dying

photoreceptors and inner retinal neurons after light lesion, and that Stat3 regulates

subsequent TNFα expression in Müller glia (Nelson et al., 2013). It is apparent that TNFα is

a critical signal for regeneration after neuron damage, as morpholino-mediated knock-down

of TNFα in either the dying neurons (early) or the Müller glia (later) significantly reduces

proliferation and expression of stat3 and ascl1a (Nelson et al., 2013). David Hyde and

colleagues suggest that inhibiting TNFα delays regeneration because after 24 h of recovery

from a chronic lesion (104 h after morpholino electroporation), TNFα morphant retinas have

significantly more PCNA-positive nuclei than controls (Nelson et al., 2013). It will be

important to establish if elevated TNFα expression is sustained throughout the regenerative

process in the retina; alternatively, when the TNFα morpholinos lose effectiveness, the

morphant phenotype may be rescued, raising the possibility that delayed TNFα treatment

could rescue other regeneration defects.

Both retinal progenitor cells and Müller glia proliferate in vitro and in vivo in response to

several growth factors, including EGF (Epidermal Growth Factor), FGF (Fibroblast Growth

Factor), and PDGF (Platelet-Derived Growth Factor) (Close et al., 2006; Fischer et al.,

2002; Ikeda and Puro, 1994, 1995; Karl et al., 2008; Lillien and Cepko, 1992; Negishi and
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Shinagawa, 1993; Puro, 1995). In the early 1990's, researchers suggested that this

proliferative response to growth factors may be important for the ability of fish to regenerate

retinal neurons (Hitchcock and Raymond, 1992; Negishi and Shinagawa, 1993). In fact,

after neuronal damage and intraocular injection of EGF, FGF1, or FGF1 and insulin, mouse

Müller glia re-express progenitor markers, proliferate, and generate a few cells that express

specific markers of retinal neurons (Karl et al., 2008). To date, the growth factors that have

been studied in the context of retinal neuron regeneration in zebrafish have a variety of roles

that may vary between retinal lesion paradigms (Nelson et al., 2013; Wan et al., 2012).

Signaling through EGF receptors (EGFR) can be initiated by secreted EGF or heparin-

binding EGF (HB-EGF), and both are mitogenic for Müller glia. Studies exploring the

downstream signaling of EGFR in adult zebrafish retinal regeneration underscore the

complexity of mounting a successful regenerative response. After stab lesions in adult

zebrafish, hb-egfa is up-regulated within one hour in the whole retina and is expressed in

Müller glia after injury; morpholino-mediated knock-down of hb-egfa reduces the number of

proliferating progenitor cells through 4 dpi (Wan et al., 2012). Similarly, inhibitors of EGFR

and MAPK/ERK also reduce the number of proliferating progenitors after stab wounds

(Wan et al., 2012). Expression of hb-egfa also increases in light-damaged retinas, but hb-

egfa morpholino-mediated knock-down does not reduce proliferation in light-damaged

retinas (Nelson et al., 2013), suggesting that HB-EGF regulation of Müller glial proliferation

may be context-dependent. Studies of Müller glial response to exogenous HB-EGF in the

undamaged retina have also reported conflicting results (Nelson et al., 2013; Wan et al.,

2012).

Expression of hb-egf is negatively regulated by the transcriptional repressor insm1a, which

is up-regulated pan-retinally within 6 h after stab wound lesions; morpholino-mediated

knock-down of Insm1a at 4 dpl increases expression of hb-egfa (Ramachandran et al.,

2012). Additionally, chromatin immunoprecipitation analysis showed that endogenous

Insm1a in the injured retina binds the promoter of hb-egf, suggesting a direct repression of

transcription. Gorsuch and Hyde (2013) suggest that Insm1a repression of HBEGF may

maintain quiescence in Müller glia that surround a lesion site; similar effects of HB-EGF in

defining the zone of responsive Müller glia may be mediated through Wnt/β-catenin and

Notch signaling, as discussed below (Section 5.7).

Mammalian Müller glia exhibit changes in EGFR signaling that parallel those in the adult

zebrafish retina. Human Müller glia express HB-EGF in proliferative vitreoretinopathy

(PVR) – a disease in which Müller glia proliferate and contribute to a glial scar anterior to

the retina (Hollborn et al., 2005). Mammalian Müller glia in vitro proliferate via ERK1/2

(Extracellular Receptor Kinase) signaling and migrate in response to HB-EGF (Hollborn et

al., 2005); after light damage in vivo, Müller glia increase expression of EGFR, incorporate

BrdU, and generate proliferating cells located in the ONL (Close et al., 2006). In perinatal

rat retinas, EGF signaling increases Müller glia proliferation through activation of both

ERK/MAPK (Mitogen-Activated Protein Kinase) and PI3/AKT (Phosphoinositide 3-kinase/

serine–threonine kinase Akt, cellular homolog of viral oncogene, v-Akt) signaling; the latter

is also critical for mediating proliferation via BMP signaling (Ueki and Reh, 2013).
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Signaling via the PI3/AKT pathway has not yet been investigated in retinal regeneration in

fishes.

FGF signaling is important for both maintenance of mature photoreceptors and

photoreceptor regeneration (Hochmann et al., 2012; Qin et al., 2011). Two studies have used

a heat-shock inducible dominant-negative fgfr1a transgenic fish line (hsp70:dn-fgfr1a) that

allows for temporal, but not spatial, control of transgene expression to manipulate FGF

signaling during photoreceptor regeneration (Hochmann et al., 2012; Qin et al., 2011). In the

absence of injury, expression of dn-fgfr1 leads to degeneration of photoreceptors

(Hochmann et al., 2012; Qin et al., 2011). Following acute light lesion, inhibition of FGF

signaling with the dn-fgfr1a does not affect the initial response of Müller glia to light lesions

(Qin et al., 2011), but does reduce proliferation of neurogenic progenitors when the

transgenic fish carry two copies of the transgene (Hochmann et al., 2012). When fish carry

only one copy of dn-fgfr1, rod, but not cone, photoreceptor regeneration is impaired, and

intravitreal injection of FGF2 induces proliferation of rod progenitors in the ONL (Qin et al.,

2011). Taken together these two studies indicate that the levels of FGF signaling are critical

for regulating the regenerative response.

TGFβ (Transforming Growth Factor β) signaling can antagonize the proliferative response

to growth factors in Müller glia (Close et al., 2005; Ikeda and Puro, 1994, 1995; Lenkowski

et al., 2013; Rohrer and Stell, 1994; Wachs et al., 2006). Mammalian glia proliferate to

generate glial scars in response to increased canonical TGFβ signaling, which is mediated

by phospho-Smad2 and phospho-Smad3. Regulation of canonical TGFβ signaling is

exquisitely context-dependent and time-dependent in the regenerating adult zebrafish retina.

After acute light lesions, the initial phase includes rapid up-regulation of the TGFβ-family

ligand, activin, in the ONL by 6 hpl (Craig et al., 2008), while targets of TGFβ signaling –

tgfβi (transforming growth factor, beta- induced), tgif1 (tgfβ-induced factor homeobox 1),

and ascl1a – are up-regulated in Müller glia by 8 hpl (Lenkowski et al., 2013; Qin et al.,

2009). Follistatin, which binds to and neutralizes activin, is up-regulated at 12 hpl in the

ONL (Craig et al., 2008) and at 16 hpl in the whole retina, but is down-regulated in Müller

glia at least through 36 hpl (Qin et al., 2009). These data suggest that dying photoreceptors

(or reactive microglia) in the ONL secrete follistatin in response to light damage, possibly as

part of a feedback loop to antagonize the activin that is released after injury.

Transcriptional profiling of Müller glia after acute light lesion suggests that canonical TGFβ
signaling is initially up-regulated, then quickly down-regulated by 16 hpl; the extracellular

matrix protein tgfβi is initially up-regulated, but then rapidly down-regulated, while levels of

the TGFβ transcriptional corepressors tgif1 and six3b remain elevated and activin receptors

depressed through at least 36 hpl (Qin et al., 2009). The proliferative response to an acute

light lesion is significantly dampened in mutant zebrafish expressing a truncated Tgif1

protein or following morpholino-mediated knock-down of Six3a/b (Lenkowski et al., 2013).

Furthermore, significantly fewer cone photoreceptors are regenerated in fish expressing the

truncated Tgif1 or in fish expressing only truncated forms of Tgif1 and Six3b; retinas in

these fish have higher levels of expression of TGFβ signaling targets, including ascl1a,

indicating that TGFβ signaling must be repressed for successful retina regeneration and that

ascl1a over-expression is not sufficient to compensate for misregulation of TGFβ signaling
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(Lenkowski et al., 2013). TGFβ receptors physically interact with tight junction proteins,

and non-canonical TGFβ signaling can dissociate cell–cell junctions, facilitating epithelial-

mesenchymal transition (EMT) and migratory behavior, without affecting canonical TGFβ
signaling (Barrios-Rodiles et al., 2005). Since EMT and cell migration are associated with

the mammalian glial scarring response, elucidating a mechanism by which canonical TGFβ
signaling could be inhibited, while allowing for dedifferentiation and non-gliotic

proliferation that occurs in adult zebrafish, possibly through corepressors such as Tgif1 and

Six3, would be attractive for translational mammalian studies and potential therapeutic

treatments for retinal degeneration. Interestingly, decorin, a naturally occurring TGFβ
inhibitor, is already used to treat surgical glaucoma patients, and a recent study of rabbit

PVR shows that decorin treatment prior to surgery reduces the scarring response (Nassar et

al., 2011).

Several additional secreted factors are expressed after retinal damage and may have

important roles in retinal neuron regeneration. For example, two zebrafish homologs of the

heparin-binding growth factor Midkine, midkine a (mdka) and midkine b, may be important

for regulating cell cycle dynamics during retinal regeneration. During retinal development,

mdka positively regulates the transcriptional repressor id2a (inhibitor of DNA-binding 2a),

which modulates cell cycle progression from S- to M-phase without altering cell cycle

timing or exit (Luo et al., 2012), and both midkines are re-expressed in proliferating Müller

glia and photoreceptor progenitors after acute light lesion (Calinescu et al., 2009). The

growth factor CNTF has dual roles in regeneration. In a chronic light lesion paradigm,

exogenous CNTF injections are neuroprotective via MAPK signaling, and as a result Müller

glia exhibit minimal proliferative response to light exposure, whereas CNTF injections in

unlesioned retinas can induce Müller glial proliferation via a Stat3 mechanism (Kassen et

al., 2009). In the mammalian CNS, CNTF induces GFAP expression and glial fate via Stat3

signaling (Bonni et al., 1997; Wang et al., 2002b), and in mammalian Müller glia, exposure

to CNTF induces genes associated with inflammation and gliosis (Xue et al., 2011). This

dichotomy in response to CNTF may reflect a divergence in the responses of Müller glia in

mammals and zebrafish to retinal damage.

As discussed in Section 3.2, the transcriptional repressor insm1a has an integral role in

regulating cell cycle exit and differentiation of retinal progenitors, especially rod

photoreceptors, during zebrafish development (Forbes-Osborne et al., 2013). A parallel role

during retinal regeneration has also been described – insm1a indirectly regulates p57kip2 via

repression of a repressor of p57kip2, bcl11a – and at 4 days after stab wound, co-expression

of insm1a and p57kip2 in Müller glia-derived retinal progenitors drives cell cycle exit

(Ramachandran et al., 2012). Morpholino-mediated knock-down of Insm1 at 4 dpl expands

the proliferative zone around the injury, but after 30 days, BrdU-labeled Müller glia survive

in the expanded proliferative zone and regenerated neurons do not, for reasons that are not

known (Ramachandran et al., 2012).

5.3. Retinal determination transcription factors (Six3, Pax6)

Several retinal determination factors are re-expressed in activated Müller glia in the first 24

h after retinal damage, including six3, pax6, rx1, olig2, and vsx2, as discussed in Section
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4.2.2. These studies suggest that in response to retinal damage Müller glia partially

dedifferentiate, as reflected by increased expression of markers of retinal progenitors and of

immature Müller glia.

Of the retinal progenitor markers mentioned in Section 4.2.2, we will continue the

discussion of six3 and pax6a/b, as these two in particular have been experimentally

manipulated in order to characterize their importance in retinal regeneration. Although six3b

is the only zebrafish Six3 paralog that is up-regulated in Müller glia after acute light lesion, a

six3b null mutant does not exhibit an apparent regeneration defect (Lenkowski et al., 2013).

However, morpholino-mediated knock-down of Six3 (both Six3a and Six3b are targeted by

the morpholino) causes a significant reduction in retinal progenitor proliferation during a

chronic light lesion, indicating a potential redundancy between Six3a and Six3b in the

regenerative response that is not apparent in wild-type, lesioned fish (Lenkowski et al.,

2013). Six3 can also inhibit nodal/TGFβ signaling during zebrafish gastrulation (Inbal et al.,

2007), and when six3b and the TGFβ corepressor tgif1 are both mutated, the retinal

regeneration defect is enhanced (Lenkowski et al., 2013). Six3 also demonstrates

transcriptional cross-regulation with other key retinal determination factors that likely play a

role in regeneration, such as Pax6 (Carl et al., 2002; Loosli et al., 1998; Wargelius et al.,

2003).

Expression of Pax6 is critical for many aspects of retinal development, from patterning the

early eye field, to regulating the cell cycle and retinal neuron differentiation (as reviewed in

Shaham et al., 2012). Pax6 expression in adult zebrafish Müller glia, albeit at low levels, has

been associated with their capacity to function as retinal stem cells. Surprisingly, a single

cell microarray analysis showed that Pax6 is also expressed at low levels in murine Müller

glia (Roesch et al., 2008), and furthermore, murine Müller glia up-regulate Pax6 in response

to retinal neuron damage, even when they do not proliferate (Joly et al., 2011). Zebrafish

have two Pax6 paralogs that differ only slightly in their N-terminal region. This small

sequence difference allowed Ryan Thummel and colleagues to specifically target pax6a and

pax6b with morpholinos immediately prior to the onset of a chronic light lesion (Thummel

et al., 2010). Neither Pax6a nor Pax6b was required for the initial cell division of injury-

induced Müller glia, however, knock-down of Pax6b blocked the initial division of retinal

progenitors, and knockdown of Pax6a blocked the later amplifying divisions of progenitors

(Thummel et al., 2010). Interestingly, pax6a/pax6b double morphant retinas had more

proliferation in the ONL, where the endogenous rod precursors reside, and also showed

successful regeneration of rods at 28 dpl, but not cones (Thummel et al., 2010). This

indicates that Pax6a/6b are required for cone photoreceptor regeneration but are not

necessary for enhanced production of rod photoreceptors mediated by rod precursors

(Thummel et al., 2010). These observations also support the idea that rod precursors are

committed to the rod lineage and are unable to dedifferentiate to participate directly in cone

photoreceptor regeneration.

How pax6a/b are regulated during retinal regeneration is still unclear: in vitro studies

suggest that pax6b is downstream of an ascl1a-let7 microRNA regulatory network

(Ramachandran et al., 2010a), which is discussed below (Section 5.4). Although ascl1a and

the cytidine deaminases apobec2a/2b (apolipoprotein B mRNA editing enzyme, catalytic
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polypeptide-like 2a/2b, which are involved in DNA methylation) positively regulate each

other in Müller glial-derived progenitors, expression of pax6a/b is not altered by

morpholino-mediated knock-down of apobec2a/b (Powell et al., 2012). Additional in vivo

data provide evidence for regulation of pax6a/b by Wnt signaling (Ramachandran et al.,

2011), HB-EGF signaling (Wan et al., 2012), and possibly ascl1a (Fausett et al., 2008;

Ramachandran et al., 2011).

5.4. Proneural genes and miRNA regulation (Acsl1a, Lin28/Let7, NeuroD, Ngn1)

The proneural basic helix-loop-helix transcription factor ascl1a occupies a critical position

at the interface of several canonical signaling pathways that are activated during retinal

regeneration, including Wnt and Notch signaling, as discussed in the next section. Initial

studies showed that ascl1a is up-regulated in Müller glia within 6 h after stab wounds, and

its expression is critical for proliferation after injury (Fausett et al., 2008). Morpholino-

mediated knock-down of the transcriptional repressor Insm1a at the time of injury leads to

small but significant increases in ascl1a (Ramachandran et al., 2012). In Müller glia and

retinal progenitors, ascl1a levels continue to rise after acute light damage until at least 36

hpl (Qin et al., 2009), and expression levels remain elevated as late as 7 days after injury

(Cameron et al., 2005). While morpolino knock-down of Ascl1a inhibits proliferation after

retinal injury (Fausett et al., 2008), expression of ascl1a is not sufficient for successful

regeneration when canonical TGFβ signaling is misregulated (Lenkowski et al., 2013) or

with reduced expression of insm1a (Ramachandran et al., 2012).

Chromatin immunoprecipitation studies in vitro by Daniel Goldman and colleagues showed

that Ascl1a directly binds to the promoter of the pluripotency factor and RNA-binding

protein lin28 and thus could indirectly regulate the microRNA let-7 via transcription of the

lin28 repressor (Ramachandran et al., 2010a). Regulation between Ascl1a and Lin28 in vivo

still requires further clarification: morpholino-mediated knock-down of Lin28 in stab wound

lesions had no effect on ascl1a transcript levels (Ramachandran et al., 2010a), but

morpholino-mediated knockdown of Lin28 during photoreceptor regeneration abolished

Ascl1a protein (Nelson et al., 2012). A recent study of murine retinal development indicates

that microRNAs let-7, mi-9, and mi-125 can maintain an “early competence state” in retinal

progenitor cells, and experimental manipulation of their expression alters the distribution of

neuron subtypes (La Torre et al., 2013); further studies of microRNA expression in retinal

regeneration may help resolve contradictory studies. In transfected HEK cells, let-7 can

suppress Ascl1a, Hspd1, Lin-28, Pax6b, cMyca/b (myelocytomatosis oncogene a/b), and

Oct4 (octamer-binding protein 4, also called POU class 5 homeobox 1) (Ramachandran et

al., 2010a), and in mouse neural stem cells, let7b targets both NR2E1 (TLX, Nuclear

Receptor subfamily 2, group E, member 1) and CyclinD (Zhao et al., 2010b). Because let-7

expression is reduced in the zebrafish retina through at least 7 days after stab wounds

(Ramachandran et al., 2010a), its absence might have long-lasting influences on cell fate

decisions of proliferating retinal progenitors. For example, even when only certain retinal

cells are targeted by the lesion (such as photoreceptors in a light damage paradigm), some of

the retinal progenitors differentiate into non-photoreceptor neurons (Bernardos et al., 2007;

Lenkowski et al., 2013); similarly, after surgical excisions, Müller glia in the surrounding,

undamaged retina proliferate to produce retinal progenitors that differentiate into cone
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photoreceptors and interneurons in regions that were not damaged (Cameron, 2000). Further

studies into the regulation and precise role of microRNAs during retinal regeneration could

elucidate RNA-based manipulations that might translate the success of regeneration in adult

zebrafish retina to the mammalian retina.

Other bHLH transcription factors known to regulate neuron-specific differentiation during

development are also expressed during retinal regeneration, namely neuroD and

neurogenin1 (ngn1), both of which are important in the developing retina (Korzh et al.,

1998). NeuroD induces cell cycle exit and rod photoreceptor fate while suppressing Müller

glial fate, and morpholino-mediated knock-down of NeuroD inhibits cell cycle exit

(Ochocinska and Hitchcock, 2009). In the damaged adult retina, neuroD is not expressed in

Müller glia or in the earliest progenitors, but is expressed later in photoreceptor progenitors

from 3 to 7 days after light onset in a chronic light lesion (Thomas et al., 2012b). Further

studies are needed to determine if neuroD controls cell cycle exit and rod photoreceptor fate

during regeneration similar to development. Ngn1 is expressed in immature Müller glia

during development, but not in the uninjured adult retina (Thummel et al., 2008a). In a

chronic light lesion paradigm, Ngn1 protein is re-expressed in neurogenic clusters in both

PCNA-positive and PCNA-negative cells, and subsets of Müller glia continue to express

Ngn1 as late as 17 days after light damage (Thummel et al., 2008a). Again, further studies

are needed to uncover the contributions of Ngn1 to retinal regeneration.

5.5. Notch and Wnt signaling pathways

Two other major signaling pathways – Notch and Wnt – have been studied in the context of

retinal development, maintenance, and regeneration. In developing neuroepithelia of the

brain and retina, in both fish and mammals, the timing of Notch signaling determines

whether this pathway will maintain cells in a progenitor state, promote cell cycle exit, or

promote and maintain glial identity (for example, see Bernardos et al., 2005; Chapouton et

al., 2010; Del Bene et al., 2008; Del Debbio et al., 2010; Furukawa et al., 2000; Grandbarbe

et al., 2003; Jadhav et al., 2006a,b; Murciano et al., 2002; Nelson et al., 2011; Ohata et al.,

2011; Scheer et al., 2001; Surzenko et al., 2013). Additionally, it has been known for many

years that Notch signaling components are up-regulated in the regenerating goldfish retina

(Sullivan et al., 1997), and more recently the same was demonstrated in the zebrafish retina

(Raymond et al., 2006). In an analysis of gfap:EGFP-labeled Müller glia and glial-derived

progeny after an acute light lesion, all Notch signaling genes that were annotated in the

microarray decreased up to three-fold through 16 hpl, after which a subset – deltaC, her9

(hairy-related 9), her4.2, jagged2 – increased through 36 hpl (Qin et al., 2009). The early

sample times in this analysis (8, 16, and 24 hpl) represent Müller glia that have not yet

divided, whereas the later sample (36 hpl) includes neuronal progenitors, so the temporal

regulation of Notch signaling components could reflect differences between Müller glia and

progenitors. In whole retina lysates, jagged1a and deltaD ligands show decreased expression

through at least 4 days of constant light; deltaA, deltaB, and several her/hes downstream

target genes may initially be down-regulated but their expression then increases slowly, and

notch receptors are differentially regulated, with notch3 significantly up-regulated at 3 days

of constant light damage (Kassen et al., 2007). Attempts to assess the function of Notch

signaling have used the γ-secretase inhibitor, DAPT, which increases the zone of
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proliferation around stab wounds, inhibits insm1a expression, and potentiates the up-

regulation of ascl1a, hb-egfa, and egfr; conversely, constitutive activation by overexpression

of the Notch intracellular domain (NICD) decreases expression of ascl1a, hb-egfa, and

pax6b (Gorsuch and Hyde, 2013; Ramachandran et al., 2012; Wan et al., 2012). Similarly,

post-natal mouse retinas treated with DAPT express higher levels of Ascl1a in Müller glia

and lower levels of the Müller glial marker CyclinD3, but the competence to respond is gone

by post-natal day 14 (Nelson et al., 2011).

In the embryonic zebrafish retina, differential levels of expression of notch receptors, delta

ligands, and the Notch target gene her4 suggest a gradient of Notch signaling in the retinal

neuroepithelium, with higher levels apical than basal; the apical-basal translocation of the

nuclei of neuroepithelial retinal progenitor during IKNM exposes them to this gradient (Del

Bene et al., 2008). Time-lapse imaging revealed that neuroepithelial progenitors divide

either symmetrically (both daughters remain proliferative), or asymmetrically (one daughter

exits the cell cycle to differentiate as a neuron). Nuclei that translocate farthest basally

(where they may experience reduced Notch signaling) tend to have asymmetric, neurogenic

divisions that generate post-mitotic daughter cells (Baye and Link, 2007). In the adult

zebrafish brain, radial glia that express glial markers – S100β, BLBP, and the gfap:GFP

reporter – and function as neural stem cells are maintained in a quiescent state by induction

of Notch signaling from neighboring progenitor cells (Chapouton et al., 2010). As discussed

in Section 4.2.3, when Müller glia are activated after a retinal injury, they undergo IKNM

and divide asymmetrically at the apical surface to generate a proliferative neurogenic

progenitor; the Müller glia nucleus then translocates and the progenitor daughter cell

migrates basally into the INL. Therefore, as they reenter the cell cycle, the Müller nucleus

may be exposed to Notch signaling gradients along the apical-basal axis. Although a role for

Notch signaling gradients in the regenerating adult retina has not been studied directly, we

speculate that an initial reduction of Notch signaling would allow Müller glia to

dedifferentiate and reenter the cell cycle and neuronal progenitors to express pro-neural

genes. Subsequent activation of Notch signaling in Müller glia by the associated neuronal

progenitors could then reestablish glial identity, as well as regulate cell cycle exit and cell

fate in the neurogenic cluster.

Wnt/β-catenin signaling is likewise critical to successful retinal regeneration in both larval

(Meyers et al., 2012) and adult zebrafish (Ramachandran et al., 2011). Microarray studies

have shown that in the ONL, levels of wnt8a decrease after acute light lesion (Craig et al.,

2008), and in Müller glia, expression of the inhibitor dkk1 (dickkopf, WNT signaling

pathway inhibitor 1) decreases while the receptor fzd8c (frizzled homolog 8c) increases

through 36 hpl (Qin et al., 2009). A closer look at Wnt signaling in regeneration reveals that

β-catenin accumulates specifically in proliferative Müller glia and neuronal progenitors, and

genetic or chemical inhibition of Wnt signaling prevents the proliferative response to retinal

damage in larval and adult fish (Meyers et al., 2012; Ramachandran et al., 2011). After

pharmacological hyperactivation of Wnt signaling following acute light lesions in larval

zebrafish, newly generated cells all remain in the ONL and Müller glia are lost, suggesting

that progenitor cell fate is altered, possibly through symmetric division of activated Müller

glia (Meyers et al., 2012).

Lenkowski and Raymond Page 31

Prog Retin Eye Res. Author manuscript; available in PMC 2015 May 01.

N
IH

-P
A

 A
uthor M

anuscript
N

IH
-P

A
 A

uthor M
anuscript

N
IH

-P
A

 A
uthor M

anuscript



While activated Wnt signaling is necessary for larval photoreceptor regeneration,

hyperactivation of the pathway via immersion of larvae in a synthetic Wnt agonist is not

sufficient to induce proliferation in the uninjured retina (Meyers et al., 2012). In contrast,

intraocular injection of the same agonist in the adult is sufficient to induce critical

regeneration genes, such as ascl1a and lin28, and generation of several types of retinal

neurons (Ramachandran et al., 2011). Simultaneous stab wounding of the retina and

injection of Wnt agonists increases the zone of proliferation around the lesion, and this

response is mediated by both lin28-dependent and -independent mechanisms downstream of

ascl1a (Ramachandran et al., 2011). These effects in the adult are likely mediated by the

specific Wnt pathway members whose expression changes in activated Müller glia,

including wnt2ba, wnt4a, wnt8b, fzd2, fzd3, fzd8c, dkk1a, and dkk1b (Qin et al., 2009;

Ramachandran et al., 2011). Furthermore, Ascl1a indirectly inhibits expression of the Wnt

antagonist dkk1b, and their expression patterns are mutually exclusive after stab wounds

(Ramachandran et al., 2011). These regulatory interactions may be mediated by insm1a, as

Insm1a can directly bind the dkk1b promoter and insm1a morpholino-mediated knock-down

leads to increased expression of both ascl1a and dkk1b (Ramachandran et al., 2012).

Interestingly, in laser-injured retinas of transgenic adult mice that have a greater and more

prolonged increase of Wnt signaling (caused by loss of the negative Wnt regulator, Axin2),

Müller glia show increased proliferation and generate rhodopsin-positive cells (Liu et al.,

2013).

Notch and canonical Wnt signaling may have complementary roles in regeneration.

Mammalian Müller glia divide and express opsin when cultured with Notch and Wnt ligands

(Jagged1 and Wnt3a, respectively), and these effects are stronger when both pathways are

activated (Das et al., 2006; Del Debbio et al., 2010). Similarly, in the damaged adult

zebrafish retina, activation of both pathways is downstream of HB-EGF signaling (Wan et

al., 2012). In situ hybridization to detect Notch signaling components suggest that Müller

glia may be adjacent to cells expressing delta ligands (Wan et al., 2012). However, in situ

signals are too diffuse to reliably distinguish individual cells within the neurogenic cluster,

and further studies are needed to determine if components of Notch and Wnt signaling are

differentially expressed among retinal progenitors and Müller glia, as well as along the

apical-basal axis of the Müller glia, during retinal neuron regeneration. Similar to Notch

signaling, gradients of canonical Wnt signaling may also be important for asymmetric

divisions in Müller glia during retina regeneration; in ESCs, Wnt signaling orients mitotic

spindles, leading to an asymmetric division in which the daughter cell with lower Wnt

signaling is more differentiated (Habib et al., 2013).

5.6. Other stem cell factors (Sox2, BLBP)

Other markers of neurogenic stem cells are expressed in the regenerating adult zebrafish

retina, although their role in regeneration has yet to be investigated. For example, in the

mammalian brain, Sox2 (SRY-box containing gene 2) is expressed in both slowly dividing

radial glia and in the transient amplifying progenitors they produce (as reviewed in, Hsieh,

2012). Additionally Sox2 has a well-defined role in generating iPSCs from mammalian

embryonic fibroblasts (Takahashi et al., 2007; Takahashi and Yamanaka, 2006). In the

postnatal mouse retina, Sox2 is critical for establishing Müller glial identity via Notch
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signaling and quiescence via an alternative mechanism (Surzenko et al., 2013). As with

Pax6, mammalian Müller glia express the stem cell marker Sox2 (Roesch et al., 2008). In

zebrafish, expression of sox2 in activated Müller glia increases 2-fold by 8 h after an acute

light lesion (Qin et al., 2009). In whole retina lysates collected after stab wounds, sox2

expression increases slightly at 2 dpl, but peaks at 4 dpl and is undetectable at 7 dpl

(Ramachandran et al., 2010a). The differences between these studies are likely due to a

combination of lesion paradigm and detection methods. Nevertheless, the sustained

expression of Sox2 after stab wounds suggests that neurogenic progenitors continue to

express sox2 after Müller glia have redifferentiated.

Expression of BLBP, a fatty acid binding protein, is associated with non-dividing radial glia

(Chapouton et al., 2010) and multi-potent progenitors in the adult zebrafish brain

(Chapouton et al., 2010; Hartfuss et al., 2001), as described above in Section 2.2, and it is

expressed by immature and reactivated Müller glia in the adult zebrafish retina, as described

above in Section 4.2.2. BLBP expression in Müller glia increases rapidly, within 1 h after an

acute light lesion (Nagashima et al., 2013), remains elevated at 14 days in the lesioned area

relative to surrounding unlesioned areas of retina (Lenkowski et al., 2013), then is down-

regulated by 28 days (J.L., unpublished data). Therefore, BLBP likely has an important but

yet unexplored role throughout retinal neuron regeneration, not solely in the transient

dedifferentiation of Müller glia immediately after retinal damage. The fatty acid

docosahexaenoic acid (DHA) is the main binding partner for BLBP (Xu et al., 1996). Müller

glia can increase survival of neurons in culture in part because they can transfer DHA to the

neurons (Politi et al., 2001), and DHA can induce neural stem cells to differentiate into

neurons by down-regulating Hes1 and up-regulating NeuroD (Katakura et al., 2009).

Therefore, BLBP may be involved in regulation of cell cycle, cell survival, and cell fate

during regeneration.

5.7. Cell adhesion and migration (N-cadherin, Alcama, Galectin, MMPs)

While many research groups have shown the importance of secreted factors and intracellular

signaling pathways for successful regeneration of retinal neurons, little attention has been

given to the extracellular milieu within the regenerating retina. The presence and importance

of particular extracellular proteins is now becoming more apparent, and the type of proteins

present may depend on the nature of the damage. N-cadherin (cdh2) is strongly expressed in

the stem cell niche in the CMZ in adult fish and is up-regulated in neurogenic clusters after

retinal damage by intense light, neurotoxin (ouabain), or stab wounds (Liu et al., 2002;

Nagashima et al., 2013; Raymond et al., 2006). In fact, cdh2 likely has a specific role in

regeneration since it is up-regulated in Müller glia within 8 h after an acute light lesion,

while other cadherins are down-regulated (Qin et al., 2009). After stab wounds, Cdh2

protein increases by 2 dpl, and R-cadherin (Cdh4) after 5–7 dpl (Liu et al., 2002). In fish

heterozygous for a semi-dominant mutant allele of cdh2, Müller glia nuclei still exhibit

IKNM after damage, but basal migration of retinal progenitor cells is blocked; because

progenitors remain at the apical surface, they successfully regenerate photoreceptors

destroyed by light lesion, whereas regeneration of ganglion cells is significantly reduced

(Nagashima et al., 2013).
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Other extracellular proteins are likely important for cell adhesion and migrational cues in

neurogenic clusters of retinal progenitor cells. A novel stem cell marker, Alcama (Activated

leukocyte cell adhesion molecule a, a member of the immunoglobin super-family), was

identified in progenitor cells in the CMZ and is transiently expressed by injury-induced

Müller glia, and not progenitors, after acute light lesion (Nagashima et al., 2013). Alcama

expression may be related to the function of N-cadherin in mediating cell–cell adhesion in

the neurogenic clusters (Nagashima et al., 2013). Human ALCAMA can recruit N-cadherin

and β-catenin in cancer cells and it promotes activity of matrix metalloproteinases (MMPs)

in vitro (Jannie et al., 2012). We speculate that Alcama may play a similar role related to

migration of retinal progenitors and reestablishment of cell–cell junctions in the regenerating

zebrafish retina.

NCAM is expressed in Müller glia in the unlesioned adult zebrafish retina, but only on the

Müller glial processes in the ONL, where it has been suggested to provide directional

migratory cues and a microenvironment for undifferentiated rod precursors (Kustermann et

al., 2010). Transcription of ncam is decreased in Müller glia through 36 h after acute light

lesion (Qin et al., 2009), but transcription levels increase slowly during a chronic light

lesion, as measured by microarray analysis of whole retina homogenates (Kassen et al.,

2007). The extracellular Tenascin proteins inhibit axon outgrowth in optic nerve

regeneration (Faissner and Kruse, 1990); tenascin C (tnc) can be regulated by TGFβ
signaling (Chablais and Jaźwińska, 2012) and itself regulates the Müller glial response to

growth factors (Besser et al., 2012). Tenascins are also differentially regulated after retinal

lesions. Microarray data suggest that tenascin R is down-regulated in Müller glia through 36

h after an acute light lesion (Qin et al., 2009), and tnc is up-regulated at 96 h in the whole

retina during chronic light lesions (Kassen et al., 2007).

The zebrafish homolog of Galectin-1 (drgal1-l2) was the first molecule characterized with

the ability to modulate photoreceptor regeneration but is not expressed in the developing

zebrafish retina (Ahmed et al., 2004 9612; Craig et al., 2010). Galectin is a secreted protein,

and Peter Hitchcock and colleagues (Craig et al., 2008) suggest that its role in regeneration

is related to its ability to bind proteins in the extracellular matrix (ECM). dgral1-l2 is up-

regulated within 12 h after acute light damage (Craig et al., 2008), and it is expressed in

microglia, proliferating Müller glia, and Müller glia-derived progenitors through 7 dpl

(Craig et al., 2010). Morpholino-mediated knock-down of Drgal1-L2 significantly reduces

the number of regenerated rod, but not cone, photoreceptors at 7 dpl (Craig et al., 2010).

The obvious requirement for remodeling of both cell–cell adhesion and the ECM to support

progenitor cell migration and differentiation of regenerated neurons has not yet received

much attention. A number of enzymes that remodel the extracellular environment are up-

regulated after retinal lesions: mmp9 (matrix metalloproteinase 9, gelatinase B), mmp13

(also known as collagenase 3), and timp2 (tissue inhibitor of metalloproteinase 2) all

increase after a variety of lesions (Cameron et al., 2005; Kassen et al., 2007; Qin et al.,

2009). MMP9 is regulated by signals that include MAPK/ERK1/2, glycogen synthase kinase

3β (an effector of the Wnt/β-catenin pathway), TNFα, hypoxia, and histamines (Vandooren

et al., 2013), so it is not surprising that its expression increases dramatically in different

types of retinal lesions. MMPs have known functions in healthy and diseased retinas (Sivak
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and Fini, 2002) and regulate the behavior of neural progenitor cells (Barkho et al., 2008).

Because soluble HB-EGF can rescue proliferation in adult zebrafish Müller glia after stab

wounds and treatment with a pan-MMP inhibitor inhibits retina regeneration (Wan et al.,

2012), it is apparent that remodeling and signaling in the extra-cellular matrix of the retina is

critical for successful retinal neuron regeneration in adult zebrafish.

5.8. Summary and overview

It is clear that a complex network of signals derived from dying neurons, reactive microglia,

Müller glia, and potentially other cellular elements, is critical for a successful regenerative

response in the adult zebrafish retina. The idea that regeneration may partially recapitulate

development has stimulated investigators to characterize many factors known to be essential

for retinal developmental, but other promising signaling pathways and transcription factors

have not yet been well studied in the context of retinal regeneration. Several retinal lesion

paradigms have been developed to study regeneration in teleost fish – surgical ablation,

neurotoxin injection, acute and chronic light lesions, stab wounds, and targeted genetic

ablation of specific types of retinal neurons – and each of these lesion paradigms likely

induces a variety of molecular responses. For example, break-down of the blood-retinal

barrier (a consequence of some but not all lesion methods) can expose the retina to

additional cytokines, blood components, and other factors, which in the mammalian retina

can tip the balance between a “conservative”, non-proliferative and a “massive”,

proliferative Müller glial response to damage (Bringmann et al., 2009). Distinct signaling

pathways may also be activated depending on which type of retinal neurons are damaged or

destroyed. While several lesion paradigms ablate specific retinal neurons whereas others

cause non-selective damage, discussions of experimental findings have sometimes neglected

to consider these differences when interpreting the subsequent regenerative response.

While many identified genes and signaling pathways reviewed here play important roles in

the regulation of Müller glia-based retinal neuron regeneration, it is certain that interactions

among these various molecular mechanisms are necessary to orchestrate the appropriate

responses to repair the damage (Fig. 4). For example, downstream targets of Notch and

Wnt/β-catenin converge to activate a regenerative response in zebrafish Müller glia (Wan et

al., 2012) and to induce neuronal markers in mammalian Müller glia (Das et al., 2006; Del

Debbio et al., 2010). In addition, direct protein–protein interactions have been shown to

mediate cross-talk between Jak-Stat/Notch and TGFβ/Notch in mammalian neural stem cells

and brain tumors (Aigner and Bogdahn, 2008; Kamakura et al., 2004). Several additional

clues to potentially relevant interactions can be found in recent successful reports of

generating retinal progenitors in vitro from rodent Müller glial cells, ESCs, or iPSCs (Ikeda

et al., 2005; Lamba et al., 2006; Pollak et al., 2013) and the even more remarkable

demonstration of the self-organizing morphogenesis of optic cups from ESCs and iPSCs in

three-dimensional cultures (Eiraku et al., 2011; Lamba et al., 2009a; Osakada et al., 2008).

Some of the relevant pathways include many that were discussed above: 1) Factors that

inhibit TGFβ signaling, such as Tgif1, are enhanced in human ESCs in an ‘undifferentiated

state’, as are factors that activate Wnt and FGF signaling (Sato et al., 2003). 2) A small

molecule inhibitor of TGFβ signaling can replace Sox2 in reprogramming fibroblasts to

become iPSCs (Ichida et al., 2009). 3) Various ECM components, such as laminin, entactin,
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and synthetic basement membrane, improve in vitro generation of retina from ESCs when

the TGFβ ligand Nodal is also included in the media (Eiraku et al., 2011). 4) When

immortalized Müller glia are cultured with ECM and FGF or RA, they form neurospheres

that express progenitor and post-mitotic neuron markers, and these cells migrate into and

express appropriate markers of all retinal layers when grafted into the retina (Lawrence et

al., 2007).

Since regeneration must, at least to some fundamental degree, recapitulate development –

including cell amplification, cell fate determination, cell patterning, and morphogenesis – it

is not surprising that so many of the major developmental signaling mechanisms that control

gene expression and cell behavior are resurrected to rebuild the damaged retinal tissue. The

future challenge for the field will be to understand how this myriad of molecular and cellular

‘threads’ is woven together in a tightly regulated spatial-temporal biological network to

achieve functional retinal regeneration. Future studies of zebrafish retinal regeneration

should address not only the molecular and cellular processes that modulate the behavior and

fate of reactive Müller glia and proliferating retinal progenitors, but also consider the

regenerative outcome, an endpoint not addressed in many studies. With a deeper and more

comprehensive understanding of repair mechanisms in the teleost fish retina, translational

studies aimed at promoting functional regeneration in the human retina will have a better

chance of success.

6. Gliosis versus neurogenesis – questions for the future

6.1. How do fish and mammalian Müller glia differ in their response to injury?

For many researchers – those who study retinal regeneration in fish and those who follow

this field – the key question is: Why do Müller glia in fish retinas exhibit such a robust

ability to generate retinal neurons while Müller glia in human retinas do not? Useful insights

into this question can be gained by comparing injury responses in fish and mammalian

Müller glia. Two reviews published in previous issues of this journal by Andreas Bringmann

and colleagues provide comprehensive summaries of the exceedingly complex responses of

Müller glia to retinal injury (Bringmann et al., 2009, 2006). Briefly, astrocytes and related

cells (e.g., Müller glia) respond to injury or disease in the nervous system by undergoing

reactive gliosis, which has both positive or neuroprotective and negative or detrimental

effects. The neuroprotective effects of gliosis in Müller glia reflect a cellular attempt to limit

tissue damage and neuronal loss, and include buffering of potassium, uptake of glutamate,

release of antioxidants, release of Nitric Oxide (NO), phagocytosis, and release of

neurotrophic factors. In contrast, detrimental effects may increase neuronal death, result in

glial scarring, and include release of proinflammatory cytokines such as TNF, excess

production of NO, and enhanced production of polyamines that coactivate NMDA receptors.

Importantly, the same gliotic response or factor (e.g., NO) can have both positive as well as

negative effects, depending on the time, duration, or amplitude of the response. Chronic

overstimulation or dysregulation of gliosis is typically associated with detrimental effects.

The characteristic cellular responses of gliosis include: hypertrophy, increases in

intermediate filaments (in particular, GFAP), and, if the damage is severe and/or prolonged,

proliferation and cell migration leading to formation of glial 'scars’. The molecular features
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of gliosis reflect a stress response with expression of immediate early response genes, such

as c-fos and c-jun (for details and references the reader is referred to Bringmann et al.,

2009). Signaling pathways that are activated in, and factors released by, reactive mammalian

Müller glia include many of those discussed above in Section 5, such as: ERK1/2, JAK/

STAT, TGFβ/SMAD2/3, HB-EGF, MMP-9, IL-6, TNF, and Galectins. In a recent review,

Magdalena Götz and colleagues compared signaling pathways activated during reactive

gliosis in astrocytes of the mammalian CNS with signaling that regulates adult neural stem

cells (Robel et al., 2011). Mammalian adult neural stem cells resemble radial glia and are

located in two distinct niches in the CNS, and the same signal can lead to different outcomes

in reactive astrocytes in the brain parenchyma compared with the neural stem cells. Perhaps

the most striking example is the effect of BMP (a member of the TGFβ superfamily): In

astrocytes after injury, the downstream mediator of BMP, SMAD1, interacts cooperatively

with STAT3 to promote GFAP expression and glial fate, whereas in the neural stem cell

niche in the subependymal zone of the lateral ventricle, BMP signaling promotes self-

renewal and neurogenesis. The relatively low level of STAT signaling in the neurogenic

regions may account for this differential response (Robel et al., 2011).

Reactive mammalian Müller glia show signs of dedifferentiation associated with cell cycle

reentry, including down-regulation of specific markers such as CRALBP, GS, and carbonic

anhydrase (CA), up-regulation of progenitor markers like Pax6, and alterations in ionic

currents that depolarize Müller glia. A recent study by Edward Levine, Robert Marc, and

colleagues clearly demonstrated that Müller glia can retain their normal, metabolic support

functions even while proliferating (Vazquez-Chona et al., 2011). This study showed that

conditional ablation of the cyclin-dependent kinase inhibitor, p27kip1, with the tamoxifen-

regulated CreER-loxP system, produced a gliotic response in retinal Müller glia –

hypertrophy, increased expression of GFAP, reentry into the cell cycle, and apically

displaced nuclei – in the absence of retinal injury. Müller glial markers Sox9 and GS co-

localized with BrdU after a six-week chase, but glial scars were not formed, and

computational molecular phenotyping of metabolomic signatures together with

electrophysiological and behavioral measures indicated that these reactive Müller glia

maintained retinal homeostasis to preserve visual function.

In summary, with the exception of glial scar formation, virtually all other features of gliosis

that have been described in mammalian Müller cells appear to be shared by Müller glia in

the injured fish retina. The difference, then, lies in the fate of the cells that result from

proliferation of Müller glia.

6.2. What cellular and molecular signals activate a stem-cell-like (i.e., asymmetric self-
renewing) division of Müller glia rather than inducing glial scar formation?

Severe retinal insults in mammals can trigger a “massive” or proliferative gliosis,

characterized by features including uncontrolled symmetric cell division and migration of

Müller glia, transdifferentiation of Müller glia into contractile myofibrocytes, and formation

of glial scars within the retina and on the subretinal or epiretinal surfaces (Bringmann et al.,

2009, 2006). In the severely injured fish retina, reactive Müller glia exhibit all the hallmarks

of proliferative gliosis except they do not form glial scars; instead their proliferation is
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tightly controlled and limited, they retain their epithelial identity, and they do not undergo

an epithelialmesenchymal transformation associated with cell migration.

Although zebrafish Müller glia are differentiated cells, in the uninjured, growing retina,

Müller glia are the source of rod precursors, and therefore exhibit the hallmarks of somatic

stem cells – quiescent or slowly cycling with asymmetric, self-renewing mitotic divisions.

Thus, fish Müller glia may be primed to produce neurogenic retinal progenitors by

asymmetric division in response to homeostatic signals to generate lineage-restricted rod

progenitors or to generate multipotent retinal progenitors in response to injury/stress signals.

To date, investigations of retinal regeneration have concentrated on injury-induced changes

in Müller glia; this is a reasonable strategy, except that most of the observed changes in gene

expression and signaling mechanisms (e.g., Stat3, HB-EGF, TNFα) may reflect reactive

gliosis rather than neurogenesis. The transcription factors associated with a neurogenic

program and necessary for regeneration of retinal neurons (e.g., Acsl1a, Pax6, Six3,

NeuroD) must necessarily drive cell fate decisions in the Müller glial-derived retinal

progenitors, and not in the Müller glial stem cells themselves. To date it has proved

technically difficult to explicitly identify Müller glial cells versus glial-derived retinal

progenitors in neurogenic clusters in histological sections or in cells isolated by FACS with

lineage-tracing markers. This limitation perhaps accounts for some of the contradictory data

in the literature.

Time-lapse microscopy of injury-induced Müller glia in the zebrafish retina in vivo would

offer important insights and direct evidence for their stem cell properties. Methods

developed to visualize genetically targeted fluorescent reporters in the developing retina of

embryonic zebrafish, notably by Brian Link, William Harris, Rachel Wong, and their

respective colleagues, have provided invaluable insights into the mechanics and kinetics of

cell proliferation and the lineage of retinal progenitors in embryos (Agathocleous and Harris,

2009; Baye and Link, 2007; He et al., 2012; Jusuf et al., 2013; Norden et al., 2009; Suzuki et

al., 2013; Williams et al., 2013). Two limitations in applying these techniques to study

retinal regeneration in adult zebrafish are: 1) Melanin pigmentation in the RPE and

iridophores on the external surface of the eye both obscure the underlying neural retina from

view. 2) Immobilizing and maintaining animals viable for the long periods required for

time-lapse imaging is challenging. One solution is to employ pigmentation mutants (albino;

roy) that block formation of both melanin (albino) and iridophores (roy), in combination

with a regeneration model suitable for young larval fish (less than 1-week-old), which are

small enough that gas exchange by diffusion is sufficient to maintain adequate oxygen

tension during the prolonged immobilization required for time-lapse imaging. For example,

Jeff Mumm and co-workers have recently developed time-lapse imaging methods that

employ nitroreductase-metronidazole genetic targeting to ablate specific retinal cell types in

albino; roy mutant larvae (Ariga et al., 2010; White and Mumm, 2013). An alternative

would be to develop techniques for retinal explant or slice cultures; these methods have been

extremely valuable for in vivo time-lapse imaging in the developing mammalian CNS

(Kechad et al., 2012; Noctor et al., 2001, 2002; Wang et al., 2002a).

The process of asymmetric, self-renewing divisions has been well characterized in

Drosophila, but is much less understood in vertebrates (Gotz and Huttner, 2005; Huttner and
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Brand, 1997; Zhong and Chia, 2008). Mediators of apical-basal epithelial polarity and

mitotic spindle orientation are proposed to control the unequal distribution of cellular

constituents that lead the daughter cells to adopt different fates. In the developing

Drosophila nervous system, a key determinant of daughter cell fates is the endocytic adaptor

protein Numb, which is asymmetrically inherited and antagonizes Notch signaling.

Mammals have two Numb orthologs, Numb and Numb-like, but their relationship to

asymmetric division and cell fate is complex and not understood. A recent study by Michel

Cayouette, William Harris, and their colleagues used conditional knockout of Numb and

Numb-like and clonal analysis in developing mouse retina to show that Numb activity is

required for cell-cycle progression at early stages, but at later stages it is critical for terminal

asymmetric cell divisions that generate two different retinal cell types, including, for

example, a Müller glial cell and a rod photoreceptor (Kechad et al., 2012). With time-lapse

microscopy of neonatal mouse retinal explants and retroviral-mediated expression of a

Numb:Venus fusion protein, the authors demonstrated rapid temporal modulation of Numb

localization, which maintains a polarized distribution for no more than 30–40 min during the

cell division cycle. Temporal regulation and dynamic oscillation of Notch signaling in

coordination with specific cell behaviors is recognized as an important parameter in its mode

of action (for example Shimojo et al., 2008), which further emphasizes the need for time-

lapse microscopy with transgenic reporters to ascertain the roles of Notch signaling in retinal

regeneration.

6.3. Why do the Müller glial cell and its glial-derived retinal progenitor have such different
fates (i.e., the former retains its glial properties and exits the cell cycle while its daughter
cell proliferates and differentiates into neurons)?

Differential Notch-Delta signaling is certainly involved in specifying the identity of Müller

glia-derived progenitors as distinct from their parent Müller glia, although we are a long way

from understanding the mechanisms. We know that components of the Notch pathway are

expressed in Müller glia and up-regulated after injury, and that genetic or pharmacological

manipulations interfere with glial-derived neurogenesis, as discussed above (Sections 3.2

and 5.5). However, the spatiotemporal resolution of the experiments performed to date

provides little information about differential Notch signaling in Müller glia and glial-derived

retinal progenitors.

Molecular genetic analyses of the Notch pathway in neuroepithelial cells in the developing

zebrafish brain are beginning to provide some insights. Time-lapse imaging and clonal

genetic mosaic analysis of radial glial progenitors in the developing zebrafish brain

demonstrate that within a single lineage, self-renewing divisions produce daughter cells with

different apical-basal positions and asymmetry of Notch activity (Dong et al., 2012).

Modulation of Notch activity is mediated by differential inheritance of the ubiquitin E3

ligase Mind bomb (Mib), which promotes Notch activity by modulating endocytosis of

Notch ligands; segregation of Mib to the apical daughter is dependent on Par3 (par-3 family

cell polarity regulator), a component of the apical epithelial polarity complex. The

interaction between Notch signaling and apical polarity was also revealed by an analysis of

IKNM in neuroepithelial cells in the brain of zebrafish mosaic eyes (moe) mutants, in which

the interaction between the Epb41l5 (Erythrocyte membrane protein band 4.1-like 5) adaptor
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protein and the apical-basal polarity regulator, Crumbs (Crb), is disrupted; Crb directly

interacts with and inhibits Notch signaling and Moe blocks this inhibition, contributing to

the apical-basal gradient of Notch activity and apically restricted mitoses (Ohata et al.,

2011). Future studies of retinal regeneration that investigate the dynamics of Notch signaling

in proliferating Müller glia and their neurogenic progeny, and in relation to apical-basal

polarity and position of progenitors, will provide important next steps in clarifying a role for

Notch signaling in the fate of Müller glia-derived daughter cells.

6.4. How does the physical microenvironment of Müller glia, in particular cell–cell
adhesion and cell signaling as understood in the context of a stem cell ‘niche’, control the
behavior of Müller glia?

Müller glia proliferation in the fish retina is exquisitely responsive to homeostatic growth

signals that dictate the rate of production of rod photoreceptors and is enhanced in response

to retinal injury or cell loss. The Hippo pathway, first identified in Drosophila, has recently

emerged as an important regulator of organ size homeostasis through its control of

proliferation and apoptosis (Halder and Johnson, 2011; Yu and Guan, 2013; Zhao et al.,

2010a). Vertebrate orthologs of the core components of the Drosophila Hippo pathway

kinase cascade have been identi-fied, as well as the effector of the pathway, the

transcriptional co-activators YAP (Yes-Associated Protein) and its paralog, TAZ

(Taffazzin). Signaling through the Hippo pathway results in the phosphorylation and

inactivation of YAP/TAZ, which are sequestered in the cytoplasm. When dephosphorylated,

YAP/TAZ translocate to the nucleus and activate genes that promote proliferation and block

apoptosis. The core Hippo kinase cascade functions to control cell number and organ size

during development and in pathological conditions; regulation of Hippo signaling is crucial

for regeneration of the mammalian liver and its dysregulation is associated with cancers

(Halder and Johnson, 2011; Zhao et al., 2010a).

Upstream regulators of the Hippo pathway in vertebrates are just beginning to be

discovered, and include: 1) components of cell–cell junctions (adherens junctions and tight

junctions) that mediate apical-basal epithelial polarity, 2) mechanical forces from the ECM

modulated through the actin cytoskeleton, and 3) diffusible signals that act through G-

protein-coupled receptors and Rho GTPases (Yu and Guan, 2013). The Hippo pathway

senses epithelial cell density and inhibits cell proliferation through direct interactions of

YAP/TAZ with apical junction proteins in the Crumbs complex (Varelas et al., 2010) and E-

cadherin/β-catenin regulation of the kinase cascade (Kim et al., 2011). When cell–cell

junctions are disrupted, dephosphorylated YAP/TAZ translocate to the nucleus to activate

target genes that promote proliferation. YAP/TAZ also regulate TGFβ signaling by

controlling the nuclear localization of SMAD2/3; phosphorylated YAP/TAZ in the

cytoplasm bind SMAD2/3, preventing cells from responding to TGFβ signaling (Varelas et

al., 2010). The apical radial processes of Müller glia form highly specialized junctions with

photoreceptors at the OLM, which represent a hybrid between adherens and tight junctions

(Gosens et al., 2008), and Müller glia extend elaborate lateral processes that enwrap retinal

neurons and their processes (Figs. 1 and 3). Because they literally touch all of the neurons,

Müller glia are exquisitely well positioned as cell density sensors. Despite the obvious

relationship between the cellular activities mediated by Hippo signaling, and the neurogenic

Lenkowski and Raymond Page 40

Prog Retin Eye Res. Author manuscript; available in PMC 2015 May 01.

N
IH

-P
A

 A
uthor M

anuscript
N

IH
-P

A
 A

uthor M
anuscript

N
IH

-P
A

 A
uthor M

anuscript



responses of Müller glia, it is surprising that nothing is yet known about regulation of this

pathway during retinal growth and regeneration.

In contrast to the permissive environment for neurogenesis in the fish retina, the mammalian

retina presents a non-permissive environment for regeneration in that inhibitory ECM and

cell adhesion molecules – chondroitin sulfate proteoglycans and the hyaluron-binding

glycoprotein CD44 – are expressed on the surface of reactive Müller glia (for references see

Bringmann et al., 2009). Although the characteristics of the ECM in and around the

neurogenic clusters in the regenerating fish retina have not been examined, in the intact

retina the permissive version of NCAM, PSA–NCAM, is expressed on the apical processes

of Müller glia associated with on-going production of rod photoreceptors (Kustermann et al.,

2010). The addition of PSA to NCAM can disrupt cell adhesion, and it has been proposed

that the balance between PSA–NCAM, NCAM, and N-cadherin regulates the neurogenic

niche in the brain (Gascon et al., 2010). The presence of PSA-NCAM is important for

migration and survival of neuroblasts, and progressive down-regulation of PSA–NCAM is

associated with neuronal differentiation once they reach their final location (for references

see Gascon et al., 2010). The regulation of N-cadherin is important for adhesion and

migration of cells in the neurogenic cluster during retinal regeneration (Nagashima et al.,

2013), but PSA–NCAM has not been investigated in this process.

6.5. Is ‘reprogramming’ of Müller glia an accurate description of the regenerative response,
and should this be the target for therapeutic approaches?

“Reprogramming” is a popular term used in stem cell research to describe somatic cells that

are forced to undergo cell type switching and achieve a pluripotent state with the consequent

loss of differentiated cell identity (Plath and Lowry, 2011; Takahashi and Yamanaka, 2006).

Earlier uses of this term referred to the changes in differentiated tissue that result in

epimorphic regeneration, for example, of amphibian limbs (Brockes and Kumar, 2002).

Recent genetic cell fate mapping studies with Cre-ER/loxP techniques applied to

regenerating tails of Xenopus tadpoles and limbs of salamanders established that

differentiated cells in the stump adjacent to the wound dedifferentiate (reprogram) to

become lineage-restricted progenitors, reenter the cell cycle, and form a regeneration

blastema (Jopling et al., 2011; Tanaka and Reddien, 2011). Genetic lineage tracing tools

have similarly established that dedifferentiated cells are the source of regenerated tissue

following amputation of zebrafish heart and fin (Choi and Poss, 2012; Lee et al, 2005;

Jopling et al., 2011).

Although retinal regeneration in zebrafish has also been attributed to reprogramming – in

this case reprogramming of Müller glia (Knapp and Tanaka, 2012) – this characterization is

misleading because of a sharp distinction in the requirements for repair of a damaged retina

versus an amputated limb, fin, tail, or heart. In the later cases, rebuilding lost tissues requires

de novo regrowth of the organ. Newly regenerated tissue is added onto the residual structure

by progenitors in the regeneration blastema on the proximal side, which differentiate and

reorganize into patterned tissues, while proliferating cells on the distal side of the blastema

continue to produce more cells until the missing parts are restored. In contrast, regeneration

of retinal neurons is not accomplished by de novo growth, but rather by selective restoration
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of cells within the context of the existing tissue architecture. A similar scenario plays out

during regeneration after brain lesions in zebrafish, where radial glia divide asymmetrically

to generate neuronal progenitors (neuroblasts) that differentiate into neurons to repair the

damage (Grandel and Brand, 2013; Kizil et al., 2012; Kroehne et al., 2011; Zupanc and

Sirbulescu, 2011). In the CNS of fishes, radial glia and Müller glia divide asymmetrically to

self-renew and generate neuronal progenitors for both growth and homeostasis, as well as

functional repair and regeneration. Thus, radial glia and Müller glia are multipotent stem

cells that do not require ‘reprogramming’ in the classic sense.

The demonstrable neurogenic potential of glial cells in the adult vertebrate CNS (a potential

that is largely unrealized in mammals but robustly operative in fishes) has encouraged

attempts to ‘reprogram’ mammalian glial cells into neuronal progenitors for the purpose of

repairing and restoring neural damage. Taking a lead from the iPSC field, several

investigators have used viral-mediated expression of neural determination factors, such as

Pax6, Ngn2, or Acsl1, to reprogram astrocytes in vitro (reviewed in Robel et al., 2011).

Recently, for example, Thomas Reh and colleagues showed that viral-mediated expression

of Ascl1 in dissociated mouse Müller glia or in retinal explants reprogrammed them into

retinal progenitors that up-regulated many progenitor genes implicated in Müller-glia based

regeneration in the zebrafish retina, including Hes5, Insm1, Fabp7, Ngn2, Olig2, and then

differentiated into cells with neuronal properties, albeit not very efficiently (Pollak et al.,

2013). These authors also showed that Ascl1 remodels chromatin to an active state at the

promoters of progenitor genes, although they speculated that epigenetic restrictions may

have prevented more complete reprogramming. A goal of this study, and many others like it,

is to obtain a sufficient quantity of retinal progenitors for transplantation in order to treat

retinal degenerative diseases. The alternative gene therapy approach, i.e., to reprogram

endogenous Müller glia in situ, is more equivalent to evoking an endogenous regenerative

response in the retina, but Müller glial reprogramming would have to overcome the serious

and therapeutically unacceptable consequences of losing Müller glia by converting them into

neurons.

Müller glia in the fish retina are not reprogrammed to regenerate neurons. They are exquisite

cellular sentinels of the physiological and mechanical status and neural activity in the retina,

and they are always poised to reenter the cell cycle to generate a retinal progenitor when

growth or injury signals call for more neurons. As discussed above, some of the important

extracellular and intra-cellular signaling pathways and gene networks that regulate Müller

glial-dependent neurogenesis are emerging, although certain aspects of this process have

received much less attention. These understudied topics include cellular and molecular

mechanisms of cell adhesion and cell polarity, cell density sensors, asymmetric division, and

differential fate of daughter cells. Another key area for future research is to better

understand the epigenetic status of Müller glial stem cells in the zebrafish retina, and how

chromatin modifications mediate changes in gene expression in response to homeostatic and

injury signals. As documented in this review, retinal regeneration research in adult zebrafish

rests on a solid foundation, and further studies will paint a more complete picture by

addressing the many remaining mechanistic gaps and unanswered questions. An important

goal is to better inform translational studies aimed at harnessing the regenerative potential of
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human Müller glia and creating a favorable microenvironment to allow for functional

clinical repair of the damaged or diseased retina.
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Acsl1a achaete-scute like 1a

Alcama activated leukocyte cell adhesion molecule a

Apobec2a/2b apolipoprotein B mRNA editing enzyme, catalytic polypeptide-like 2a/2b

ApoE apolipoprotein E

Atoh7 atonal homolog 7

BLBP brain lipid binding protein

BMP bone morphogenetic factor
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DHA docosahexaenoic acid

dpl days post lesion

Dkk1 dickkopf WNT signaling pathway inhibitor 1

Drgal1-l2 Galectin 1-like

ECM extracellular matrix

EdU ethynyl deoxyuridine

Epb41l5 erythrocyte membrane protein band 4.1-like 5

EGF epidermal growth factor
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ERK extracellular receptor kinase

EM electron microscopy

EMT epithelialmesenchymal transition

ERG electroretinogram

ESC embryonic stem cell

FACS fluorescence-activated cell sorting

FGF fibroblast growth factor

Fzd frizzled homolog

GCL ganglion cell layer

GFAP glial fibrillary acidic protein

GFP green fluorescent protein

GS glutamine synthetase

Her hairy-related

HB-EGF heparin binding epidermal growth factor

hpf hours post fertilization

hpl hours post lesion

HSP60 heat-shock 60 kDa protein 1

IdU iododeoxyuridine

IGF insulin-like growth factor

IKNM interkinetic nuclear migration

IL-6 interleukin 6

INL inner nuclear layer

Insm1a insulinoma-associated 1a

iPSC induced pluripotent stem cell

Jak Janus kinase

MAPK mitogen-activated protein kinase

Mdka/b midkine a/b

Mib Mind bomb

MMP matrix metalloproteinase

Moe mosaic eyes

NCAM neural cell adhesion molecule

Neurod neurogenic differentiation
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Ngn1/2 neurogenin 1/2

NICD Notch intracellular domain

NO nitric oxide

Nr2e3 nuclear receptor subfamily 2

group E member 3

NRL neural retina leucine zipper

Oct4 octamer-binding protein 4, POU class 5 homeobox 1

Olig2 oligodendrocyte transcription factor 2

ONL outer nuclear layer

OLM outer limiting membrane

Par3 Par-3 family cell polarity regulator

Pax6 paired homeobox 6

PCNA proliferating cell nuclear antigen

PDGF platelet-derived growth factor

PI3/AKT Phosphoinositide 3-kinase/serine–threonine kinase Akt, cellular homolog

of viral oncogene, v-Akt

PSA polysialic acid

PVR proliferative vitreoretinopathy

Ptc patched

RA retinoic acid

RPE retinal pigment epithelium

Rx1/2 retinal homeobox 1/2

Shh sonic hedgehog

Six3 sine oculis homeobox 3

Sox SRY-box

Stat signal transducer and activator of transcription

TAZ taffazzin

TGFβ transforming growth factor β

Tgfβi transforming growth factor beta-induced

tgif1 Tgfβ-induced factor homeobox 1

Nnc tenascin C

TNF tumor necrosis factor
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Tuba1 α-1 tubulin

TUNEL TdT-mediated dUTP nick-end labeling

Vsx2 visual system homeobox 2

Wnt wingless-type MMTV integration site family

YAP yes-associated protein
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Fig. 1.
Camera lucida drawings of the morphological differentiation of Müller glial cells in the embryonic chick retina. Panel 53. First

stages of Müller glial cell differentiation in relation to retinal neurons. V, mitotic neuroepithelial (ventricular) cell; I, migrating,

young ganglion cell; b, young bipolar cell; g, ganglion cell; a, amacrine cell; II, migrating amacrine cells; h, horizontal cell; f,

photoreceptor cell; cf, centrifugal fibers; HH, Hamburger–Hamilton stages of chick embryo development. Panel 54. Last stages

of Müller glial cell differentiation showing the central-peripheral gradient of differentiation. Reprinted with permission from

Prada et al., 1989.
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Fig. 2.
Neurogenesis in the adult teleost fish retina during growth and regeneration. Germinal zone with multipotent retinal stem cells

and committed retinal progenitors (magenta) at the junction between the neural retina and the ciliary epithelium (CE). New

retinal neurons are generated sequentially: first retinal ganglion cells (GC), then interneurons (amacrine cells, AC; bipolar cells,

BP; horizontal cells, HC), then cone photoreceptors. The apical surface of the neural retina faces the retinal pigmented

epithelium (RPE) at the back of the eye; the basal surface of the neural retina is vascularized (blood vessels, BV). Radial

processes of Müller glial cells (green) span the apical-basal extent of the retina and lateral processes enwrap the neurons. Müller

glia are somatic retinal stem cells supporting the rod lineage: they divide infrequently, with an asymmetric, self-renewing

division, to give rise to proliferating, committed progenitors that migrate to the apical surface to generate rod photoreceptors

within the differentiated retina. When retinal neurons are destroyed, microglia (MicG) are activated and remove cellular debris.

The nuclei of Müller glia translocate to the apical surface, divide asymmetrically to give rise to proliferating, multipotent retinal

progenitors that accumulate around the radial glial fiber and migrate to the appropriate retinal laminae to regenerate neurons

(e.g., cone photoreceptors or retinal ganglion cells).
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Fig. 3.
Müller-glia derived retinal progenitors migrate associated with the radial glial process. Serial section, electron microscopic (EM)

autoradiography of Müller glia and the glial-derived rod photoreceptor progenitors in an early juvenile goldfish injected

with 3H-thymidine and sacrificed 12 h later. Panel A) is a standard electron micrograph and B) is a nearby section in the serial

set that was processed for autoradiography. The black “squiggles” represent the developed silver grains in the photographic

emulsion overlying the section. The Müller glial nucleus (M) in the inner nuclear layer (INL) is recognized by its distinctive

polygonal morphology and diffuse, pale chromatin. The rapidly dividing rod progenitors (P), which are labeled with 3H-

thymidine in panel B, cluster around the radial fiber of the Müller glia, extending through the outer plexiform layer (OPL) into

Lenkowski and Raymond Page 66

Prog Retin Eye Res. Author manuscript; available in PMC 2015 May 01.

N
IH

-P
A

 A
uthor M

anuscript
N

IH
-P

A
 A

uthor M
anuscript

N
IH

-P
A

 A
uthor M

anuscript



the outer nuclear layer (ONL), where the cell bodies and apical processes of photoreceptors (PR) reach to the retinal pigmented

epithelium (RPE). C) Schematic drawing to illustrate the rod lineage – based on serial, EM reconstructions and longitudinal, 3H-

thymidine autoradiography of Müller glial-derived, 3H-thymidine-labeled rod progenitors and differentiating rod photoreceptors.

Reprinted with permission from Raymond and Rivlin (1987).
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Fig. 4.
Overview of signaling pathways that regulate proliferation of Müller glia and Müller glia-derived progenitors during retinal

regeneration in adult zebrafish. Following retinal injury, expression of factors associated with a stress response, inflammation,

gliosis, and cell adhesion and migration are modified to regulate cell proliferation leading to regeneration of retinal neurons.

Solid lines indicate regulatory interactions that have been described in the literature; dashed lines indicate suggested or indirect

interactions. See Section 5 for references and further discussion of when and where these various factors are expressed during

retinal regeneration.

Lenkowski and Raymond Page 68

Prog Retin Eye Res. Author manuscript; available in PMC 2015 May 01.

N
IH

-P
A

 A
uthor M

anuscript
N

IH
-P

A
 A

uthor M
anuscript

N
IH

-P
A

 A
uthor M

anuscript



N
IH

-P
A

 A
uthor M

anuscript
N

IH
-P

A
 A

uthor M
anuscript

N
IH

-P
A

 A
uthor M

anuscript

Lenkowski and Raymond Page 69

Table 1

Published functional genomic studies in the regenerating adult zebrafish retina. Catalog of the eight studies to

date that have examined regeneration-associated changes in levels of mRNA expression with commercial

zebrafish microarrays sold by Affymetrix, Agilent, or Compugen/Sigma-Genosis, or changes in levels of

protein expression with two-dimensional (2D) gel electrophoresis and mass spectrometry (MALDI-TOF).

Lesion paradigm Array Tissue Sample times Dataset Genes that were
analyzed

Reference

Dorsal patch excision
a Microarray (Affymetrix) Whole retina 2, 3, 5, 14 days

post-injury
GSE3303 Cameron et

al., 2005

Constant light lesion
b Microarray (Compugen/Sigma-Genosis) Whole retina 16, 51, 68, 96 h

of light exposure
olig2, stat3 Kassen et al.,

2007; Nelson
et al., 2012

Constant light lesion Microarray (Affymetrix) Laser-capture
microdissected
outer nuclear
layer

6, 12, 24, 28 h of
light exposure

GSE13068 Igals1l2, pgrna Craig et al.,
2008

Constant light lesion Microarray (Affymetrix) Whole retina 72 h of light
exposure

GSE13999 mdka, mdkb Calinescu et
al., 2009

Acute light lesion
c Microarray (Affymetrix) FACS sorted

Müller glia
and first
progenitors
from gfap:gfp

8, 16, 24, 36 h
post lesion

GSE14495 mpsl, hsp90, tgifl,
six3b

Lenkowski et
al., 2013; Qin
et al., 2009

Chronic rod degeneration
d Microarray (Agilent) Whole retina 10-11 month old

fish
GSE22221 c-myb, insmla, sox11b Morris et al.,

2011

Stab wound
e Microarray (Agilent) FACS sorted

Müller glia-
derived
progenitors
from
tub1a:GFP
relative to
Müller glia in
gfap:gfp

4 days post-injury GFE36191 insm1a Ramachandran
et al., 2012

Constant light lesion 2D protein gel & MALDI-TOF Whole retina 16 h of light
exposure

TNFα Nelson et al.,
2013

a
Hitchcock et al., 1992.

b
Vihtelic and Hyde, 2000.

c
Bernardos et al., 2007.

d
Morris et al., 2005.

e
Senut et al., 2004.
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