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Development/Plasticity/Repair

Late-Stage Neuronal Progenitors in the Retina Are Radial
Miiller Glia That Function as Retinal Stem Cells

Rebecca L. Bernardos,' Linda K. Barthel,? Jason R. Meyers,?> and Pamela A. Raymondl’2
'Neuroscience Program and 2Department of Molecular, Cellular, and Developmental Biology, University of Michigan, Ann Arbor, Michigan 48109-1048

Neuronal progenitors in the mammalian brain derive from radial glia or specialized astrocytes. In developing neural retina, radial
glia-like Miiller cells are generated late in neurogenesis and are not considered to be neuronal progenitors, but they do proliferate after
injury and can express neuronal markers, suggesting a latent neurogenic capacity. To examine the neurogenic capacity of retinal glial
cells, we used lineage tracing in transgenic zebrafish with a glial-specific promoter (gfap, for glial fibrillary acid protein) driving green
fluorescent protein in differentiated Miiller glia. We found that all Miiller glia in the zebrafish retina express low levels of the multipotent
progenitor marker Pax6 (paired box gene 6), and they proliferate at a low frequency in the intact, uninjured retina. Miiller glia-derived
progenitors express Crx (cone rod homeobox) and are late retinal progenitors that generate the rod photoreceptor lineage in the postem-
bryonicretina. These Miiller glia-derived progenitors also remain competent to produce earlier neuronal lineages, in that they respond to
loss of cone photoreceptors by specifically regenerating the missing neurons. We conclude that zebrafish Miiller glia function as multi-

potent retinal stem cells that generate retinal neurons by homeostatic and regenerative developmental mechanisms.
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Introduction

Among the most surprising recent discoveries in neuroscience is
that neural stem cells in the adult mammalian brain have charac-
teristics of differentiated astrocytes and that radial glial cells in the
embryonic neocortex can generate neurons (Anthony etal., 2004;
Ever and Gaiano, 2005; Gotz and Barde, 2005; Gal et al., 2006;
Merkle and Alvarez-Buylla, 2006). Radial glial fibers serve as
guides for immature neurons migrating to the cortical plate, a
supportive role that has long been recognized (Rakic, 1972). Ra-
dial glia also give rise to adult neural stem cells in the mammalian
telencephalon (Doetsch, 2003; Merkle et al., 2004). These adult
neural stem cells are specialized astrocytes that, like their radial
glial progenitors, maintain contact with the ventricular surface
and a vascular basal lamina, properties thought to be important
for sustaining the specialized microenvironment of the neuro-
genic niches (Alvarez-Buylla and Lim, 2004). The neurogenic
capacity of some radial glia depends on expression of the ho-
meobox gene Pax6 (paired box gene 6) (Gotz and Barde, 2005).
Radial glia persist in the brains of adult fish and may contribute to
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adult neurogenesis (Zupanc and Clint, 2003; Zupanc et al., 2005;
Adolf et al., 2006).

Miiller cells are the radial glia of the neural retina, and they are
critical for maintaining differentiated retinal structure and func-
tion in all vertebrate species (Bringmann et al., 2006). Miiller glia
have a neuronal guidance role in the teleost fish retina, in which
rod photoreceptors are produced continuously by rod-specific
progenitors that use the radial fibers of Miiller glia as guides for
migration into the photoreceptor layer (Raymond and Rivlin,
1987; Julian et al., 1998; Otteson et al., 2001; Raymond et al.,
2006). Lineage tracing studies in the developing retinal neuroep-
ithelium showed that a common, multipotent retinal progenitor
gives rise to all neurons and Miiller glia in the vertebrate retina
(Turner and Cepko, 1987; Wetts and Fraser, 1988), and the gene
expression profiles of Miiller glia and mitotic retinal progenitor
cells in developing mouse retina substantially overlap (Blackshaw
etal., 2004). Several recent reports describe expression of neuro-
nal markers in Miiller glia that proliferate after retinal injury in
teleost fish (Yurco and Cameron, 2005; Fausett and Goldman,
2006; Raymond et al., 2006; Fimbel et al., 2007), early postnatal
chick (Fischer and Reh, 2003; Fischer, 2005), and adult rodents
(Ooto et al., 2004; Das et al., 2006). However, no studies to date
have examined the question of whether Miiller glia might func-
tion as neurogenic radial glia in the uninjured, developing retina.
Given these tantalizing hints that Miiller glia might have a latent
neurogenic capacity, we asked whether Miiller glia function as
endogenous retinal progenitor cells.

Materials and Methods

Zebrafish care and use. We maintain an outbred colony of zebrafish
(Danio rerio) and rear embryos according to standard husbandry meth-
ods (Westerfield, 2000). The Use and Care of Animals in Research Com-
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mittee at the University of Michigan approved all procedures using ani-
mals. In zebrafish, embryonic stages are from fertilization to ~3 d
postfertilization (dpf), larval stages continue to ~1 month, and juvenile
fish become sexually mature adults at ~3 months of age.

Transgenic zebrafish. In the Tg(gfap:GFP)mi2001 and Tg(gfap:GF-
P)mi2002 lines described previously (Bernardos and Raymond, 2006;
Raymond et al., 2006), regulatory elements in 5" upstream and intronic
regions of the glial-specific gene glial fibrillary acid protein ( gfap) drive
expression of cytoplasmic enhanced green fluorescent protein (EGFP).
The transgenic (Tg) line Tg(gfap:GFP)mi2001 is available from the Ze-
brafish International Resource Center (ZIRC, Eugene, OR). To create a
nuclear-targeted reporter, we fused a nuclear localization signal to the 3’
end of the EGFP coding sequence. The nuclear localization signal (NLS)
from pAcGFPI-NUC (Clontech, Mountain View, CA) was cloned by
PCR using custom-designed primers (forward, 5'ccgctgtacaagtccggact-
cagatccc3’; reverse, 5'gattgcggecgcttatctagatecggtg3’) with restriction
sites added onto the 5" ends (BsrGI and Notl). A Xhol restriction site in
the NLS was removed by changing the codon “ctc” to “ccc” in the for-
ward primer. The NLS sequence was then cloned into pGEM and
digested with BsrGI and Notl, and the NLS was ligated into pEGFPI
(Clontech), creating pEGFPI-NUC. The addition of the gfap regulatory
elements into the pEGFPI-NUC plasmid followed the same cloning
strategy used to build the gfap:GFP vector (Bernardos and Raymond,
2006). We injected this plasmid into zebrafish embryos and screened
adults for germ-line incorporation of the transgene, as reported previ-
ously (Bernardos and Raymond, 2006), to create the stable transgenic
line Tg(gfap:nGFP)mi2004.

Retinal lesions. Ultra-high-intensity light lesions were used to produce
widespread but selective loss of photoreceptors. Zebrafish (1 week to 2.5
months of age) were placed in 80 ml of aquarium system water in a 100 ml
glass beaker positioned 5 cm from the tip of a fiber optic liquid light line
(3 mm diameter) connected to an EXFO X-Cite 120W metal halide lamp
(EXFO Photonic Solutions, Mississauga, Ontario, Canada). The 100 ml
beaker containing the fish was placed within a glass dish (15 cm diame-
ter) filled with water to serve as a thermal buffer. The incident light
intensity on the fish was ~120,000 lux. They were illuminated for 30 min
and then returned to aquarium system water to recover.

Bromodeoxyuridine treatment. Juvenile and adult zebrafish were
placed in aquatic system water containing 5 mM bromodeoxyuridine
(BrdU) buffered with 10 mm HEPES, pH 7.2, from 4 h up to 7 d. For long
exposures, the BrdU solution was replaced every other day, and fish were
fed brine shrimp on alternate days.

Immunohistochemistry. Zebrafish were killed and enucleated, and the
eyes were fixed in 4% paraformaldehyde in PBS overnight at 4°C. The
tissue was cryoprotected, embedded, and sectioned as described previ-
ously (Barthel and Raymond, 1990). Cryosections, 6—8 um thick, were
incubated in 2N HCI, 0.5% Triton X-100 in PBS for 30 min, rinsed in PBS
with 0.5% Triton X-100 for 15 min, rinsed in PBS for 15 min, and then
processed for immunocytochemistry as described previously (Bernardos
et al., 2005), except the secondary antibody incubation was increased to
2 h. For epitope retrieval (Shi et al., 1994), slides were incubated for 20
min in 10 mM sodium citrate and 0.05% Tween 20, pH 6.0, at 95-100°C,
allowed to cool at room temperature in the sodium citrate solution for 20
min, and then processed for immunocytochemistry. This treatment mark-
edly enhanced the immunolabeling of nuclear proteins [Pax6, Crx (cone rod
homeobox), PCNA (proliferating cell nuclear antigen), and HuC].

Primary antibodies used included the following: zprl (1:200; ZIRC),
which labels an unidentified surface epitope on double cones; Rho4D2
monoclonal antibody (1:100; from Robert Molday, University of British
Columbia, Vancouver, British Columbia, Canada), generated against
bovine rhodopsin; anti-HuC (mouse monoclonal generated against hu-
man HuC and HuD, 1:1000; Invitrogen, Carlsbad, CA); anti-BrdU (rat,
1:50; Accurate Chemical and Scientific Corporation, Westbury, NY);
anti-Pax6 (rabbit, 1:200; Covance, Berkeley, CA); anti-Crx, a polyclonal
antibody generated from a KLH-linked synthetic peptide of the
C-terminal part of the zebrafish Crx protein (Shen and Raymond, 2004);
anti-PCNA (mouse, 1:1000; Sigma-Aldrich, St. Louis, MO); 4C4 mono-
clonal antibody (1:200; from Jonathan Scholes, University College Lon-
don, London, UK); and anti-GFP (rabbit, 1:500; mouse, 1:200; Invitro-
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gen). Secondary antibodies included the following: preabsorbed anti-
mouse, anti-rabbit, or anti-rat cyanine 3 (Cy3), Cy5, and FITC (1:100;
Jackson ImmunoResearch, West Grove, PA). The fluorescent DNA-
binding dye 4',6-diamidino-2-phenylindole dihydrochloride (DAPI)
(Sigma-Aldrich) was used to stain cell nuclei as described previously
(Bernardos et al., 2005), and slides were coverslipped with anti-fade
mounting media (60% glycerol, 0.1 M sodium carbonate, and 0.4 mg/ml
p-phenylenediamine). For confocal microscopy, we used Prolong Gold
antifade reagent with DAPI (Invitrogen).

Cell death detection. To detect cell apoptosis on light-lesioned retinal
sections, we used a terminal deoxynucleotidyl transferase-mediated bio-
tinylated UTP nick end labeling (TUNEL) kit according to the instruc-
tions of the manufacturer (Roche Applied Science, Indianapolis, IN).

Imaging. For fluorescent microscopy, we used a Zeiss Axiolmager
(Carl Zeiss Microimaging, Thornwood, NY) epifluorescent compound
microscope equipped with an AxioCam mRM digital camera and an
ApoTome for structured illumination of optical sections (also called grid
projection) to generate three-dimensional optical reconstructions. Alter-
natively, for optical sectioning with laser scanning confocal microscopy,
we used an Olympus Fluoview 500 (Olympus America, Centerville, PA)
equipped with 405 nm blue diode, 458 mn, 488 mn, and 514 mn multi-
line argon, 543 nm helium neon green, and 633 helium neon red lasers.
Images were processed (pseudocolored, Z-stacks converted to three-
dimensional projections and cut views) using Zeiss AxioVision version
4.0 or Olympus Fluoview version 4.3 with Tiempo software, respectively.

We used Adobe PhotoShop (Adobe Systems, San Jose, CA) to adjust
the sharpness and levels of all images; adjustments were applied to the
entire image. Black and white images were colorized red, green, blue,
cyan, or magenta with the Channel mixer and Hue tools. Overlays of
multiple fluorescent images from the same field of view were generated
with the Layer Style tool by selecting the Screen option from the Blend
Mode. Figures were constructed using Adobe Illustrator.

Statistical analysis. For quantification of changes in marker expression
during regeneration, we counted cells in 100 wm linear lengths of retina
from 6-um-thick retinal cryosections. Regions selected for analysis had
to meet the following criteria: the ganglion cell layer was a single row of
cells (to avoid oblique section angles) and the outer nuclear layer (ONL)
showed signs of photoreceptor damage (pyknotic nuclei and/or loss of
photoreceptors). The selected regions were photographed with the 40X
objective. To quantify the number of GFP-positive (GFP *) nuclei in the
inner nuclear layer (INL) and ONL, retinal sections from both eyes of five
fish were examined at each postlesion interval [1, 2, 3, and 5 d postlesion
(dpD)]; sections from four fish were examined at 4 dpl. For each fish, five
retinal sections were counted. To quantify changes in Crx, Pax6, and
PCNA expression in GFP ™ nuclei, five retinal sections were counted
from each of three fish at each postlesion interval. One-way ANOVA and
Bonferroni’s post hoc test ( p < 0.05) was used to quantify changes in
expression patterns between pairs. KaleidaGraph (Synergy Software,
Reading, PA) was used for statistical analysis and generation of graphs.

Results

Transgenic zebrafish for lineage tracing analysis of

Miiller glia

Differentiated Miiller glia in teleost fish retinas endogenously
express the glial-specific intermediate filament protein GFAP
(Braisted et al., 1994; Julian et al., 1998; Vihtelic and Hyde, 2000;
Wau et al., 2001; Yurco and Cameron, 2005). In mammals, GFAP
is an astrocytic marker but is not expressed at detectable levels in
Miiller glia in the intact retina, although it is upregulated in re-
sponse to injury in a process called reactive gliosis (Lewis and
Fisher, 2003; Bringmann et al., 2006). To test the hypothesis that
Miiller glia are neurogenic, we used transgenic zebrafish, in
which regulatory elements of the zebrafish gfap gene drive expres-
sion of cytoplasmic or nuclear-targeted GFP, to lineage trace the
progeny of proliferating Miiller glia. In the Tg(gfap:GFP)mi2001
and mi2002 transgenic lines reported previously (Bernardos and
Raymond, 2006), GFP is throughout the cytoplasm of differenti-
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ated Miiller glia (Fig. 1a). The cell specific-
ity of GFP reporter expression was verified
by colocalization with GFAP immunore-
activity and Muiller-specific markers, in-
cluding cellular retinaldehyde binding
protein (CRALBP) (zebrafish gene: ribpI-
like, retinaldehyde binding protein 1-like),
brain lipid-binding protein (BLBP) (ze-
brafish gene: fabp-7, for fatty acid-binding
protein), and apolipoprotein E (ApoE)
(zebrafish gene: apoE) (Bernardos and
Raymond, 2006; Raymond et al., 2006)
(data not shown). Immunolocalization
with GFAP antibody shows that interme-
diate filaments are concentrated in the in-
ner radial processes, with reduced levels in
the Miiller cell bodies and outer radial pro-
cesses. In contrast, in transgenic retinas,
the cytoplasmic GFP reveals the full extent
and complexity of the Miiller glial pro-
cesses that enwrap adjacent retinal neu-
rons (Bernardos and Raymond, 2006).
Because the Miiller glia have such ex-
tensive cell processes, to improve resolu-
tion of the lineage-tracing label and espe-
cially to allow unambiguous colocalization
of GFP and neuron-specific nuclear mark-
ers, we added a nuclear localization signal
to the GFP and created another stable
transgenic line, Tg(gfap:nGFP)mi2004. In
the mi2004 line, immature Miiller glia in
embryos and early larval fish express the
transgene, with GFP targeted to the nu-
cleus as expected (Fig. 1b). However, as
Miiller glia differentiate, they downregu-
late expression of the gfap:nGFP transgene
in the mi2004 line, for unknown reasons,
and in adult fish, GFP cannot be detected
in mature Miiller glia in the central retina
by endogenous fluorescence or by immu-
nofluorescence with a GFP antibody.
However, immature Miiller glia adjacent
to the ciliary marginal zone (CMZ), which
is the site of continuous postembryonic
retinal neurogenesis in fish (Raymond et
al., 2006), transiently and specifically ex-
press the nuclear-targeted GFP, and they
have a strong, endogenous fluorescent sig-
nal (Fig. 1¢). When photoreceptors in the
larval or adult retina are destroyed by ex-
posure to high-intensity light (as described
below), the gfap:nGFP transgene is reex-
pressed within 1 d (Fig. 1d). This is consis-
tent with upregulation of GFAP during re-
active gliosis, an injury response that
occurs in Miiller glia in fish (Braisted et al.,
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Figure1.  GFP ™ Miiller glia in Tg(gfap:GFP)mi2001 and Tg(gfap:nGFP)mi2004 transgenic zebrafish. a— d, Retinal cryosections
from larval (a, b) or adult (¢, d) transgenic zebrafish counterstained with DAPI (blue). a, In the Tg(gfap:GFP)mi2007and mi2002
cytoplasmic GFP lines, Miiller glia cell bodies in the inner nuclear layer (inl) extend radial processes toward the outer nuclear layer
(onl) and ganglion cell layer (gcl). b, In the Tg(gfap:nGFP)mi2004 line, reporter expression is restricted to nuclei of Miiller glia in
this young larval fish, at 5 dpf. The GFP expression in this preparation is visualized by immunofluorescence with an anti-GFP
antibody. ¢, In adult Tg(gfap:nGFP)mi2004fish, endogenous nuclear-targeted GFP expression is detected only in immature Miiller
glia nuclei (arrow) near the CMZ (*). d, In Tg(gfap:nGFP)mi2004 fish at 2 d after destruction of photoreceptors by exposure to
high-intensity light (days postlesion), endogenous nuclear-targeted GFP expression is upregulated in Miiller glia within the
lesioned area (arrowhead) similar toimmature Miiller glia in newly generated retina at the ciliary margin (arrow). Scale bar: (in a)
a,b,40 um; ¢, d, 30 wm.

1994; Wu etal., 2001) and in mammals (Bringmann et al., 2006). Goldman, 2006; Vihtelic et al., 2006; Fimbel et al., 2007), but

mitotic activity of Miiller glia in normal, uninjured retinas has

Neurogenic Miiller glia are Pax6 * and generate the rod not been reported. Given the radial glial origin of neuronal pro-
photoreceptor lineage in the growing retina genitors during embryonic development in the mammalian cor-
From previous studies, we know that Miiller glia in the fish retina  texand the close association of progenitors in the rod lineage with
respond to retinal injury by reentering the cell cycle (Wu et al., ~ radial Miiller glial processes in larval (Raymond and Rivlin, 1987)
2001; Faillace et al., 2002; Yurco and Cameron, 2005; Fausettand  and adult (Julian et al., 1998; Otteson and Hitchcock, 2003) te-



Bernardos et al. @ Miiller Glia Are Retinal Stem Cells

BrdU GFP DAPI

GFP

Figure 2.

(arrowhead). Scale bar: (ina) a, b, 15 wm; ¢, 20 wm.

leost fish, we first tested the hypothesis that the Pax6 ™ progeni-
tors in the INL that give rise to the rod lineage might derive from
proliferating Miiller glia.

To examine the kinetics of rod photoreceptor genesis, we im-
mersed larval and juvenile Tg(gfap:GFP)mi2001 zebrafish (ages
from 1 week to 2.5 months old) in a HEPES-buffered solution of
BrdU for 7 d and then examined their retinas for evidence of
BrdU incorporation and rod photoreceptor genesis. We found
the greatest number of BrdU™" rod progenitor cells in 1- to
2-month-old juvenile fish (data not shown), so we used fish of
this age in the following experiments.

To identify proliferating Miiller glia, we used either PNCA
immunoreactivity or BrdU incorporation (7 d continuous expo-
sure) and looked for colocalization with GFP in transgenic fish.
As expected, we found many PCNA ™ or BrdU ™ retinal progen-
itors in the germinal zone in the CMZ at the retinal periphery
(data not shown). We also found evidence of rod photoreceptor
genesis similar to that described previously in other teleost fish:
chains of PNCA ™ or BrdU * cells that stretched across the INL
and crossed into the ONL and were associated with Miiller glia
fibers (Fig. 2a). In other cases, single BrdU * cells in the INL were
near one or more BrdU * cells in the ONL (Fig. 2b,c). By optical
section reconstruction, we found that most of the BrdU * cells in
the INL and some of those in the ONL were GFP * and therefore
Miiller glia or derived from Miiller glia (Fig. 3a). Differentiated
Miiller glia are evenly distributed across the retina as seen by the
regular spacing of their radial fibers (Fig. 1a). The linear density

GFP * Miiller glia proliferate in the differentiated, growing retina. a—c, Retinal cryosections from juvenile Tg(gfap:
GFP)mi2007 zebrafish labeled with BrdU (magenta) and the nuclear stain DAPI (blue). Representative images from two indepen-
dent experiments, six fish per experiment, 7 d continuous exposure to BrdU. a, A radial chain of GFP ™, BrdU * cells (arrowhead)
extends through the inner nuclear layer (inl) into the outer nuclear layer (onl). b, A single GFP *, BrdU ™ cell in the INL (arrow-
head) neara GFP ™, BrdU ™ cell in the ONL (arrow). ¢, Another example of a chain of GFP ™, BrdU * cells that spans INL and ONL
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of GFP * Miiller glia in the central retina of
juvenile zebrafish at 1.5 months of age is
14.2 = 2.3 cells per 100 wm linear length in
radial sections (mean * SD; n = 26), of
which ~4% (0.6 = 0.4 cells per 100 wm
linear length; n = 12) are PCNA™ and
therefore actively dividing. These data
show that a small fraction of differentiated
Miiller glia in the zebrafish retina are mi-
totically active and some of their progeny
migrate from the INL into the ONL, form-
ing radial chains of proliferating cells.

To demonstrate that GFP " Miiller-
derived cells represent progenitors in the
rod lineage, we looked for coexpression of
BrdU immunoreactivity with retinal pro-
genitor markers Pax6 and Crx (Raymond
et al., 2006) in nuclei of GFP* cells. In
goldfish retina, Pax6 * proliferating cells in
the INL have been described as putative
retinal stem cells that give rise to the rod
lineage (Otteson et al., 2001). We found
that, in zebrafish retina, Pax6 immunore-
activity colocalized with both GFP and
BrdU in the INL (Figs. 3b—f, 4a,b), consis-
tent with the suggestion that neuronal
progenitors arise from Miiller glia. The
GFP ", Pax6 " nuclei did not colabel with
the neuronal marker HuC, although a sep-
arate subset of the Pax6 ™ population was
also HuC ™ (Fig. 3b); these were presum-
ably amacrine cells. With optimal staining
conditions (i.e., when slides were treated
for epitope retrieval of nuclear antigens
with hot sodium citrate or 2N HCl), the
nuclei of all GFP* Miiller glia in larval,
juvenile, and adult Tg(gfap:GFP)mi2002 zebrafish were weakly
immunoreactive with the Pax6 antibody (Fig. 3c—f). To our
knowledge, the expression of Pax6 in differentiated Miiller glia
has not been reported previously in fish or any other vertebrate
retina.

In embryonic zebrafish retina, Crx protein is expressed in
late-stage neuronal progenitors, including cone and rod photo-
receptor progenitors (Shen and Raymond, 2004). In the differen-
tiated zebrafish retina, Crx expression continues in photorecep-
tors in the ONL as well as in a subset of neurons (probable bipolar
cells) in the outer part of the INL (Shen and Raymond, 2004). In
our lineage-tracing analysis of juvenile zebrafish, we found that
some GFP ¥, BrdU * cells in the ONL (Fig. 4c) and occasionally in
the INL (Fig. 4d) were immunoreactive for Crx. We sometimes
observed pairs of BrdU " nuclei in the INL in which one was
strongly GFP * and had the characteristic polygonal cell body of a
Miiller cell, and the other was weakly Crx ¥, weakly GFP ™ and
ovoid in shape (Fig. 4d). This is consistent with an asymmetric,
self-renewal division that produces a neuronal progenitor and
preserves the original neurogenic Miiller glia.

Finally, to confirm that Pax6 *, GFP * and Crx ¥, GFP " cells
derived from proliferating Miiller glia differentiate into rod pho-
toreceptors, we used a rhodopsin antibody, Rho4D2 (Laird and
Molday, 1988). We found several examples of cells that were
GFP " and colabeled with both BrdU and Rho4D?2 after 7 d ex-
posure to BrdU (Fig. 4e). Together, these data show that prolif-
erating Miiller glia generate neuronal progenitors of the rod lin-
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GFP ™ Miiller glia are colabeled with BrdU and Pax6 but not HuC. Retinal cryosections from juvenile Tg(gfap:GFP)mi2001 (@) and mi2002 (b- e) transgenic zebrafish. Reconstruction of

optical slices (Z-stack) reconstructed and displayed in “cut view” through the thickness of the section in orthogonal planes. Sections were counterstained with DAPI (gray). a, This fish was exposed
to BrdU for 7 d, and both of the BrdU * nuclei (magenta) in the inner nuclear layer (inl) of this image are weakly GFP ™ (green). b, This GFP ™ cell (at the intersection of the crosshairs) is weakly
immunoreactive for Pax6 (cyan) but not the neuronal marker HuC (magenta). As expected, many of the Pax6 ™, GFP ~ neurons (amacrine cells in the INL) and retinal ganglion cells in the ganglion

cell layer (gcl) are double labeled with HuC. ¢~f, The crosshairs show two GFP
f, respectively. Scale bar: a, b, 30 um; ¢, e, 40 um; d, f, 27 m. onl, Outer nuclear layer.

eage that produce new rod photoreceptors in the differentiated,
growing zebrafish retina.

Miiller glia proliferate and their nuclei migrate apically after
selective destruction of photoreceptors

Several previous studies of injury-induced retinal regeneration in
goldfish and zebrafish suggested that Miiller glia dedifferentiate,
proliferate, and express neuronal markers, providing strong sug-
gestive evidence that they may be neurogenic (Wu et al., 2001;

(green) Miiller glia with characteristic polygonal nuclei that express Pax6, shown at higher magnification in d and

Yurco and Cameron, 2005; Fausett and Goldman, 2006; Ray-
mond et al., 2006; Fimbel et al., 2007). However, none of these
previous studies used a glial-specific marker for lineage tracing to
show directly that the progeny of dividing Miiller glia differenti-
ate as retinal neurons. For this analysis, we developed a novel
light-lesion paradigm to selectively destroy cone (and rod) pho-
toreceptors in zebrafish (see Materials and Methods), and we
specifically examined cone photoreceptor regeneration. Unlike
rods, cone photoreceptors are never generated in central, differ-
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BrdU GFP Pax6 BrdU

BrdU GFP Crx BrdU
T

GFP DAPI Rho4D2 GFP Rho4D2 GFP Rho4D2 BrdU

Figure4. GFP ™ progenitors express neuronal and photoreceptor markers. a—e, Retinal cryosections from juvenile Tg(gfap:GFP)mi2001 zebrafish labeled with 7 d continuous exposure to BrdU
(red). Counterstained for nuclei with DAPI (blue) and Pax6, Crx, or Rho4D2 (magenta). a, b, BrdU ™, Pax6 ™ neural progenitors in the inner nuclear layer (inl; arrowheads) are weakly labeled with
GFP (green). b, Nonproliferating (BrdU ~) Miiller glia are strongly labeled with GFP and weakly immunoreactive for Pax6 (arrow). ¢, AGFP *, BrdU * neural progenitorin the outer nuclearlayer (onl)
is immunoreactive for Crx (arrowhead). d, A pair of BrdU ™ nuclei (arrowhead) in which the upper cell is Crx © and weakly GFP ™, and the lower cell is Crx —, strongly GFP ™, and has a
polygonal-shaped nucleus characteristic of Miiller glia. e, AGFP *, BrdU * cell in the ONL isimmunoreactive for rod opsin (Rho4D2; arrowhead). Scale bar: (ina) a, ¢, 15 um;b,e, 10 um;d, 12 wm.
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entiated regions of the intact retina (Ray-
mond and Hitchcock, 2000; Hitchcock
and Raymond, 2004). During a 30 min ex-
posure to intense light, the fish became
darkly pigmented as a result of melanin
dispersal within melanophores in the skin.
This neuroendocrine-controlled camou-
flage response is a response to ambient,
background light levels (Muto et al,
2005), and the darkening response sug-
gests that the intense light blinded the fish.
Histological examination of the retina at 3
dpl revealed that both cone and rod pho-
toreceptors in up to two-thirds of the cen-
tral retina had degenerated (Fig. 5a), with
variable photoreceptor cell loss in more
peripheral regions. Cell death was specific
to rods and cones in the ONL, as con-
firmed by TUNEL (Fig. 5b—d). The great-
est number of TUNEL-labeled cells was
observed at 1 dpl (Fig. 5b), and their num-
bers decreased over the next few days (Fig.
5¢,d) as the photoreceptor debris was re-
moved by phagocytic microglia (Fig. 5e).
By 1 month after the light lesion, cone
and rod photoreceptors had regenerated
and the cytoarchitecture of the retina was
fully repaired (Fig. 5¢). The only evidence
that the photoreceptors had been de-
stroyed and subsequently regenerated is
that many photoreceptor nuclei retain the

BrdU label after continuous exposure to  Figure5.
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Exposure to intense light destroys photoreceptors, which subsequently regenerate. Retinal cryosections from adult

BrdU for 72 h, from 2 to 4 dpl, during the
period of photoreceptor genesis (Ray-
mond et al., 2006). For example, in the ret-
ina from a Tg(gfap:GFP)mi2002 fish at 33
dpl, illustrated in Figure 5g, many zprl®
cone photoreceptors are also BrdU *, and
many rod nuclei in the ONL are also
BrdU *.

For most of the following regeneration
experiments, we used adult zebrafish from
the transgenic line Tg(gfap:nGFP)mi2004.
The nuclear-targeted GFP provides a more

Tg(gfap:GFP)mi2001 or Tg(gfap:nGFP)mi2004 fish exposed for 30 min to intense light. a, At 3 d after a 30 min exposure to intense
light, double cones labeled by zpr1 (red) are absent from central retina; the borders of the lesion are denoted by asterisks.
Counterstained with DAPI (blue). b, TUNEL-labeled (red) apoptotic cells are restricted to the outer nuclear layer (onl) at 1dpl. ¢, d,
Fewer TUNEL-labeled cells (red) are in the ONL at 2 and 3 dpl. e, In the light-lesioned retina from a Tg(gfap:nGFP)mi2004 fish at 3
dpl, phagocytic microglia are immunolabeled with the microglial marker 4C4 (magenta). f, In the undamaged retina of an adult
Tg(gfap:GFP)mi2001 fish, Miller glia (green) cell bodies and nuclei (arrow) are confined to the inner part of the inner nuclear layer
(inl) and extend radial processes through the ONL and ganglion cell layer (gcl). g, Regenerated retina from a Tg(gfap:GFP)mi2002
zebrafish at 33 dpl that was subjected to continuous exposure to BrdU (magenta) for 72 h, from 2 through 4 dpl. BrdU * nudlei
(magenta) are throughout the retina, primarily in the ONL but some in the inner retina including an endothelial cell in a vitreal
blood vessel (*). The boxed areais shown at higher magnification in the panels to the right. Double cones are immunoreactive with
zpr1 (cyan) and several have BrdU * nudlei (arrows), indicating that they were regenerated after the lesion. Some rod photore-
ceptors, whose nuclei are on the inner side of the ONL, are also BrdU labeled. Scale bar: a, 50 .m; b, 40 m; c—e, 15 um; fand
the first panelin g, 10 wum.

discrete cell-specific marker for Miiller glia

and their progeny in the injured, regenerating retina compared
with the cytoplasmic GFP reporter or any of a variety of Miiller-
specific antibody markers that are typically used, such as glu-
tamine synthetase, GFAP, or CRALBP (Fischer and Reh, 2003;
Ooto al., 2004; Yurco and Cameron, 2005). The transgene in the
mi2004 line is upregulated locally in reactive Miiller glia within 1
dpl (Fig. 1d). We first quantified the proliferative response of
Miiller glia in lesioned retinas. The nuclei of Miiller glia are nor-
mally located within one to two cell diameters of the inner
boundary of the INL (Fig. 5f). At 1 dpl, the linear density of GFP *
Miiller glia nuclei in the INL of retinas from light-damaged adult
Tg(gfap:nGFP)mi2004 fish was 10.5 = 1.8 cells per 100 pwm linear
length in radial sections, not significantly different from the den-
sity in uninjured retinas from adult Tg(gfap:nGFP)mi2001 fish:
11.1 = 1.5 cells per 100 wm ( p = 1.00, one-way ANOVA with
Bonferroni’s all pairs comparison post hoc test). [Note that the
linear density of Miiller glia in adult zebrafish is lower than the
value of 14.2 = 0.45 cells per 100 wm in 1.5-month-old juveniles

given above; this decrease in Miiller cell density in older fish
reflects stretching of the retina during growth (Raymond, 1985).]
However, most Miiller glial nuclei within the region of the lesion
had migrated apically toward the ONL (Fig. 6a,b). The nuclear
migration response was strictly confined to the Miiller glia whose
apical processes were adjacent to damaged photoreceptors, sug-
gesting that a local, perhaps contact-mediated, injury signal
rather than a diffusible signal mediates the response. At 2 dpl, the
number of GFP™" nuclei in the INL increased significantly to
18.9 = 5.3 per 100 um (Fig. 6¢,¢) ( p = 0.004), consistent with
injury-induced proliferation of Miiller glia. At 3 dpl, the number
of GFP ™ nuclei in the INL was approximately threefold that in
unlesioned retinas, and this level was sustained up to 5 dpl (Fig.
6d,g) (p < 0.0001). With a delay of 1-2 d, GFP ™ nuclei also
appeared in the ONL (Fig. 6¢). The number of GFP ™ nuclei in the
ONL reached 24.9 = 8.7 per 100 um at 4 dpl and then began to
decline (Fig. 6e—g).

By 1 month after lesion, rod and cone photoreceptors had
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Figure 6.  Miiller glia proliferate after photoreceptor loss. Retinal cryosections from adult
Tg(gfap:GFP)mi2001 or Tg(gfap:nGFP)mi2004 zebrafish exposed for 30 min to intense light.
Sections are counterstained with DAPI (blue). a, Light-lesioned retinas from Tg(gfap:GF-
P)mi2007 zebrafish at 1 dpl immunolabeled with the double-cone-specific zpr1 monoclonal
antibody (red). Most of the GFP ™ Miiller glia nuclei (green) within the region of the lesion have
migrated from their normal position in the inner nuclear layer (inl; arrows) to the outer portion
of the INL (arrowhead). b-f, Light-lesioned retinas from Tg(gfap:nGFP)mi2004 zebrafish im-
munolabeled with anti-GFP (green). At 1dpl (b) and 2 dpl (c), GFP ™ Miiller nuclei are scattered
throughout the INL, some have elongated, and a few have crossed into the outer nuclear layer
(onl). Pyknotic photoreceptor nuclei are in the ONL (arrow). d, Radially elongated clusters of
GFP ™ nudlei are in the INL and ONL at 3 dpl and at 4 dpl (e). £, At 5 dpl, the number of GFP *
nuclei begins to decrease in the INLand ONL. g, The number of GFP * nucleiin the INL (gray) and
ONL (red) per 100 wm linear length of retina is plotted as a function of days postlesion. Scale
bar: (in a) @, 20 um; c—e, 15 wm. gcl, ganglion cell layer.

regenerated (Fig. 5¢), and the linear density of Miiller glia in the
INL regenerated retina had fallen to 9.8 = 1.75 cells per 100 wm
(n = 19 sections), slightly less than in unlesioned retina (11.1 =
1.5 cells per 100 wm; n = 16 sections; p < 0.05, Student’s un-
paired ¢ test). For these counts of Miiller glia in unlesioned and
regenerated (restored) retina, we used the Tg(gfap:GFP)mi2001
line because the GFP transgene expression is not maintained in
differentiated Miiller glia in the nuclear-targeted mi2004 line
(Fig. 1¢). In the repaired retina, both the morphology and loca-
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tion of Miiller glial nuclei were indistinguishable from unle-
sioned retina (Fig. 5, compare f, g). These data demonstrate that
the injury-induced, proliferating Miiller glia did not generate ex-
tra glial cells, and the restoration of their normal density and
morphology in the repaired retina implies that tight homeostatic
control mechanisms regulate proliferation in the Miiller cell
compartment.

GFP * cells derived from proliferating Miiller glia
sequentially express markers of retinal and

photoreceptor progenitors

We next asked whether any of the GFP * progeny of Miiller glia
were photoreceptor progenitors that differentiated into cone and
rod photoreceptors to replace those destroyed by the light lesion.
We looked for coexpression of GFP with PCNA and Pax6 or
Crxat 1-5dpl. For these experiments, we used the Tg(gfap:nGFP)-
mi2004 line, which greatly enhanced our ability to trace the fate of
the GFP * progeny because all of these markers are nuclear signals
and colocalize with the nuclear GFP immunofluorescence.

In the unlesioned retina, Pax6 immunoreactivity in the INL is
primarily restricted to nuclei in the inner half (Fig. 7¢). At 1 and 2
dpl after light lesions, we found rare GFP ¥, PCNA * nuclei in the
INL that were weakly Pax6 immunoreactive (0.67 * 1.6 and
0.33 * 0.49 nuclei per 100 wm, respectively) (Fig. 7d) but none in
the ONL at these postlesion intervals. At 3 dpl (Fig. 7a) and 4 dpl
(Fig. 7b), regularly spaced, radially oriented clusters of PCNA ™,
Pax6 " cells were associated with each Miiller glial cell. These
neurogenic clusters are well known hallmarks of retinal regener-
ation in teleost fish (Raymond et al., 1988; Vihtelic and Hyde,
2000; Faillace et al., 2002; Yurco and Cameron, 2005). The pop-
ulation of GFP *, PCNA ¥, Pax6 * nuclei in the INL peaked at 3
and 4 dpl (14.5 = 5.0 nuclei per 100 wm) and then decreased
sharply to 6.0 = 4.1 nuclei per 100 wm at 5 dpl (Fig. 7b,d) (p <
0.0001). In contrast, only a few GFP*, PCNA™, Pax6 " nuclei
were in the ONL at 3 and 4 dpl (4.3 = 4.6 and 5.1 * 5.1 nuclei per
100 wm, respectively) (Fig. 7a,b,d) and almost none at 5 dpl
(0.93 = 1.5 nuclei per 100 wm). We rarely found PCNA *, Pax6 *
neuronal progenitors that lacked GFP and therefore might not
have been derived from proliferating Miiller glia: in a total of 75
retinal sections examined (from three different fish), only six
Pax6 ¥, PCNA™ nuclei in the INL were GFP negative (GFP ™)
(three at 1 dpl; one at 2 dpl; two at 4 dpl).

We next looked for evidence of photoreceptor specification
within the GFP ™ lineage in regenerating retinas. In the unle-
sioned retina, Crx immunoreactivity is found in nuclei of both
cone and rod photoreceptors in the ONL and nuclei in the outer
half of the INL (Fig. 8c). At 2 and 3 dpl after light lesions, we
found occasional GFP *, PCNA * nuclei that colabeled with the
photoreceptor progenitor marker Crx (0.27 = 0.59and 3.3 = 2.6
nuclei per 100 wm, respectively). At 3 dpl, GFP ", PCNA ™, Crx *
nuclei were also ONL (2.9 = 2.5 nuclei per 100 wm) (Fig. 8a), and
they increased significantly in number at 4 and 5 dpl (14.9 * 8.7
and 13.1 £ 4.4 nuclei per 100 wm, respectively; p < 0.0001 com-
pared with 3 dpl) (Fig. 8b,d). At 4 dpl GFP ", PCNA™*, Crx*
nuclei were approximately threefold more abundant in the ONL
compared with the INL (4.6 = 4.0 nuclei per 100 um; p <
0.0005). Because the Pax6 and Crx antibodies are both rabbit
polyclonals, we could not use double immunolabeling, but the
spatiotemporal distribution of Pax6 * and Crx © immunolabeled
GFP™*, BrdU ™" cells is consistent with a transition from Pax6 to
Crx expression in progenitors as they migrate from INL to ONL.

Together, the time course and distribution of the GFP lineage
tracer and expression of the transcription factors Pax6 and Crx
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Figure7. Pax6isexpressedin Miiller-derived neuronal progenitors in the regenerating retina. a— ¢, Cryosections of adult zebrafish retinas labeled with Pax6 (magenta), PCNA (red), GFP (green),

and DAPI (blue). a, b, Light-lesioned retinas from Tg(gfap:nGFP)mi2004 fish. At 3 and 4 dpl, almost all GFP * nuclei in the inner nuclear layer (inl) are PCNA ™ and weakly Pax6 * (arrow). B, One
nucleus is GFP *, Pax6 * but PCNA ~ (b; arrowhead). GFP ™, Pax6 *, PONA ™ cells are also in the outer nuclear layer (onl) (¥). ¢, In unlesioned retinas, expression of Pax6 is primarily restricted to
the inner portion of the INL. d, The number of GFP *, PCNA * nuclei per 100 wum linear length of retina in the INL and ONL that are Pax6 ™ (gray) or Pax6 ~ (red) is plotted as a function of days

postlesion. Scale bar: (in @) a—¢, 15 wm.

suggests that PCNA ™ progenitor cells derived from the injury-
induced proliferating Miiller glia initially expressed Pax6 and
then downregulated this early retinal progenitor marker while
beginning to express the late retinal progenitor marker Crx,
which suggests that the injury-induced neuronal progenitors had
been specified to the photoreceptor lineage.

Progeny of proliferating Miiller glia regenerate

cone photoreceptors

We next asked whether the GFP ™, Crx ™ cells differentiated into
new cone (and rod) photoreceptors to replace those destroyed by
the light lesion. To answer this question, we light-lesioned adult
Tg(gfap:nGFP)mi2004 fish and labeled retinal sections with the
cone-specific monoclonal antibody zprl, which recognizes a cell
surface epitope on double cones in zebrafish (Fig. 9d). zprl is an
early marker of cone differentiation, and immunoreactivity is
present within 3 h of the terminal mitotic division of cone pho-
toreceptors in embryonic zebrafish retina (Larison and Bremiller,
1990). Loss of cone photoreceptors was revealed by disruption of
zprl * cone morphology at 1 dpl and eventually by the absence of
zprl immunoreactivity at 3 dpl in the lesioned region (Fig. 5a).
Although GFP ™ nuclei were present in the residual ONL during
this period of photoreceptor degeneration (Figs. 6¢,d, 7a, 8a),
zprl immunostaining first reappeared in the ONL at 4 dpl (Fig.
9a). By 5dpl, the zprl * cells in the ONL were short and squat and

resembled “miniature” cones (Fig. 9b). Many of the zpr1 * cells at
5 dpl had the distinctive morphology of immature cone photo-
receptors and contained GFP at variable levels of intensity (Fig.
9b,e). By 6 dpl, the zpr1 * regenerated cones had further differ-
entiated but they no longer were labeled with the GFP reporter
(Fig. 9¢). This lineage analysis suggests that regenerated cone
photoreceptors derive from injury-induced proliferating Miiller
glial cells. Rod photoreceptors also regenerated (Fig. 5¢) but with
a later time course (Raymond et al., 2006). Although we did not
use the GFP lineage-tracing technique to show that these regen-
erated rods derive from Miiller glia, we demonstrated above that
they are responsible for the ongoing genesis of rods (Fig. 3). Be-
cause cones are generated early in retinogenesis, these data show
that the neuronal progenitors produced by Miiller glia are not
committed to the rod lineage but are multipotent and can revert
to an earlier lineage in response to the appropriate microenviron-
mental signals.

Discussion

The suggestion that Miiller glia are neurogenic is consistent with
the established neurogenic role of radial glia in the brain (An-
thony et al., 2004; Ever and Gaiano, 2005; Gotz and Barde, 2005;
Gal etal., 2006; Merkle and Alvarez-Buylla, 2006), but, before the
present study, their neurogenic capacity has been observed only
in vitro (Das et al., 2006), after retinal injury (Fausett and Gold-
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(rx is expressed in Miiller-derived photoreceptor progenitors in the regenerating retina. a— ¢, Cryosections of adult zebrafish retinas labeled with Crx (magenta), PCNA (red), GFP

(green),and DAPI (blue). a, b, Light-lesioned Tg(gfap:nGFP)mi2004 retinas. A, At 3 dpl, many GFP *, PCNA * nuclei are present in the outer nuclear ayer (onl), butfew are Crx ™ (¥). b, At 4 dpl, many
GFP ™, Crx ™, PCNA ™ nuclei are present in the ONL (*) and a few in the inner nuclear layer (inl; arrowhead). ¢, An uninjured retina showing the normal expression pattern of Crx in the outer half of
the INL and in the entire ONL, both rod and cone nuclei. d, The number of GFP ", PCNA ™ nuclei per 100 um linear length of retina in the INL and ONL that are Crx ™ (gray) or Crx ~ (red) is plotted

as a function of days postlesion. Scale bar: (in @) a—¢, 15 um.

man, 2006; Fimbel et al., 2007), or after intraocular injection of
depolarizing neurotoxins or mitogenic growth factors (Fischer
and Reh, 2003). One of the most interesting and novel findings
from our lineage-tracing study is that Miiller glia in the uninjured
retina produce the late-stage retinal progenitors of the rod pho-
toreceptor lineage. This observation suggests that the zebrafish
retina offers an important model for studying the endogenous,
homeostatic neurogenic capacity of retinal Miiller glia.

The GFP reporter we used was under the control of glial-
specific regulatory elements (5’ and intronic sequences) from the
zebrafish gfap genomic locus (Bernardos and Raymond, 2006).
Although these gfap transgenic fish lines do not provide a perma-
nent lineage marker as in Cre-LoxP systems, the levels of trans-
gene expression were sufficient that perdurance of the GFP pro-
tein after the glial-specific expression was turned off in neuronal
progenitors allowed us to trace the GFP ™ progenitors as they
proliferated and differentiated into photoreceptors. Two recent
studies examined neurogenesis and neuronal progenitors in in-
jured zebrafish retina with different GFP transgenic lines and
alternative injury models. In the first study, regulatory elements
of the neuron-specific al-tubulin gene were identified that acti-
vated reporter expression in reactive Miiller glia, and a stable
transgenic line was created, Tg(1016a1T:GFP) (Fausett and
Goldman, 2006). After stab wound lesions of the retina, GFP
expression was seen in proliferating Miiller glia and in a few cells

that also expressed markers of amacrine and ganglion cells but
not in photoreceptors. Because al-tubulin is a neuron-specific
gene widely expressed in neuronal progenitors and immature
neurons in the developing brain and retina (Goldman et al.,
2001), this analysis could not exclude the possibility that injury-
induced neuronal progenitors not derived from reactive Miiller
glia might independently have expressed the transgene. The sec-
ond study followed the regeneration response in retina with three
separate transgenic lines, Tg(gfap:EGFP)nt, Tg(olig2: EGFP)vul2,
and Tg(atoh7:EGFP)nt, in which the transgene was expressed in
Miiller glia, retinal progenitors, or differentiating retinal gan-
glion cells, respectively (Fimbel et al., 2007). Intraocular injection
of the neurotoxin ouabain destroyed retinal neurons, mainly in
the ganglion cell and inner nuclear layers. Miiller glia reentered
the cell cycle within 1 d, but levels of the GFP reporter in the
Tg(gfap:EGFP)nt transgenic line were insufficient to identify the
fate of their differentiated progeny. Instead, the transient expres-
sion of these transgenes allowed sequential investigation of the
regeneration response: proliferating GFP " retinal progenitors
appeared in the Tg(olig2: EGFP)vu12 line a few days after ouabain
injection, and GFP ™ regenerating retinal ganglion cells appeared
in the Tg(atoh7:EGFP)nt line over the next several weeks (Fimbel
et al., 2007). The spatiotemporal pattern of the regenerative re-
sponse in the ouabain-damaged zebrafish retina, including the
formation of neurogenic clusters that spanned the INL/ONL
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boundary, is consistent with the conclu-
sion that Miiller glia are also the source of
retinal progenitors in this regeneration
paradigm.

Our data provide direct evidence that
differentiated Miiller glia cells can enter
the cell cycle and produce retinal progeni-
tors that differentiate as either rod or cone
photoreceptors depending on unidenti-
fied extrinsic signals in their microenvi-
ronment. We know nothing about the spe-
cific extrinsic cues that regulate this
photoreceptor lineage specification and
that switch progenitor cell fate from rods
to cones after injury. We cannot rule out
the possibility that a quiescent (non-
Miiller glia) retinal stem cell population is
also present in central retina, and we did
observe extremely rare cells that were
GFP ~,Pax6 ", PCNA ", but an alternative
explanation is that multiple cell divisions
might have diluted the GFP reporter to
undetectable levels in these cells. Unex-
pectedly, we also found that the multipo-
tent retinal progenitor marker Pax6 was
expressed at low levels in all nondividing,
differentiated Miiller glia in the zebrafish
retina. Expression of Pax6 in radial glia in
the brain is associated with the capacity for
neurogenesis (Heins et al., 2002; G6tz and
Barde, 2005) and with maintaining the
multipotent state of retinal progenitor
cells (Marquardt et al., 2001). One inter-
pretation of our finding that zebrafish
Miiller glia express Pax6 is that neurogenic
capacity is not restricted to a subset of “im-
mature” Miiller glia but instead the entire population is compe-
tent to generate neuronal progenitors. This interpretation is sup-
ported by the observation that injury-induced neurogenic
clusters surrounded all Miiller glia within the lesion site.

In the neural retina and cerebral cortex, different types of
neurons that segregate into distinct laminas are generated se-
quentially according to a precise timing mechanism thought to
involve changes in progenitor cell competence as development
proceeds (Livesey and Cepko, 2001; Marquardt and Gruss, 2002;
Merkle and Alvarez-Buylla, 2006). Recent models of histogenesis
in the retina emphasize the importance of cell-intrinsic regula-
tors and preprogrammed lineages but also acknowledge the in-
fluence of extrinsic signals that can modulate cell fate determina-
tion (Cayouette et al., 2006). Clonal analysis of neuroepithelial
progenitor cells isolated from developing mammalian retina
(Cayouette et al., 2003) and cerebral cortex (Shen et al., 2006) and
grown in defined medium in cell culture revealed highly regular
cell lineages that astonishingly parallel the exact timing and order
of histogenesis seen in vivo. These and similar results have rein-
forced the belief that the capacity of neural progenitors to gener-
ate early-born neuronal types is lost at later developmental stages
(Gotz and Barde, 2005; Merkle and Alvarez-Buylla, 2006).

Our data are at odds with this concept of a unidirectional and
progressive pathway of retinal cell fate determination. We show
that neurogenic Miiller glia in the differentiated zebrafish retina
normally produce retinal progenitors that are restricted to the
late-born rod photoreceptor lineage, but they are capable of re-

Figure 9.
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Regenerated cone photoreceptors are GFP ™. a—d, Cryosections of adult zebrafish retinas labeled with zpr1 (ma-
genta), GFP (green), and DAPI (blue). a- ¢, Light-lesioned retinas from Tg(gfap:nGFP)mi2004 fish. a, At 4 dpl, a few cells with
weak zpr1 expression are in the outer nuclear layer (onl) in the lesioned area. A GFP  cell is colabeled with zpr1 * (arrowhead).
b, By 5 dpl, many zpr1  immature regenerating cones are present in the ONL, and several are GFP * (¥). ¢, At 6 dpl, zpr1 *
regenerating cones are more differentiated and are no longer labeled with GFP. d, Differentiated double cones labeled with zpr1
in an unlesioned retina. e, Magnified view of the white-boxed area in b shows colocalization of zpr1 and GFP in immature,
regenerating cones (*). Scale bar: (in @) a-d, 15 wm. inl, Inner nuclear layer.

sponding to extrinsic signals (loss of cone photoreceptors) to
rapidly reset their “lineage clock” and generate early-born neu-
rons (cones) to replace those that were destroyed by exposure to
intense light. Although the present study was intentionally lim-
ited to analysis of regenerating cones, the robust regenerative
ability of the adult teleost fish neural retina is not limited to
replacement of photoreceptors but includes restoration of the
complete retinal architecture, including the earliest-born neu-
rons, the retinal ganglion cells (Raymond and Hitchcock, 2000;
Hitchcock and Raymond, 2004; Fimbel et al., 2007). In all other
respects (developmental, functional, and structural), teleost fish
have a typical vertebrate retina, but uniquely they retain endog-
enous retinal stem cells, which we show here are Miiller glial cells
that have all of the characteristics of genuine adult stem cells: they
self-renew, they remain multipotent, and they respond to injury
with replacement of damaged tissue. We do not yet understand
why Miiller glia in other vertebrate retinas are unable to function
endogenously as retinal stem cells because they apparently retain
a latent potential for neurogenesis.

A model of the teleost Miiller glial cell that functions as a radial
glial-like progenitor and an injury-induced retinal stem is shown
in Figure 10. In the intact, differentiated retina (Fig. 10a), Pax6 *
neurogenic Miiller glia divide in response to growth-related cues
that regulate the addition of new rod photoreceptors in the ex-
panding retina (Otteson and Hitchcock, 2003). We propose that
Miiller glia divide asymmetrically to produce a retinal progenitor
that migrates along the radial process of its sister Miiller glia into
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begin to express zpr1, a specific marker of double cones. gcl, Ganglion cell layer.

the ONL (Fig. 10a), similar to neurogenic radial glia in the cortex
(Noctor et al., 2001). As they migrate apically along the radial
fiber, the retinal progenitors gradually become restricted to the
rod photoreceptor lineage, as evidenced by expression of the
photoreceptor-specific transcription factor Crx, and eventually
they withdraw from the cell cycle and express rod opsin, a marker
of differentiated rod photoreceptors. Some direct evidence for
asymmetric cell division of Miiller glia is the observation of pairs
of GFP ™, BrdU ™ cells, one with the characteristic polygonal nu-
clear shape of Miiller glia and the other a Crx © photoreceptor
progenitor. Strong circumstantial evidence for self-renewal is
that the linear density of Miiller glia remains relatively constant in
the uninjured retina despite their continued proliferation, and
Muiiller glial density returns to normal in the repaired retina after
a burst of mitotic activity.

In response to apoptosis of photoreceptors (Fig. 10b), nuclei
of Miiller glia in the region of the lesion migrate apically and
reenter the mitotic cycle within a day. This behavior is reminis-
cent of interkinetic nuclear migration, which is characteristic of
neuroepithelial cells and radial glia (G6tz and Huttner, 2005).
During the regenerative response, reactive Miiller glia exhibit
other phenotypic changes suggestive of dedifferentiation, includ-
ing reexpression of BLBP, upregulation of Notch signaling path-
ways, and redistribution of N-cadherin (cdh2) to the basolateral
plasma membrane, all of which are characteristics of the multi-
potent retinal stem cells in the CMZ (Raymond et al., 2006).
Together, these findings suggest that the homeostatic and regen-
erative neurogenic potential of Miiller glia is modulated by mi-
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light-lesioned retina

Model of photoreceptor production by Miiller glia. a, b, Cone photoreceptor nuclei (blue), rod photoreceptor nuclei
(magenta), Miiller glia and their progeny (green), and blood vessels (BV; red ovals). Additional cells in the inner nuclear layer (inl)
have been omitted for simplicity. The radial processes of Miller glia contact blood vessels (BV) at the inner limiting membrane
(ilm) and reach the outer limiting membrane (olm). Miiller glia nuclei are weakly immunoreactive for Pax6. a, Miiller glia divide
to produce Pax6 " neural progenitors in the INL that migrate along the radial glial process to the outer nuclear layer (onl). Pax6 is
downregulated in the migrating, proliferating progenitors, and Cr is upregulated. The Crx ™ progenitors withdraw from the cell
cycle and express rod opsin (Rho4D2 immunoreactivity). b, After light lesions that destroy photoreceptors, all Miller glia reenter
the cell cycle, and their nuclei migrate toward the outer limiting membrane. By 3 dpl, many Miiller-derived, progenitors in the INL
express Pax6, and, by 4 dpl, progenitors in the ONL express Crx. By 5 dpl regenerated, differentiating cones appearin the ONL and

cell cycle and the apical-basal polarity of
these complex and competent epithelial

\ 5dpl  cells (Kriegstein and Gotz, 2003; Malatesta
et al., 2003; Gotz and Huttner, 2005).
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