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Abstract

In contrast to the mammalian retina, the zebrafish retina possesses the ability to regenerate. This is
primarily accomplished through Muller glial cells, which, upon damage, re-enter the cell cycle to
form retinal progenitors. The progenitors continue to proliferate as they migrate to the area of
damage and ultimately differentiate into new neurons. The purpose of this study was to
characterize the expression and function of Sonic Hedgehog (Shh) during regeneration of the adult
zebrafish retina. Expression profiling of Shh pathway genes showed a significant upregulation of
expression associated with stages of progenitor proliferation and neuronal differentiation.
Activation of Shh signaling during early stages of retinal regeneration using intraocular injections
of the recombinant human SHH (SHH-N) resulted in increased Miller cell gliosis, proliferation,
and neuroprotection of damaged retinal neurons. Continued activation of Shh resulted in a greater
number of differentiated amacrine and ganglion cells in the fully regenerated retina. Conversely,
inhibition of Shh signaling using intraocular injections of cyclopamine resulted in decreased
Mdiller glial cell proliferation and a fewer number of regenerated amacrine and ganglion cells.
These data suggest that Shh signaling plays pleiotropic roles in proliferation and differentiation
during adult zebrafish retinal regeneration.
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1. INTRODUCTION

Sonic Hedgehog (Shh) is one of three pattern-forming genes in the Hedgehog (Hh) signaling

family. First discovered in Drosophila (Nusslein-Volhard and Wieschaus, 1980), Hh
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signaling is conserved across species (Krauss et al., 1993; Murone et al., 1999) and
functions to control the patterning and development of many tissues. For example, Shh
signaling is required for the proper development of the neural tube, limbs, gut, lungs, and
retina (Bellusci et al., 1997; Ericson et al., 1995; Laufer et al., 1994; Roberts et al., 1995;
Stenkamp et al., 2000). Shh can act as both a short-range, contact-dependent factor, and as a
long-range, diffusible morphogen (Johnson and Tabin, 1995). Expression of Shh begins with
the autocatalytic modification of a Shh precursor, which separates the C-terminal catalytic
domain from the N-terminal secretion domain. The resulting mature Shh is released from the
cell via the transmembrane protein Dispatched, where it can affect nearby cells by binding to
the cell surface receptor, Patched (Ptch). Once bound, Ptch releases Smoothed (Smo), the
signaling component of the Shh pathway. Smo in turn activates the Glil/2 complex of
proteins by releasing the inhibitory Gli3 protein. Active Glil/2 complex translocates to the
nucleus and initiates transcription of Shh target genes (McMahon, 2000; Murone et al.,
1999). Target genes are specific to individual tissues and stages of development. For
example, Shh regulates O/ig2in the ventral portion of the neural tube, Smooth muscle a.-
actin (SMA) in the gut, and Stil in the retina (Chiang et al., 1996; Sun et al., 2014; Tsukiji et
al., 2014). In addition, SHH has been shown to regulate Cyc/inD expression to induce
cellular proliferation and Bc/2to promote cell survival. Finally, Shh targets genes within its
own signaling pathway, including G/i1, Ptch1, and PtchZ, to regulate activity through a
positive feedback loop (Katoh and Katoh, 2009).

Shh signaling is required for the proper development of all vertebrate retinas and acts as a
short-range signal to regulate the initial wave of cellular differentiation (Shkumatava et al.,
2004; Wang et al., 2005; Zhang and Yang, 2001). As in all vertebrate retinas, neurogenesis
in the zebrafish retina begins at the optic stalk, where the first born neurons are a small
cluster of retinal ganglion cells (RGCs) (Hu and Easter, 1999; Masai et al., 2000). Shh
expression from these RGCs drives a wave of differentiation from the central to peripheral
retina, inducing the differentiation of RGCs within the ganglion cell layer (GCL) (Neumann
and Nuesslein-Volhard, 2000). Shortly after the initial wave of ganglion cell differentiation,
a second wave of shf-expressing amacrine cells, thought to be temporally related to the
initial wave, can be visualized. Shh expression in this second wave is necessary for the
differentiation of INL cells, including amacrine, bipolar, horizontal and Muller glial cells
(Shkumatava et al., 2004; Shkumatava and Neumann, 2005). Finally, Shh expression may
also be involved in the final stages of retinal development, including the development of rod
and cone photoreceptors (Pillai-Kastoori et al., 2014; Shkumatava and Neumann, 2005;
Stenkamp et al., 2000).

In addition to having a well-established role in retinal development, three recent studies have
implicated Shh signaling in regulating progenitor proliferation during regeneration of the
chick and zebrafish retina (Sherpa et al., 2014; Sun et al., 2014; Todd and Fischer, 2015;
Todd et al., 2015). In the damaged chick retina, pharmacological activation of Shh
stimulated proliferation of Mller glial-derived progenitor cells (Todd and Fischer, 2015;
Todd et al., 2015). In the damaged adult zebrafish retina, Sun et al. showed that
pharmacological inhibition of the Shh signaling pathway reduced the rate of cell
proliferation, while indirect activation of the endogenous Shh pathway increased the rate of
cell proliferation (Sun et al., 2014). In addition, Sherpa et al. showed that Shh signaling is
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necessary for rapid functional recovery following regeneration (Sherpa et al., 2014). The
current study supports and extends these previous findings by defining the pleiotropic roles
of Shh signaling during adult retinal regeneration in zebrafish. Specifically, we provide
evidence that Shh signaling is required for a proper proliferation response from Mdller glial
cells following retinal damage. In addition, we show that Shh signaling also plays a role in
progenitor differentiation by regulating the number of regenerated inner retinal neurons
following damage. These data add to the growing body of literature that implicate Shh
signaling as a critical factor during adult retinal regeneration in vertebrates.

2. MATERIALS AND METHODS

2.1 Zebrafish Lines and Maintenance

Wild-type Danio rerio (AB strain), Tg(nrd:egfp)/alb (Obholzer et al., 2008) and
Tg(gfap.egfp)lalb (Kassen et al., 2007) were used for this study. Fish were fed a
combination of brine shrimp and dried flake food three times daily and maintained at
28.5 °C on a 14 h light (250 lux): 10 h dark cycle (Westerfield, 1995). All animal care and
experimental protocols used in this study were approved by the Institutional Animal Care
and Use Committee at Wayne State University School of Medicine and are in compliance
with the ARVO statement on the use of animals in vision research.

2.2 Light Lesion Protocol

Tg(gfap.egfp)lalb or Tg(nrd:egfp)l alb zebrafish (aged 6-12 months) were dark adapted for
10 days and exposed to an ultra-bright wide-spectrum light for 30-min (~100,000 lux)
immediately followed by up to four days of exposure to constant bright light using the
halogen lamps (250W; ~8000 lux) (Thomas et al., 2012a; Thomas and Thummel, 2013).

2.3 Intravitreal Injections

Intravitreal injections were performed as previously described (Qin et al., 2011; Thomas et
al., 2016). Fish were anesthetized and a small incision was made in the cornea using a Safety
Sideport Straight Knife (15°; Beaver-Vistec International). A 33-gauge blunt-end Hamilton
Syringe was used to inject 0.5-0.75 microliters of solution. Ouabain injections (10 uM) were
performed to damage all retinal neurons as previously described (Fimbel et al., 2007; Sherpa
etal., 2014). Gain- and loss-of-function studies utilized 1X PBS or 1% EtOH for control
solutions, and recombinant SHH-N protein (100 pg/mL in 1X PBS; R&D Systems) or
cyclopamine (100 UM in 1% EtOH; Toronto Research Chemicals). Light damaged zebrafish
were injected beginning at 2 days prior to light onset (- 2dpL) and continued daily through 2
dpL, with amaximum of 5 total injections (Suppl. Fig. 1A). Ouabain damaged retinas were
injected beginning at 3 dpi and continued through 10 dpi, with a maximum of 8 total
injections (Suppl Fig 1B).

2.4 Immunohistochemistry and Confocal Microscopy

Embryos and adult tissue was harvested and fixed in either 9:1 ethanolic formaldehyde
(100% ethanol: 36% formaldehyde) overnight at 4° C. Tissues were then cryoprotected in
5% sucrose/1XPBS twice at room temperature, followed by a 30% sucrose/1X PBS wash
overnight at 4° C, frozen in Tissue Freezing Medium (TFM) (Triangle Biomedical Sciences,

Exp Eye Res. Author manuscript; available in PMC 2019 January 01.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Thomas et al.

Page 4

Durham, NC) and cryosectioned at 14—-16 microns. Sections were transferred to glass slides,
dried for up to 2 hours at 56° C, and stored at —80 °C. Immunohistochemistry was
performed as previously described (Thummel et al., 2008). Primary antibodies included:
rabbit polyclonal anti-green fluorescent protein (GFP) antisera (1:1,500, Abcam, Cambridge,
MA), mouse monoclonal anti-Proliferating Cell Nuclear Antigen (PCNA) antibody (1:1000,
Sigma Chemical), mouse monoclonal glutamine synthetase (GS) antibody (1:500,
Chemicon), mouse monoclonal HuC/D antibody (1:50, Invitrogen), rabbit polyclonal anti-
PKC antisera (1:100, Santa Cruz), and mouse monoclonal Zpr-3 and Zpr-1 antibodies
(1:200, Zebrafish International Resource Center, Eugene, OR). Secondary antibodies
included AlexaFluor goat anti-primary 488 and 594 (1:500, Invitrogen, Grand Island, NY)
and nuclei were labeled with TO-PRO-3 (TP3; 1:750, Invitrogen). Coverslips were mounted
using ProLong Gold (Molecular Probes, Eugene, OR) and confocal microscopy was
performed using a Leica TCS SP2 or SP8 confocal microscope. Images were obtained using
the exact same settings between groups, equidistant from the margin and the optic nerve in
both the dorsal and ventral halves of the retina. Confocal images from the central dorsal
retina were obtained as described above using the exact same capture settings (a minimum
of N=5 per treatment per time point). Quantification of immunolocalized cells (Fig. 31, Fig.
5C, Fig. 5B, Fig. 7D) were obtained within a linear distance of 300 microns and plotted as
average number of cells per retina. Statistical significances between two groups was
determined using Student’s ~test.

2.5 Quantification of Muller glial cell hypertrophy

For GFP intensity quantifications, the Tg(gfap:egfp) line was used to visualize EGFP-
positive Muller glial cells within the retina. First, confocal images were obtained from
retinal sections containing the optic nerve using the exact same capture settings for all
retinas (N=5 per treatment group per time point). Next, ImageJ was used to analyze the GFP
intensity per pixel within a 300 micron linear distance in the central dorsal retina spanning
the thickness of the retina (Thomas et al., 2016). Raw data were plotted as average pixel
intensity and statistical significances between two groups was determined using Student’s &
test. For quantification of Miller glial cell soma hypertrophy in the absence of light damage,
ImageJ was used to trace the area of GFP-positive Miller glial cell somas within the same
300 micron linear distance of the images described above. N=20 Mdiller glial cells were
quantified per retinal section. The data were normalized to the values of the saline injected
control retinas and plotted as average percent area of Miiller glial cell soma. Statistical
significances between two groups was determined using Student’s #test.

2.5 Cell Death Analysis

Terminal Transferase dUTP Nick End Labeling (TUNEL) assay was performed using the
ApoAlert DNA fragmentation kit (Clonetech, Mountain View, CA), with some minor
modifications as previously described (Qin et al., 2011). Tissue from 1 or 3 dpL light
damaged zebrafish retinas was permeabilized in ice-cold NaCitrate buffer (0.1%NaCitrate,
0.1% Triton X-100) in the freezer for 2 minutes. TdT reaction was performed at 37° C for 2
hours using biotinylated dNTPs (New England Biolabs, Ipswich, MA). Enzyme reaction was
followed by AlexaFluor-conjugated StrepAvidin labeling (Molecular Probes). Confocal
images from the central dorsal retina were obtained as described above using the exact same
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capture settings (N=5 per treatment per time point). Quantification of TUNEL+ cells in the
ONL were obtained within a linear distance of 300 microns and plotted as average number
of cells per retina. Statistical significances between two groups was determined using
Student’s #test.

2.7 Quantitative Real-Time PCR

All gPCR was performed in biological and technical triplicate. Total RNA was isolated from
a pool of 4-7 retinas in 0.5 mL Trizol reagent (N=3 pools per timepoint). The primers used
for gPCR were: gpia (For: TCCAAGGAAACAAGCCAAGC; Rev:
TTCCACATCACACCCTGCAQC), g/i1 (For: AGCAGTGCGGATCTGATGC; Rev:
TAGCTTCGGTCTCCACCTGG), ptch2 (For: GTGCTTTTCATTGGACTGCT; Rev:
GACTCCTCTCCTTGCTTCTC), shha (For: AGTCTTACCTTTCGCATCCCC,; Rev:
GATGTCCTTGCCGTCTCCTC), shhb (For: ACGAAGGCAAAATCACAAGG; Rev:
CCAGTGGTTCATGACGGATA). SYBR green (Applied Biosystems) gPCR reaction was
carried out in technical triplicate of each sample pool using a Mastercycler Ep Realplex
(Eppendorf). A total reaction volume of 20 microliters was used, including 2 microliters of
cDNA. Analysis was performed using the Livak AAC(t) method (Livak and Schmittgen,
2001) and normalized to the expression of the housekeeping gene, gpia. Statistical analysis
was performed for the expression of each gene across the entire timecourse using a One-way
ANOVA with post-hoc Tukey test. Statistical difference in expression relative to O hr
expression levels were noted by an asterisk in the graphs (p<0.05).

2.4 EdU Incorporation

59-ethynyl-29-deoxyuridine (EdU; Invitrogen, Carlshad, CA) was diluted in 1XPBS to 1
mg/mL and injected intraperitoneally (IP; 50 microliters) into adult Tg(nrd:egfp)l alb
zebrafish as previously described (Bailey et al., 2010). EdU injections began at 1 dpL and
were repeated daily through 3 dpL. Immunolocaliztion of EdU was performed using Click-
iT EdU AlexaFluor 594 Imaging Kit per the manufacturer’s instructions (Invitrogen),
followed by GFP immunolocalization. Confocal images from the central dorsal retina were
obtained as described above using the exact same capture settings (N=5 per treatment per
time point). Quantification of EdU+ cells in the INL and ONL at 11 dpL were obtained
within a linear distance of 300 microns and plotted as average number of cells per retina.
Statistical significances between two groups was determined using Student’s #test.

3. RESULTS

3.1 Expression of shh signaling pathway genes during retinal regeneration

We performed quantitative real-time PCR (qPCR) to determine the expression profiles of
shha, shhb, glil and ptch2 following phototoxic damage to adult zebrafish retinas. In
addition, immunolocalization of the proliferation marker PCNA was performed at 1.5, 3, and
7 days post-light onset (dpL; Fig. 1A-D) to confirm that these collection times corresponded
to Muller glial cell cycle reentry (1.5 dpL), progenitor amplification and migration (3 dpL),
and a quiescence of the proliferation response (7 dpL). Undamaged (0 dpL) retinas were
used as a negative control. Expression analysis of shhaand shhb by gPCR showed no change
in expression at 1.5 dpL, but a significant upregulation of expression at 3 and 7 dpL (Fig.
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1E). Expression of g/iZ increased in expression from 0 to 3 dpL, but did not reach statistical
significance (Fig. 1E). However, like shhaand shhb, expression of ptch2was significantly
upregulated at 3 dpL (Fig. 1E).

Next, we used a high dose of the neurotoxin Ouabain to characterize sh/h expression
following the complete loss of retinal neurons (Fimbel et al., 2007; Maier and Wolburg,
1979; Sherpa et al., 2014). In addition, immunohistochemical markers were used to confirm
that Ouabain destroyed retinal neurons in a progressive manner, moving from the inner to
the outer retina, and that the Mller glial cells remained to re-enter the cell cycle.
Specifically, at 1 day following Ouabain injection (dpi), HuC/D-positive ganglion cells were
lost (Fig. 2B) and a massive expansion of the inner plexiform layer (IPL) was visualized by
Glutamine Synthetase immunolocalization to Miller glial cells (Fig. 2N). At 3 dpi, the
majority of amacrine cells were lost (Fig. 2C) and Mller glial cells reentered the cell cycle
(Fig. 2U). At 7 dpi, photoreceptor loss was observed (Fig. 2J) and Miller glial cells
collapsed and surrounded large numbers of proliferating retinal progenitors (Fig. 2P, V).
Partial regeneration of both inner and outer retinal neurons was visualized by 14 dpi, and the
retina appeared fully regenerated by 60 dpi (Figure 2E, F, K, L). Expression analysis of shha
and shhb by gPCR showed a significant upregulation of both genes at 3 and 14 dpi (Fig.
2Y), corresponding to time points when Muller glial cells reentered the cell cycle and when
differentiation of new neurons was observed, respectively. This is in contrast to a previous
report that shha expression is down-regulated at 3 and 12 dpi of Ouabain (Sherpa et al.,
2014). Expression of g/i1, in contrast, remained significantly elevated from 1-28 dpi,
whereas expression of pfch2 levels did not reach significance at any time point (Fig. 2Y).

3.2 Shh Signaling Regulates Miuller Glial Cell Proliferation

In order to explore the role of Shh signaling during retinal regeneration, gain-and-loss of
function experiments were performed using intravitreal injections of recombinant SHH
(SHH-N) and cyclopamine. These experiments were performed in the Tg(g7ap.egfp) line,
which allows for clear visualization of the cellular morphology Muller glia. In the absence
of damage, no apparent changes to Miiller cell morphology were observed following
intravitreal injections of saline or cyclopamine (Fig. 3A, C). However, retinas injected with
SHH-N exhibited Muller glial cells with cellular hypertrophy (Fig. 3B) (Thomas et al.,
2016), characterized by a significant increase in GFP intensity and Miiller glial cell soma
area when compared with saline injected control retinas (Fig. 3A-B; G—H). This phenotype
persisted through 1.5 dpL, when Muller glial cells re-entered the cell cycle (Fig. 3D-F, G).
In addition, compared with saline-injected retinas at 1.5 dpL, SHH-N treated retinas
contained a significantly greater percentage of Mdller glial cells that reentered the cell cycle
(Fig. 3E, I). Conversely, cyclopamine treated retains contained a significantly reduced
percentage of Maller glial cells that reentered the cell cycle at 1.5 dpL (Fig. 3F, I). These
data show that manipulating Shh signaling during retinal regeneration results in changes to
Mauller glial cell proliferation.

3.3 Shh is Neuroprotective to Photoreceptors

In the previous experiment, we noted that retinas injected with SHH-N exhibited
hypertrophied Muller glial cell appendages within a relatively thicker outer nuclear layer

Exp Eye Res. Author manuscript; available in PMC 2019 January 01.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Thomas et al.

Page 7

(ONL) than saline-injected control retinas at 1.5 dpL (compare Fig. 3D with 3E). To explore
the possibility that SHH-N injections resulted in neuroprotection from the phototoxic
damage, we first analyzed light damaged retinas for apoptosis at 1 and 3 dpL by TUNEL
analysis. At 1 dpL, the peak stage of photoreceptor apoptosis, significantly fewer TUNEL-
positive nuclei were observed in the ONL of SHH-N-treated retinas (Fig. 4AB, E). At 3 dpL,
when photoreceptor loss was largely complete in control retinas, no differences were
observed between the groups (Fig. 4C—-E). This suggests that SHH-N treatment did not
simply delay cell death. Next, we immunolabeled light-damaged retinas for markers of rod
and cone photoreceptors. At 3 dpL, nearly all rod and cone photoreceptors were destroyed
by the photolytic damage in control retinas, which was followed by an increased humber of
newly-regenerated photoreceptors at 7 and 11 dpL (Fig. 5A-C). In contrast, SHH-N-treated
retinas maintained high numbers of rod and cone photoreceptors throughout the light
treatment timecourse (Fig. 5A—C), consistent with it playing a neuroprotective role. It is
currently unclear, however, whether this neuroprotection is mediated through Muller glial
cell activation (i.e. indirect action) or by directly effecting retinal neurons.

3.4 Shh Signaling Regulates the Regeneration of Inner Retinal Neurons

In order the test whether SHH-N treatment had any effect on later stages of progenitor
differentiation, we first quantified retinal thickness and retinal nuclei at 11 dpL. SHH-N-
treated retinas possessed a thicker INL that contained significantly more inner retinal
neurons than saline-injected control retinas (Fig. 6A-B). In contrast, no significant change in
cell number was observed following treatment with cyclopamine (data not shown; EtOH
control=472.20+60.52, Cyc=405.00£22.34; p=0.291). Next, EdU labeling was performed to
label the proliferating retinal progenitors at 3 dpL and their progeny at 11 dpL (Bailey et al.,
2010; Thomas et al., 2012b). In control retinas, EdU labeling was visualized in columns of
progenitor cells as they migrated from the INL to the ONL at 3 dpL, and in regenerated rods
and cones in the ONL at 11 dpL (Fig. 6C, D). In contrast, EdU-positive cells in SHH-N-
treated retinas remained largely in the INL at both time points, with significantly fewer EdU-
labeled in the ONL at 11 dpL (Fig. 6C, D). Although a few PKC-positive/EdU-positive
bipolar cells were observed (Fig. 6E), HUC/D immunolabeling showed that the majority of
EdU-positive cells that remained in the INL at 11 dpL were amacrine cells (Fig. 6E).

Together, these data show that SHH-N treated retinas generated an excess of unneeded
retinal progenitors that largely remained in the INL and differentiated into an excess of inner
retinal neurons, raising the possibility that excess Shh activity drove the unneeded
progenitors to an amacrine an ganglion cell fate. However, an alternative explanation is that
EdU-positive INL progenitors did not migrate to the ONL because regeneration of the
photoreceptors was not necessary or because excess Shh signaling prevented the migration
of progenitors from the INL to the ONL. In order to test these possibilities anddetermine
whether differentiation of other cell types was affected by SHH-N, we used the Ouabain
damage model to damage all retinal neurons (Fimbel et al., 2007; Sherpa et al., 2014). At 7
dpi, both inner and outer retinal neurons of saline, SHH-N, and cyclopamine-injected retinas
were lost (Fig. 7A, D). At 11 dpi, SHH-N-treated retinas possessed significantly more
amacrine and ganglion cells, while cyclopamine-treated retinas possessed significantly fewer
(Fig. 7A, D). Cyclopamine-treated retinas possessed a very thin inner plexiform layer,
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whereas SHH-N-treated retinas possessed an expanded and disorganized inner plexiform
layer that contained misplaced inner retinal neurons (Fig. 7A). No significant change in the
number of regenerated photoreceptors in the ONL was observed between the control and
treatment groups (Fig. 7B-D). However, SHH-N-treated retinas possessed rosettes of
immunolabeled photoreceptors in the INL (Fig. 7B—C). In general, these phenotypes did not
recover at 28 dpi; the number of amacrine and ganglion cells remained significantly
increased in SHH-N-treated retinas and significantly decreased in cyclopamine-treated
retinas (Fig. 7A, D). Together, these data suggest that Shh signaling is both sufficient and
necessary to drive retinal progenitors toward an inner retinal neuron cell fate.

4. DISCUSSION

Different factors have been suggested as regulators of cell proliferation in the retina,
including Ascla, H-EGF, Whnt, and Shh (Liu et al., 2013; Ramachandran et al., 2011; Sun et
al., 2014; Wan et al., 2012). The Sonic Hedgehog (Shh) signaling pathway is conserved from
invertebrates, is essential for proper retinal development in all vertebrates, and has been
implicated as a key regulator of proliferation following photoreceptor damage in the
mammalian retina (Wan et al., 2007). Furthermore, in the damaged chick retina,
pharmacological activation of Shh stimulated proliferation of Miller glial-derived progenitor
cells. Finally, in the damaged adult zebrafish retina, cyclopamine inhibition of the Shh
signaling pathway reduced the rate of progenitor cell proliferation, while indirect activation
of the Shh pathway by knockdown of Stil increased the rate of cell proliferation (Sun et al.,
2014), demonstrating a role for the endogenous Shh pathway during retinal regeneration.
Our findings confirm that Shh signaling is required for a proper proliferation response from
Muiller glial cells following retinal damage and that overexpression of the Shh pathway by
SHH-N injections results in excess proliferation. In addition, we showed that SHH-N
treatment resulted in extremely reactive Muller glia based on hypertrophied somas and
appendages, and an upregulation of the gfap.egfp transgene (Fig. 3). We have previously
demonstrated that Miiller glia in the adult zebrafish initiate a gliotic response immediately
following damage to adult retinal neurons, but that this response is transient and is restricted
to the area of damage (e.g. the ONL during phototoxic damage) (Thomas et al., 2016).
Interestingly, SHH-N induced Muller glial reactivity throughout all retinal layers and
induced reactivity even in the absence of damage (Fig. 3B). Furthermore, during phototoxic
damage to the retinal photoreceptors, SHH-N treated Miiller glia remained highly reactive as
they re-entered the cell cycle (Fig. 3E). These data demonstrate that zebrafish Miller glia
have the ability to be simultaneously proliferating and persistently reactive and that SHH-N
induced a characteristic reactive gliosis response coupled with uncontrolled proliferation.
Given that this gliotic/proliferation response is similar to that observed in proliferative
retinopathies of the mammalian retina following severe retinal damage, future studies will
explore the extent to which SHH-N treatment represents a valid model for exploring these
phenotypes.

In addition to a role in gliosis and proliferation, we provide evidence that Shh signaling
plays a role in progenitor cell differentiation during retinal regeneration. First, we showed
that SHH-N treatment during light treatment resulted in progenitors that largely failed to
migrate to the ONL and instead differentiated into an excess of inner retinal neurons (Figs. 5
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and 6). These findings suggest that SHH-N treatment either prevented progenitor cell
migration or directed progenitor cells towards an inner retinal cell fate. We therefore
repeated this experiment in the Ouabain damage model, where all retinal neurons are
damaged and progenitors migrate to repopulate both the inner and outer retinal layers
(Fimbel et al., 2007; Sherpa et al., 2014; Thomas et al., 2016). Again, we found that SHH-N
treatment resulted in an excess of inner retinal neurons and that cyclopamine resulted in
reduced numbers of inner retinal neurons. These findings suggest that excess Shh signaling
did not affect progenitor cell migration, but rather, drove progenitors toward an inner retinal
neuron cell fate. These results are consistent with the known role of Shh signaling during
vertebrate retinal development, during which Shh secretion induces the wave of amacrine
and ganglion cell differentiation (Neumann and Nuesslein-Volhard, 2000; Sanchez-Arrones
et al., 2013; Sanchez-Camacho and Bovolenta, 2008; Shkumatava et al., 2004; Shkumatava
and Neumann, 2005). Importantly, in both treatment groups, we observed that progenitors
properly repopulated the photoreceptors in normal numbers (Fig. 7D). However,
overexpression of Shh resulted in the formation of rosettes in the INL that specifically
express rod and cone opsins, whereas inhibiting Shh signaling eliminates this phenotype
(Fig. 7C). These results are consistent with findings in the damaged mammalian retina,
whereby unregulated proliferation can lead to an excess of de-differentiated and misplaced
neurons in the inner retina (Lewis et al., 2010). However, the exact mechanism that underlies
this phenotype remains a matter of speculation.

Some differences between the light and Ouabain damage models were noted, even in the
absence of altered Shh activity. It is well established that in the light damage model,
significant loss to the outer retina occurs by 1 dpL, and conversely, in the Ouabain damage
model, significant loss to the inner retina occurs by 1 dpi (Kassen et al., 2007; Sherpa et al.,
2008; Sherpa et al., 2014; Thomas et al., 2012a; Thummel et al., 2008). However, in the
light damage model Miller glial cells re-enter the cell cycle at 1.5 dpL, whereas in the
Ouabain damage model, Mdller glial cells do not re-enter the cell cycle until 3 dpi (Figs. 1-
2), suggesting that there are different “activating” molecules that are released from dying
inner and outer retinal neurons. With regard to Shh expression, we observed that s/Aaand
shhb were upregulated in both models concomitant with Miiller glial cell re-entry, but not
prior (Figs. 1-2). Expression of g/i was upregulated prior to Muller glial cell re-entry in the
Ouabain damage model, but not in the light damage model (Figs. 1-2). Finally, ptch2
expression was upregulated in the light damage model at 3 dpL, but did not reach
significance in the Ouabain damage model at any time point tested (Fig. 1-2). Therefore,
similarities and differences in Shh activity appear to be present in each damage model.

We also noted differences from a previously published report (Sherpa et al., 2014) in regard
to shha expression following Ouabain damage. Sherpa and colleagues compared the effects
of two doses of Ouabain (2 and 10 pM) on retinal damage and regeneration in zebrafish, in
which the lower dose resulted in selective damage to inner retinal neurons, and the higher
dose resulted in significant damage to all layers of the retina. They found a near-identical
decrease in shhaexpression at 3 and 5 dpi with both doses. In contrast, our analysis using
the higher dose showed a significant /ncrease in shha expression at 3 dpi and no change at 5
dpi (Fig. 2). The majority of cell loss occurs between 3 and 7 dpi using 10 uM Quabain, with
the damage spreading from the inner to the outer retina (Fig. 2). One potential explanation
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for our finding that shhaincreased at 3 dpi is that a greater number of shha-expressing cells
“escaped” Ouabain damage in our hands than in the previous report at 3 dpi. This is
consistent with the fact that Sherpa and colleagues showed significant decreases in
expression of all markers of ganglion cells at 3 dpi, suggestive that these cells were
completely destroyed in their hands. Therefore, a selectively greater number of living cells
that express shha at 3 dpi in our findings could account for the increase that we observed
compared with the previous report and may represent a last attempt of the damaged inner
retinal neurons to increase Shh signaling prior to death.

In conclusion, this study characterizes the pleiotropic roles for Shh signaling following
constant-intense light and Ouabain damage. We show that Shh signaling is required for
Mdiller glial cell proliferation early, followed by properly regulating inner retinal neuron
differentiation. These data add Shh to the growing list of cell signaling pathways that
regulate Mdiller glial dedifferentiation and proliferation (Lenkowski et al., 2013; Nelson et
al., 2013; Ramachandran et al., 2011; Thummel et al., 2010; Wan et al., 2012). While it is
clear that Shh signaling regulates Miller glial cell proliferation, more extensive studies are
needed to determine where Shh signaling integrates into existing pathways of regulation and
which of the herein-described phenotypes are a result of direct or indirect regulation by Shh.
Furthermore, these data suggest that caution should be given to only searching for molecules
that effect Mdiller glial proliferation without looking at the effect on long-term regeneration.
If, like Shh, a given molecule plays pleiotropic roles during retinal regeneration, then its
continued overexpression would likely have negative outcomes on the overall regeneration
response.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Highlights
. Shh signaling induces Miller cell gliosis
. Shh regulates the percentage of Muller glial cells that re-enter the cell cycle
following damage
. Shh signaling regulates the regeneration of inner retinal neurons
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Figure 1. Expression of shh signaling pathway genes in the light damaged zebrafish retina
A-D) Retinal sections from light damaged zebrafish at 0, 1.5, 3, and 7 days post light onset

(dpL) immunolabeled with PCNA (red) to show cell proliferation and a nuclear stain (blue).
A subset of Miiller glia re-entered the cell cycle at 1.5 dpL (arrowheads; panel B) and
produce large columns of progenitors by 3 dpL. At 7 dpL, only a few remaining PCNA-
positive progenitors remain in the outer nuclear layer (arrow; panel D). E) Graphic
representation of changes in shha, shhb, gli1, and ptch2 expression during the light treatment
timecourse, with all time points performed in biological and technical triplicate and
normalized to the expression of gp/a. Significantly different from 0 hr are noted with an
asterisk (p<0.01). Error bars represent standard error of the mean. ONL: outer nuclear layer,
INL: inner nuclear layer, GCL: ganglion cell layer.
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Figure 2. Expression of shh signaling pathway genes in the Ouabain damaged zebrafish retina
A-X) Retinal sections from adult zebrafish immunolabeled HuC/D to show amacrine and

ganglion cells (blue; A-F), Zpr-3 to show rod photoreceptors (yellow; G-L), glutamine

synthetase to show Miller glial cells (purple; M—R) and PCNA to show proliferating cells
(red; S=X). Y) Graphic representation of changes in shha, shhb, glil and ptch2 expression
during the Ouabain damaged timecourse, with all time points performed in biological and
technical triplicate and normalized to the expression of gpsa. Significantly different from 0

hr are noted with an asterisk (p<0.01). Error bars represent standard error of the mean. ONL.:

outer nuclear layer, INL: inner nuclear layer, GCL: ganglion cell layer, ROS: rod outer

segments.
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Figure 3. Mdller glial cell reactivity in the retina following SHH-N treatment
A-C) Retinal sections showing GFP expression in Miller glial cells (green) in Tg(gfap:egfp)

zebrafish in the absence of damage to represent changes in GFP intensity and changes in
Muller glial cell morphology following treatment with saline, SHH-N or cyclopamine. D-F)
Retinal sections from Tg(gfap:egfp) zebrafish immunolabeled with GFP to show Miiller
glial cells (green) and PCNA to show cell proliferation (red) at 1.5 dpL. G) Graphical
representation of the average pixel intensity of GFP+ Miller glia as analyzed by Image J
(N=5 per treatment group per timepoint). H) Graphical representation of average percent
area of Muller glial soma as analyzed by ImageJ (N=5 per treatment group). I) Graphical
representation of data showing that SHH-N significantly increased Muller glia proliferation
(N=5 per treatment group; p=0.028), while cyclopamine significantly decreased Miller glia
proliferation (N=5 per treatment group; p=0.003). ONL.: outer nuclear layer, INL: inner

nuclear layer, GCL: ganglion cell layer, ROS: rod outer segments.
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Figure 4. SHH-N treatment decreases cell death in the light damaged retina
A-D) TUNEL immunolocalization labels apoptotic cells (green). Nuclei are stained with

TO-PRO-3 (blue). A-B) At 1 dpL, significantly fewer TUNEL-positive nuclei are observed
in SHH-N treated retinas than saline injected. C-D) At 3 dpL, no significant changes are
observed between treatment groups. E) Graph depicting the average number of TUNEL-
positive cells in the ONL within a linear distance of 300 microns at 1 and 3 dpL.
Significantly different from control is noted with an asterisk (N=5 per treatment group per
time point; p<0.001). Error bars represent standard error of the mean. ONL: outer nuclear
layer. INL: inner nuclear layer. GCL.: ganglion cell layer.
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Figure 5. Photoreceptor regeneration in the light damaged retina following SHH-N treatment
A-B) Retinal sections from Tg(nrd-egfp)/ alb zebrafish immunolabeled with GFP to show

rod photoreceptors and a subset of inner retinal neurons (green) or Zpr-1 to show red/green
double cones (yellow) at 3, 7 or 11 dpL following saline (top panels) or SHH-N treatment
(bottom panels). SHH-N maintained photoreceptors at 3 dpL, but fewer remained at 11 dpL.
C) Graph depicting the number of rod and cone photoreceptors at 3, 7 and 11 dpL in saline
or SHH-N treated retinas. Significantly different from control is noted with an asterisk (N=5
per treatment group per time point; p<0.01). Error bars represent standard error of the mean.
ONL.: outer nuclear layer. INL: inner nuclear layer. DC: double cones.
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C Saline SHH-N

Figure 6. Increased inner retinal neuron regeneration following SHH-N treatment in the light
damaged retina

A) Nuclei are stained with TO-PRO-3 (blue). Compared with control retinas (top panel),
SHH-N-treated retinas have a thicker INL. B) Graph depicting the number of nuclei in the
ONL, INL, and GCL at 11 dpL. C) GFP expression in the Tg(nrd-egfp)l alb zebrafish line to
show rod photoreceptors and a subset of INL cells (green) co-localized with EdU to label
cells that re-entered the cell cycle (purple). EdU-positive cells largely remained in the INL
of SHH-N treated retinas. D) Graph depicting the number of EdU-positive cells at 11 dpL in
the INL and ONL. E) EdU immunofluorescence (red) co-localized with HUC/D (blue) or
PKC (teal) in SHH-N treated retinas shows EdU-positive cell largely co-labeled with
amacrine cells (framed with bar), and only isolated bipolar cells (arrow). Significantly
different from control is noted with an asterisk (N=5-6 per treatment group per time point;
p<0.05). Error bars represent standard error of the mean. ONL: outer nuclear layer. INL:
inner nuclear layer. GCL: ganglion cell layer.
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Figure 7. Retinal neuron regeneration in the Ouabain damaged retina following SHH-N or
cyclopamine treatment
A-C) Retinal sections from saline, SHH-N or cyclopamine treated retinas immunolabeled

with HuC/D to show amacrine and ganglion cells (A; blue), Zpr-3 to show rod
photoreceptors (B, yellow) or Zpr-1 to show red/green double cones (C; orange). A)
Changes in the number of differentiated amacrine and ganglion cells at 7, 11 and 28 dpi. B—
C) No changes in the number of differentiated rod or cone photoreceptors in the ONL across
treatment groups at 11 dpi. Note that SHH-N treated retinas exhibited “rosettes” of rod and
cone photoreceptors in the INL, but these cells were not counted in our analysis, as they
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were not located in the ONL. D) Graph depicting the number of regenerated amacrine and
ganglion cells and rod and cone photoreceptors at 7, 11 and 28 dpi. Significantly different
from control is noted with an asterisk(N=5 per treatment group per time point; p<0.05).
Error bars represent standard error of the mean. INL: inner nuclear layer. ROS: rod outer
segments. DC: double cones. AC: amacrine cells. GC: ganglion cells.

Exp Eye Res. Author manuscript; available in PMC 2019 January 01.



	Abstract
	1. INTRODUCTION
	2. MATERIALS AND METHODS
	2.1 Zebrafish Lines and Maintenance
	2.2 Light Lesion Protocol
	2.3 Intravitreal Injections
	2.4 Immunohistochemistry and Confocal Microscopy
	2.5 Quantification of Müller glial cell hypertrophy
	2.5 Cell Death Analysis
	2.7 Quantitative Real-Time PCR
	2.4 EdU Incorporation

	3. RESULTS
	3.1 Expression of shh signaling pathway genes during retinal regeneration
	3.2 Shh Signaling Regulates Müller Glial Cell Proliferation
	3.3 Shh is Neuroprotective to Photoreceptors
	3.4 Shh Signaling Regulates the Regeneration of Inner Retinal Neurons

	4. DISCUSSION
	References
	Figure 1
	Figure 2
	Figure 3
	Figure 4
	Figure 5
	Figure 6
	Figure 7

