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Actin-Cytoskeleton- and Rock-Mediated INM Are Required
for Photoreceptor Regeneration in the Adult Zebrafish
Retina
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46556

Loss of retinal neurons in adult zebrafish (Danio rerio) induces a robust regenerative response mediated by the reentry of the resident
Miiller glia into the cell cycle. Upon initiating Miiller glia proliferation, their nuclei migrate along the apicobasal axis of the retina in phase
with the cell cyclein a process termed interkinetic nuclear migration (INM). We examined the mechanisms governing this cellular process
and explored its function in regenerating the adult zebrafish retina. Live-cell imaging revealed that the majority of Miiller glia nuclei
migrated to the outer nuclear layer (ONL) to divide. These Miiller glia formed prominent actin filaments at the rear of nuclei that had
migrated to the ONL. Inhibiting actin filament formation or Rho-associated coiled-coil kinase (Rock) activity, which is necessary for
phosphorylation of myosin light chain and actin myosin-mediated contraction, disrupted INM with increased numbers of mitotic nuclei
remaining in the basal inner nuclear layer, the region where Miiller glia typically reside. Double knockdown of Rho-associated coiled-coil
kinase 2a (Rock2a) and Rho-associated coiled-coil kinase 2b (Rock2b) similarly disrupted INM and reduced Miiller glial cell cycle reentry.
In contrast, Rock inhibition immediately before the onset of INM did not affect Miiller glia proliferation, but subsequently reduced
neuronal progenitor cell proliferation due to early cell cycle exit. Long-term, Rock inhibition increased the generation of mislocalized
ganglion/amacrine cells at the expense of rod and cone photoreceptors. In summary, INM is driven by an actin-myosin-mediated process
controlled by Rock2a and Rock2b activity, which is required for sufficient proliferation and regeneration of photoreceptors after light
damage.
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The human retina does not replace lost or damaged neurons, ultimately causing vision impairment. In contrast, zebrafish are
capable of regenerating lost neurons. Understanding the mechanisms that regulate retinal regeneration in these organisms will
help to elucidate approaches to stimulate a similar response in humans. In the damaged zebrafish retina, Miiller glia dedifferen-
tiate and proliferate to generate neuronal progenitor cells (NPCs) that differentiate into the lost neurons. We show that the nuclei
of Miiller glia and NPCs migrate apically and basally in phase with the cell cycle. This migration is facilitated by the actin
cytoskeleton and Rho-associated coiled-coil kinases (Rocks). We demonstrate that Rock function is required for sufficient pro-
liferation and the regeneration of photoreceptors, likely via regulating nuclear migration. j

ignificance Statement

Introduction
A variety of genetic diseases and environmental insults can lead to
damage and loss of retinal neurons in humans, causing perma-
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etal.,, 2012). In the damaged zebrafish retina, neuronal cell death
induces the residing radial glia, the Miiller glia, to dedifferentiate
and re-enter the cell cycle to produce neuronal progenitor cells
(NPCs) that continue to proliferate and subsequently differenti-
ate into and replace the lost neurons (Bernardos et al., 2007;
Kassen et al., 2007). Currently, efforts are directed at understand-
ing the molecular mechanisms that govern the regenerative re-
sponse in the damaged retina (Gorsuch and Hyde, 2014).

During neuroepithelial development, NPC nuclei migrate re-
peatedly along the apicobasal axis in phase with the cell cycle. As
a result of this process, termed interkinetic nuclear migration
(INM), NPC nuclei undergo DNA replication (S-phase) in a
basal region and perform mitosis at the apical surface of the neu-
roepithelium (Pearson et al., 2005; Baye and Link, 2007; Xie et al.,
2007; Del Bene et al., 2008; Norden et al., 2009; Tsuda et al., 2010;
Kosodo et al., 2011; Leung et al., 2011; Lee and Norden, 2013).
Disruption of INM is thought to cause premature cell cycle exit of
NPCs due to their exposure to different spatial cues along apico-
basal Notch-Delta gradients (Murciano et al., 2002; Del Bene et
al., 2008). Furthermore, the degree of basal migration during the
G, and S phases was correlated with the decision to either remain
in or exit the cell cycle after the next cell division such that more
basally located NPC nuclei are more likely to exit the cell cycle
than those positioned further medially (Baye and Link, 2007).
During INM, nuclei are driven apically in the G, phase of the cell
cycle mainly by actin-myosin-mediated contraction, although
microtubules also exert some effect (Del Bene et al., 2008; Norden
etal., 2009; Yu et al., 2011). Actin-myosin-mediated contraction
requires the phosphorylation of the myosin light chain (MLC),
which is mediated by a variety of kinases, including Rho-
associated coiled-coil kinases (Rocks) (Amano et al., 1996;
Vicente-Manzanares et al., 2009). In the developing retina, Rocks
were previously implicated in maintaining apical polarity and
facilitating INM (Herder et al., 2013).

Recently, it was suggested that Miiller glia also undergo INM
during retinal regeneration based on the apical position of
phospho-histone 3 (pH3)-positive mitotic nuclei (Nagashima et
al., 2013). However, the mechanisms that govern this process in
the regenerating retina and the necessity of INM for regeneration
are currently unknown. Here, we investigated the mechanisms
controlling INM and determined the consequences of its disrup-
tion on the regenerative capacity of the light-damaged retina.

Materials and Methods

Fish lines and maintenance. Adult albino or transgenic Tg[gfap:
EGFP]™, Tglatoh7:GFP]™*' and Tg[rho:Eco.NfsB-EGFP]™"° ze-
brafish in an albino background were maintained in the Center for Ze-
brafish Research at the University of Notre Dame Freiman Life Sciences
Center as described previously (Vihtelic and Hyde, 2000). Fish used in
these experiments were of either sex at 6—12 months of age and 2-3 cmin
length. The protocols used were approved by the University of Notre
Dame Animal Care and Use Committee and are in compliance with the
statement for the use of animals in vision research by the Association for
Research in Vision and Ophthalmology. Adult Tg/gfap:nGEP]™2°%*
(13-14 months of age) were kindly provided by the Raymond laboratory.

Light treatment. The albino and transgenic albino; Tg[gfap:EGFP] ™",
albino;Tg[atoh7:GFP] rwozl albino; Tg[rho:Eco.NfsB-EGFP] ntios or Tg-
[gfap:nGFP] ™% zebrafish were dark adapted for 14 d and then exposed
to constant intense light for 0, 16, 25, 30, 35, 40, 45, 51, 68, or 96 h as
described previously (Vihtelic and Hyde, 2000; Kassen et al., 2007). The
temperature in the tanks was maintained between 31°C and 33°C. Ze-
brafish were anesthetized in 1:1000 2-phenoxyethanol and killed in 1:500
2-phenoxyethanol. Eyes were harvested, fixed in either 4% paraformal-
dehyde (Sigma-Aldrich) in PBS or 9:1 ethanol:formaldehyde (Fisher Sci-
entific) overnight at 4°C and washed three times in PBS or taken through
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an ethanol gradient and one PBS wash, respectively. Subsequently, eyes
were cryoprotected in 30% sucrose in PBS overnight, followed by 1:1
tissue freezing medium to 30% sucrose/PBS overnight and frozen in
tissue freezing medium (Triangle Biomedicals) at —80°C.

Drug treatments. The Rock inhibitor Rockout (25 um; Calbiochem) or
the vehicle control DMSO (1:2000; Life Technologies) were diluted in
system water to systemically expose albino;Tg[gfap:EGFP]™", albino;
Tg[atoh7:GFP]™', or albino;Tg[rho:Eco.NfsB-EGFP]™"° zebrafish
starting at 28 h of constant intense light treatment (Yarrow et al., 2005;
Harding and Nechiporuk, 2012). To maintain Rockout activity, system
water containing the drug was exchanged every 24 h and zebrafish were
maintained in a dark incubator set at 30°C until eyes were enucleated at
35, 45, 50, 55, or 72 h after beginning the light treatment. Having previ-
ously established that exposure to constant intense light for 24 h was
sufficient to induce maximal photoreceptor cell death by 16 h of light
damage and a complete regeneration response (Nelson et al., 2013; Con-
ner et al., 2014), we chose to apply Rockout from 28 h of light treatment
to prevent any effect it may exert during the period of cell death (Bermel
etal., 2009; Koch et al., 2014; Yamamoto et al., 2014). To study the effect
of Rockout on retinal regeneration, zebrafish were exposed to constant
intense light for 28 h, treated with 25 um Rockout for 44 h (correspond-
ing to 72 h after beginning the constant light treatment), and subse-
quently transferred into system water lacking drugs to recover for either
8 or 15 d. In a subset of experiments, the y-secretase inhibitor R04929097
(750 pMm; SelleckBio; Conner et al., 2014) or its vehicle control, DMSO
(10%), were intraperitoneally injected into albino; Tg[gfap:EGFP] ™" ze-
brafish using a 32 gauge syringe immediately before exposing them to
either 25 pum Rockout or DMSO (1:2000) in system water from 28 h of
light treatment. Zebrafish were maintained as described above until eyes
were harvested at 72 h of light treatment. To maintain R04929097 con-
centrations at a constant level, intraperitoneal injections of either
R04929097 or DMSO were performed every 8 h. The treatment groups
were the following: (1) DMSO (1:2000)/DMSO (10%), (2) Rockout/
DMSO (10%), (3) DMSO (1:2000)/R04929097, or (4) Rockout/
R04929097. In addition, 25 uMm cytochalasin D (Tocris Bioscience;
Carlier et al., 1986; Becker and Hart, 1999) or its vehicle control, DMSO
(1:1000), were injected intraperitoneally into anesthetized zebrafish at
28 h oflight treatment using a 32 gauge syringe and maintained in system
water in a dark incubator set at 30°C until 35 h of light treatment (Conner
et al., 2014). Because the Rho activator CNO3 is conjugated to a cell-
penetrating moiety, either CNO3 (5 ug/ml; Cytoskeleton) or water was
intravitreally injected into healthy undamaged albino; Tg[gfap:EGFP] ™"
or albino zebrafish eyes using a Hamilton syringe as described previously
(Thummel et al., 2008a). Zebrafish were maintained in a dark incubator
at 30°C for 16 h, when albino;Tg[gfap:EGFP]™'" or albino eyes were
collected for immunocytochemical analysis or immunoblotting,
respectively.

Morpholino-mediated knockdown in adult zebrafish and embryos.
Lissamine-labeled splice site targeting morpholinos to rock2a (5'-CT-
CATCTGCACACACAACACAGCAA-3'; GeneTools) and rock2b (5'-
GCACACACTCACTCACCAGCTGCAC-3'; GeneTools; Wang et al.,
2011) were injected intravitreally together at a final concentration of 0.4
mM each into albino; Tg[gfap:EGEP] ™! zebrafish and subsequently elec-
troporated as described previously (Thummel et al., 2008a) before initi-
ating constant intense light treatment. The standard control morpholino
(0.8 mm) was injected intravitreally and electroporated to monitor po-
tential off-target effects. Eyes were collected at 45 and 72 h of constant
light treatment for immunocytochemical analysis and dorsal retinas were
isolated at 35 h of light treatment for RNA isolation to confirm successful
morpholino-mediated disruption of splicing.

Albino zebrafish embryos were injected at the one- to four-cell stage
with lissamine-labeled anti-rock2a, anti-rock2b, or standard control mor-
pholino (Thummel et al., 2008a). Embryos were collected at 24 or 72 h
postfertilization for RNA isolation and reverse transcriptase (RT) PCR
amplification to test the efficiency of rock2a and rock2b morpholino-
mediated disruption of splicing, respectively.

Edu/BrdU pulse chase. 50 ul of 1 mg/ml EAU (Life Technologies) was
injected intraperitoneally into anesthetized albino; Tg[gfap:EGFP] ™' ze-
brafish using a 32 gauge syringe at 28 h of light treatment and then
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transferred into system water containing either 1:2000 DMSO or 25 um
Rockout. BrdU (Sigma-Aldrich) was injected intraperitoneally (50 ul)
into EdU-treated zebrafish at 44 and 49 h after the start of the light
treatment. Eyes were collected for analysis at times corresponding to 45
and 50 h after the start of the light treatment. EdU detection was per-
formed on frozen retinal sections according to manufacturer’s guide-
lines, followed by immunocytochemistry for BrdU (Conner et al., 2014).

To identify newly generated amacrine, ganglion, and bipolar cells at 8
and 15 d of recovery in retinas that were exposed to either DMSO or
Rockout from 28-72 h of light treatment, BrdU was intraperitoneally
injected into albino zebrafish at 28, 48, 58, 84, 108, and 120 h after the
start of the light treatment.

TUNEL assay. Frozen retinal sections (14 uwm) from light-treated al-
bino zebrafish that were exposed to either DMSO (1:2000) or 25 um
Rockout from 28 to either 55 or 72 h after starting the light treatment
were analyzed for cell death using the TUNEL assay (Clontech) as de-
scribed previously (Thummel et al., 2010). Biotin-conjugated dNTPs
(Trevigen) and fluorescently labeled streptavidin (1:200; LifeTechnolo-
gies) were used to detect TUNEL-positive cells. Retinal sections were
subsequently subjected to immunocytochemistry.

Immunocytochemistry, image acquisition, and image analysis. Immu-
nocytochemistry on frozen sections (14 um thickness) was performed as
described previously (Vihtelic and Hyde, 2000; Kassen et al., 2007;
Thummel etal., 2010; Nelson et al., 2012). Primary antibodies used were:
rabbit anti-PCNA (1:1000; Abcam), mouse anti-PCNA (1:1000; Sigma-
Aldrich), mouse anti- pH3 (1:200; Millipore), rabbit anti-GFP (1:200;
Abcam), chicken anti-GFP (1:1000; Abcam), mouse anti-BrdU (1:300;
Thermo Scientific), rat anti-BrdU (1:100; Accurate Chemical and Scien-
tific), mouse anti-HuC/D (1:300; Millipore), rabbit anti-PKCa (1:300;
Santa Cruz Biotechnology), and rabbit anti-blue (1:500) and rabbit anti-
red cone opsins (1:500) (Vihtelic et al., 1999). The pH3 antibody re-
quired antigen retrieval before immunocytochemistry as described
previously (Raymond et al., 2006; Nelson et al., 2012). Fluorescently
tagged secondary antibodies (1:1000; Life Technologies) and the nuclear
dye 4',6-diamidin-2-phenylindol (DAPI, 5 ug/ml; Life Technologies)
were applied for 1 h at room temperature, the slides were washed and
mounted in Prolong Gold (Life Technologies). Alexa-647 conjugated
phalloidin (1:100; Life Technologies) was coapplied with secondary an-
tibodies for 1 h.

Images of the central-dorsal region of the retina were obtained on a
Nikon Al confocal microscope equipped with a 40X plan-fluor oil-
immersion objective [numerical aperture (NA), 1.3] and 8-12 um
z-stacks of 1024 X 1024 images were acquired. Cell counts were per-
formed throughout the depth of the z-stack and the length was measured
along the horizontal cells using the measurement function in Nikon NIS
Elements software to normalize the cell counts to 300 wm length of the
imaged retinal section. The position of pH3-positive nuclei was deter-
mined in DAPI-labeled sections that distinguished the different retinal
nuclear layers. The thickness of the inner nuclear layer (INL) and the
distance that pH3-positive cells migrated from the basal limit of the INL
were determined using the measurement function in Nikon NIS Ele-
ments software (see Fig. 1Y). The pH3-positive Miiller glia nuclei were
grouped according to their position in: (1) the outer nuclear layer (ONL),
(2) the apical part of the INL, or (3) the basal part of the INL, splitting the
INL at its half-width. For each retina, the percentage distribution of
pH3-positive cells in the different regions was determined and subse-
quently averaged to give mean distributions for the various experimental
groups/conditions.

Statistical analysis. Data were subjected to Student’s # test for statistical
analysis of single comparisons between the control and the treatment
group. Multiple data groups were tested for statistical significance using
one-way ANOVA followed by a Bonferroni’s or Tukey’s post hoc test. The
test used in each experiment, the # value, and the level of statistical
significance (p value) are indicated in the corresponding figure legends.
In the corresponding Results section, the statistical values for each exper-
iment were also included; however, the statistical test was only men-
tioned if a test other than Student’s ¢ test was applied.

Immunoblot. Immunoblotting was performed as described previously
(Kassen et al., 2007). Briefly, dorsal or whole retinas were collected from
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(1) light-damaged and Rockout-treated, (2) light-damaged and DMSO-
treated, (3) undamaged and CNO3-injected, or (4) undamaged H,O-
injected zebrafish. The retinas were homogenized in lysis buffer
containing PBS supplemented with Triton X-100, proteinase inhibitors
(Roche), and phosphatase inhibitor IT and IIT (Sigma-Aldrich). Then, 20
g of protein was electrophoresed through 4—-20% Tris-glycine gels (Life
Technologies) and transferred onto PVDF membranes (GE Healthcare).
Membranes were blocked in 5% milk in Tris-buffered saline overnight
and probed with antibodies to phospho (Thr 18/Ser 19)-MLC (1:250;
Cell Signaling Technology) or actin (loading control, 1:1000; Sigma-
Aldrich) for 4 h at room temperature. HRP-conjugated secondary anti-
bodies were applied for 1 h at room temperature and membranes were
developed using Pierce ECL Western Blotting substrate (Fisher Scien-
tific). Scanning laser densitometry was performed on Western blots that
compared phospho (Thr 18/Ser 19)-MLC expression levels between
Rockout- and DMSO-treated retinas using Image] and were normalized
to the corresponding actin expression levels.

Retinal culture/live-cell imaging. Adult (6—12 months of age) albino;
Tg[gfap:EGFP]™'" zebrafish were exposed to constant intense light for
35 h, the eyes were enucleated, and the sclera and lens removed to obtain
the retina. The retina was cut from the optic stalk toward the anterior and
posterior sites and the dorsal portion was mounted on Cell-Tak-coated
(70 pg/ml diluted in 0.1 mm NaHCOs; BD Biosciences) Fluoro-dishes
(World Precision Instruments) with the ganglion cells facing the glass
coverslip. Retinas were overlaid with 1% agarose dissolved in MEM and
cultured in MEM without phenol red containing penicillin/streptomycin
(Thermo Scientific), 25% horse serum, 25% Hank’s balanced salt solu-
tion supplemented with 1 mm CaCl, and 1 mm MgCl, (adjusted from
Surzenko et al., 2013), and incubated in a 5% CO,/air environment at
32°C. The materials required for culturing retinal explants were obtained
from LifeTechnologies unless otherwise stated. Because Tg[gfap:
nGFP] ™20 zebrafish (13-14 months of age) were pigmented, they were
exposed to constant intense light for 40 h to ensure that their retinas had
been readily damaged. Cultures from Tg[gfap:nGFP]™2%** zebrafish
were prepared as described above.

Live-cell imaging was performed using an inverted Nikon Al Mul-
tiphoton microscope equipped with a 40X Apo long distance water-
immersion objective (NA 1.15). Retinal cultures were maintained at a
temperature of 27-29°C in a gas chamber supplied with 5% CO,/air for
the duration of the experiment starting 48 h after the onset of the light
treatment. The EGFP was excited with a Mai Tai IR laser (Spectraphysics)
setat 910 nm and 512 X 512 images were acquired at a zoom of two. For
cultures from Tg/gfap:nGFP]™2°°* zebrafish, images were also acquired
at a zoom of two, but were cropped to a field of view of 340 X 340 pixels
to increase the z-stack acquisition speed. Time-lapse imaging was per-
formed continuously for 5-6 h, recording z-stacks at 0.7 wm z-step size
that extend from the ganglion to the photoreceptor cell layer. Relative
z-intensity correction was applied to compensate for loss of z-depth in-
tensity. 3D reconstructions were prepared for a subregion using Nikon
elements software. Data analysis was performed on three independent
retinas for both albino; Tg[gfap:EGFP] ™" and Tg[gfap:nGFP]™2%% cul-
tures. To determine the velocities of apical and basal nuclear migration,
maximum Xx-z or y—z projections were prepared from cropped subre-
gions that contained a dividing Tg[gfap:nGFP]™2°**_positive nucleus
using Nikon elements software. Because only nuclei are labeled in Tg
[gfap:nGFP]™2°°* zebrafish, the basal limit of the retina could not be
visualized and could therefore not serve as reference to measure distances
that nuclei had migrated. Therefore, to obtain a reference point, we
identified a Tg[gfap:nGFP] ™2°**_positive nucleus positioned in the basal
INL in the maximum projection that did not migrate throughout the
imaging period. The distance that a nucleus migrated was measured
relative to this reference nucleus using Nikon elements software and
plotted against the time using Microsoft Excel. To determine the veloci-
ties of apical (v,) and basal (v,) nuclear migration, linear regression
curves (y = mx + ¢) were fitted in which the slope “m” represents the
velocity (dx/dt). To determine v,, a linear regression curve was fitted to
the period of nuclear movement before the nuclear envelope broke
down; for v, linear regression analysis was performed on the initial
period of rapid basal movement (see Fig. 2I).
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Mitotic Miiller glia are present in the ONL beginning at 35 h of light treatment. A~L, N-V, Single z-plane confocal images of albino; Tg[gfap:FGFP]™"" zebrafish (A-D, I-L, N~P, T-V)

colabeled with the proliferation marker PCNA (EL) or the mitosis marker pH3 (@—V) and counterstained with the nuclear dye DAPI (I-L, T-V) showing Miller glia in their typical basal position in
the INL at 0 and 30 h of light treatment and a subset of Miiller glia soma in the ONL at 35 h. Diffuse, cytoplasmic PCNA and the presence of pH3 in ONL Miiller glia indicate that these cells were
undergoing mitosis (arrow, C, D, G, H, K, Land P, S, V, respectively). Arrowheads indicate EGFP-positive cells containing nuclear PCNA. D, H, L, ONL Miller gliain €, G, and K at higher magnification
and adjusted brightness of PCNA to illustrate cytoplasmic PCNA (arrow) in mitotic cells. M, Histogram displaying the number of PCNA and gfap:£GFP double-positive cells in the ONL and INL. Dotted
line indicates approximate number of Miller glia in undamaged retinas. Quantification reveals that the onset of Miiller glia soma migration to the ONL coincides with the occurrence of pH3 at 35 h
(W) and that the total number of gfap:EGFP-positive cells significantly increased at 40 and 45 h, immediately after the onset of Miiller glia nuclear migration (X). ¥, (Figure legend continues.)
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Quantitative real-time PCR and RT-PCR. RNA was isolated from dor-
sal retinas obtained from light-damaged albino zebrafish (0, 16, 35, 51,
68, and 96 h) using TRIzol (Life Technologies) according to the manu-
facturer’s instructions and stored at —80°C. cDNA was synthesized using
Superscript IIT First Strand synthesis kit (Life Technologies) and sub-
jected to quantitative real-time PCR as described previously (Nelson et
al., 2012). Primers used in this study were as follows: rockl (F: 5" GAG
GTTTTTGCAGAGGACAG, R: 5° CAGTCTCCTCGATCAATGTC),
rock2a (F: 5° GAAAACCGGCTGAGACAACT, R: 5 TAAGGCCGG
AAAGTCCAGAT), rock2b (F: 5 GGGTGAGAAAACTAGAGACG,
R: 5" CTGGATGGTTCAGATCAAGG), 18 S (F: 5° AATTGACG
GAAGGGCACCAC, R: 5" CTAAGAACGGCCATGCACCA). Quantita-
tive real-time PCR was performed on a minimum of three biological
replicates, as well as three technical replicates for rockl, rock2a, and
rock2b transcripts.

To confirm that rock2a and rock2b morpholinos successfully pre-
vented splicing of the corresponding mRNA, cDNA was synthesized
from isolated RNA as described above. The following primers were used
for reverse transcriptase PCR: rock2a: (F: 5 TCTGGACAAGTCC
GGGGTA, R: 5" AGATCTCCACCTGGCATGTA), rock2b: (F: 5" GG
ATTCAGTAACTGCCCTTG, R: 5" GAGTTTGAGGTGTCCATTGC).
The PCR products were gel extracted using QIAquick gel extraction kit
(Qiagen), subcloned into pCR4-TOPO vectors (Life Technologies) ac-
cording to the manufacturer’s guidelines, and sequenced at the Notre
Dame Genomics facility to confirm their identity.

Results

Mitotic Miiller glia and NPCs are localized in the ONL
Recently, mitotic Miiller glia nuclei were observed in the ONL of
light-damaged zebrafish retinas after brief exposure to high-
intensity light, which suggests that proliferating Miller glia un-
dergo INM similar to NPCs during retinal development (Pearson
etal., 2005; Baye and Link, 2007; Del Bene et al., 2008; Norden et
al., 2009; Nagashima et al., 2013). To investigate the mechanisms
that regulate INM during retinal regeneration, we initially con-
firmed that Miller glia undergo INM in dark-adapted zebrafish
that were exposed to constant intense light that causes photore-
ceptor cell death (Vihtelic and Hyde, 2000; Vihtelic et al., 2006).
Retinal sections from light-damaged albino;Tg[gfap:EGFP]™"!
zebrafish, which express EGFP specifically in all Miiller glia under
the control of the glial fibrillary acidic protein ( gfap) promoter
(Kassen et al., 2007), were colabeled with the proliferation
marker proliferating cell nuclear antigen (PCNA). PCNA-
positive Miiller glia were first observed at 25 h of light treatment
(Fig. 1M). At this time point and at 30 h of light treatment (Fig.
1F,J,M), PCNA-positive Miiller glia were located in the basal
region of the INL, where quiescent Miiller glia typically reside in
the undamaged retina (Fig. 1 A, B,E,F,1,],M). In contrast, at 35 h
of light treatment, a subset of Miiller glia had migrated apically
into the ONL (Fig. 1C,G,K, M), the equivalent region where
NPCs undergo mitosis during retinal development. Compared
with their typical stellate appearance in the INL (Fig. 1 A, B), these
ONL Miiller glia were often increased in size and rounded (Fig.
1C), which are both hallmarks of dividing cells (Meyer et al.,
2011; Spear and Erickson, 2012). Moreover, Miiller glia posi-

<«

(Figure legend continued.)  Distance that pH3-positive Miiller glia nuclei migrated from the
basal limit of the INL (white arrow) and the INL width (green arrow) were measured on confocal
sections labeled with DAPI (blue) and pH3 (red). pH3-positive nuclei in the basal retina repre-
sent Miiller glia in their typical position, whereas those in the apical portion had migrated. Z,
Histogram of the distribution of pH3-positive nuclei in the retina during the light treatment
time course. GCL, Ganglion cell layer. Data are shown as mean = SE, n = 10, *p < 0.05,
ANOVA, Bonferroni post hoc test compared with 30 h of light treatment. Scale bars, 20 em in
A-C E-G,I-K,and N-V.
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tioned in the ONL were characterized by diffuse labeling of
PCNA in the cytoplasm that was excluded from DAPI-labeled
mitotic chromatin structures (Fig. 1C,D,G,H,K,L, arrows) in
contrast to their INL counterparts that displayed nuclear PCNA
(Fig. 1G,K, arrowheads). Exclusion of PCNA from the nucleus
occurs during mitosis after nuclear membrane breakdown
(Hutchison and Kill, 1989; Leung et al., 2011). At later stages
during the light damage time course (40 and 45 h), gfap:EGFP-
positive cells, representing either Miiller glia or their derived
NPCs, were also observed in the ONL (Fig. 1M). The timing
between the first upregulation of PCNA in the Miiller glia at 25 h
of light treatment and the onset of INM at 35 h suggests that the
combined length of the G, S, and G, phases of proliferating Miil-
ler glia is ~10 h. This is in good agreement with the approximate
time that is required to complete the G, S, and G, phases during
retinal development (Leung et al., 2011). Subsequent to Miiller
glia migration to the ONL at 35 h of light treatment, the number
of PCNA-positive cells in the INL steadily increased above the
number of gfap:EGFP cells that are observed in the undamaged
retina (Fig. 1M, dotted horizontal line), indicating that the onset
of INM correlates with mitosis and the generation of NPCs. In
support, the time when Miiller glia migration to the ONL was
first observed coincided with the occurrence of a few PCNA dou-
blets in the INL indicating that cell division had taken place in
some Miiller glia (data not shown and Nelson et al., 2012). To-
gether, the morphological changes of ONL Miiller glia, their
cytoplasmic localization of PCNA, the mitotic chromatin struc-
tures, and the increase in proliferating INL cells above the num-
ber of Miiller glia present in the undamaged retina strongly
suggest that Miiller glia migrated to the apical retina to undergo
mitosis starting at 35 h of light treatment.

To confirm that Miiller glia migrated to the ONL to undergo
mitosis, we immunocytochemically stained light-damaged reti-
nal sections from albino; Tg[gfap:EGEP] ™" zebrafish with an an-
tibody to pH3 that labels cells in the late stage of G, and during
early phases of mitosis (Hendzel et al., 1997). In both undamaged
and 30 h light-damaged retinas, gfap: EGFP-positive Miiller glia in
the INL did not colabel with pH3 (Fig. 1N, O,Q,R, T,U,W). At
35 h, pH3 colocalized with DAPI-positive mitotic chromatin
structures in EGFP-positive cells in the ONL (Fig. 1P,S,V) and
persisted at later time points (40 and 45 h of light treatment; Fig.
1W), confirming that cells divided in the ONL in our light dam-
age model. In support of cell division occurring, the total number
of gfap:EGFP-positive cells (sum of those in the INL and ONL)
significantly increased from 45.6 % 1.8 cells/300 wm at 30 h (time
point before mitosis, n = 14) to 62.8 = 2.3 cells/300 wm (Fig. 1X;
n = 11, ANOVA, p = 0.0003, F;, = 3.33; Bonferroni test be-
tween 30and 40 h, p < 0.05) and 78.7 = 7.1 cells/300 um (n = 12,
Bonferroni test between 30 and 45 h, p < 0.05) at 40 and 45 h,
respectively. This indicates that Miiller glia exhibited INM to the
ONL to undergo cell division that generated NPCs.

In addition to pH3-positive ONL Miiller glia, we also ob-
served a subset of pH3-positive cells in the apical and basal INL at
35 h. To determine the frequency of pH3-positive Miiller glia
localizing to the ONL versus the apical or basal INL during retinal
regeneration, we labeled retinal sections with the nuclear dye
DAPI to identify the boundaries of the INL and ONL. The per-
centage of pH3-positive Miiller glia present in the basal and apical
halves of the INL and the ONL were determined (Fig. 1Y). At35h
of light treatment 65.8 = 7.8% of the pH3-positive Miiller glia
were localized in the ONL (n = 13), whereas 5.4 = 3.1% and
28.8 = 6.3% were observed in the basal and apical INL, respec-
tively (Fig. 1Z). A similar distribution was observed at 40 h of
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Figure2. Live-cellimaging of INMin adult zebrafish retinal explants. A, Schematic of a retinal cross-section. The black arrows indicate the z-planes at the level of the ONL (Ba—Bk) and Miiller glia
soma (Ba'—Bk'). B, Time-lapse image series of retinal explant cultures from adult albino Tg[gfap:FGFP]™"" zebrafish at 48 h of light treatment acquired by multiphoton microscopy showing that
Miiller glia divide in the ONL (arrows) and that their division plane is horizontal to the surface of the epithelium. Arrowheads indicate a Miller glia present in the ONL at the onset of image acquisition
that displayed hallmarks of mitosis but did not divide during the 2 h recording. Scale bar, 20 um. C-E, Histograms depicting the percentage of cells undergoing INM (C), the location of mitosis (D),
and the division plane (E). F, Time-lapse image series of a 3D reconstruction of the z-series for the cell surrounded by a square in Bc. Arrows indicate the position of the cell soma as it migrates apically
tothe ONLand returns basally. Scale bar, 20 wm. G, H, Time-lapse image series of a 3D reconstruction of retinal cultures from adult Tg/gfap:nFGFP] ™2°% zebrafish giving an example of cells dividing
horizontally (G) or vertically (H). Arrowheads point to the basal region of the nucleus or the soma after nuclear membrane breakdown. Stars indicate the time point of nuclear membrane breakdown.
Scale bars in G, H, 10 pum. I, Graph depicting the distance the nucleus (FO) displayed in G and its daughter nuclei (D1, D2) traveled in relation to the basal INL (Figure legend continues.)
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light treatment (Fig. 1Z; ONL: 65.8 * 9.5%, apical INL 30.4 =
9.8% and basal INL 3.8 * 3.8%, n = 13). However, 90.1 = 4.6%
of the pH3-positive, gfap:EGFP-positive cells (Fig. 1Z; n = 13)
were present in the ONL at 45 h of constant exposure to intense
light, a time point when the first NPCs undergo mitosis, as evi-
denced by the occurrence of four PCNA-positive cells in some
clusters (Fig. 1Z and data not shown). This predominant ONL
distribution of pH3-positive cells is maintained at subsequent
time points when NPCs divide (Fig. 1Z; 51 h: 77.5 £ 8.7%, n =
12; 68 h: 91.3 * 5.3%, n = 10). These data suggest that both
Miiller glia and NPCs underwent INM to the ONL.

Live-cell imaging confirms that Miiller glia/NPCs

undergo INM

The position of pH3-positive nuclei along the apicobasal axis of the
retina suggests that Miiller glia undergo INM in the adult regenerat-
ing retina. To confirm this hypothesis, we performed live-cell imag-
ing of adult retinal cultures from albino;Tg/gfap:EGEP]™"
zebrafish. Retinas isolated at 35 h of light treatment were cultured as
whole mounts for 10-12 h to recover from the acute damage suf-
fered before z-stack time-lapse imaging was performed through the
retinal thickness by multiphoton microscopy. Single images from
two focal planes, the basal INL, where Miiller glia reside, and the
ONL, were chosen as indicated (Fig. 2A). Cell bodies of a subset of
gfap:EGFP-positive cells that were located in the INL at the onset of
imaging (arrows, Fig. 2Ba’, Bb") decreased in size over time (arrows,
Fig. 2Bc'-Be'), whereas gfap:EGFP-positive soma became present in
the ONL (arrows, Fig. 2Bc—Be). These ONL gfap:EGFP-positive
soma had a round morphology, characteristic for cells undergoing
mitosis (Meyer et al., 2011; Spear and Erickson, 2012). After 55 and
63 min of imaging, two gfap:EGFP-positive soma in the ONL
showed clear signs of cell division (arrows, Fig. 2Bf, Bg). Typically,
those dividing cells pulled apart and the cleavage plane became visi-
ble (arrow pointing to cleavage plane, Fig. 2Bf, Bg) before they col-
lapsed and decreased their size in the ONL (Fig. 2Bh—Bk) while
returning to the INL (Fig. 2Bh’-Bk"). Of the cells observed, 85.3 =
3.6% and 90.3 * 3.6% of the gfap:EGFP-positive soma migrated
apically and basally, respectively, during the time of recording (Fig.
2G; 51 dividing cells, 3 independent retinal cultures). A subset of cells
were already positioned in the ONL (Fig. 2C; 11.5 = 2.9%) at the
onset of imaging. Occasionally, we observed a gfap:EGFP-positive
cell in the ONL that exhibited a round morphology typical for being
in a mitotic state, but remained there for several hours before cell
division took place. For example, one ONL cell (arrowhead, Fig
2Ba—Bk) took >6 h to divide (data not shown). The majority of cells
divided in the ONL (Fig. 2D, 81.8 * 6.9%), whereas only 1.4 = 1.4%
underwent cell division in the INL where Miiller glia typically reside.
The remaining gfap:EGFP-positive cells (Fig. 2D; unidentified:
16.8 * 8.0%) migrated first apically and then basally, but the loca-
tion of the cell division was not identifiable. The cleavage plane of
77.4 * 4.8% of the ONL gfap: EGFP-positive cells (41 of 51 observed)
was vertical to the apical surface of the retina (Fig. 2Bf, E, arrows are
aligned with cleavage plane), which is consistent with the horizontal
alignment of the spindle apparatus and anaphase chromatin along
the apical surface during retinal development (Horne-Badovinac et
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(Figure legend continued.)  position throughout the time lapse. Bars above the trace indicate
the time period used to calculate the velocities of apical (v, ) and basal migration (v, ). J, Histo-
gram displaying the velocities of apical and basal nuclear migration. Images are representative
fromthreeindependent retinal cultures. Dataare shownasmean = SE, 7, o, eepy = 51 cells,
Mrgratapnarey = 80 Cells from three different retinal explants each. GCL, Ganglion cell layer.
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al., 2001; Cayouette and Raff, 2003). Therefore, this type of cell divi-
sion will be referred to as “horizontal” to conform to nomenclature
used during retinal development. The division plane of the residual
22.6 * 4.8% of the ONL gfap:EGFP-positive cells could not be con-
vincingly identified (Fig. 2E). 3D reconstructions of z-stack images
through the depth of the retina further confirmed that gfap:EGFP-
positive soma migrated to the ONL to divide horizontally before
migrating basally into the INL (Fig. 2F).

To further characterize the migratory and division pattern of
Miiller glia/NPC nuclei, we prepared retinal cultures from Tg/gfap:
nGFP]™200% ebrafish, which localize GFP in the nucleus of acti-
vated Miiller glia/NPCs (Bernardos et al., 2007; Nagashima et al.,
2013). Similar to albino; Tg[gfap:EGFP]™"" retinal cultures, 82.46 =
3.39% of dividing Tg/gfap:nGFP]™>*** nuclei (80 dividing cells, 3
independent retinal explants) migrated apically into either the upper
INL or ONL to undergo mitosis (Fig. 2G), whereas 16.5 = 3.8%
already resided in the ONL at the onset of the time lapse. Although
the majority of nuclei divided in the ONL (85.6 = 4.3%), 1.1 = 1.1%
and 3.8 = 0.3% of nuclei divided in the basal and apical INL, respec-
tively. The position of the remaining nuclei that divided vertically
(9.5 * 3.6%) could not be classified as either ONL or INL because
one nucleus was typically observed in the ONL and the other in the
INL during mitosis (Fig. 2H ). Regardless of the location of the nu-
clear division, the predominant orientation of the division plane was
horizontal (Fig. 2G; 90.5 = 3.6%).

Nuclei migrated, on average, 11.8 *= 1.2 um apically (Fig. 2I)
with a velocity of 8.8 0.5 um/h (Fig. 2J; R* = 0.89 * 0.020) before
the nuclear envelope broke down as evidenced by the distribution of
GFP throughout the whole cell (Fig. 2G, 110 min; H, 48 min). Upon
nuclear envelope breakdown, the position of chromatin could not be
measured and thus it was not possible to determine the velocity of
the second phase of apical INM. During this second phase of apical
INM, the chromatin migrated an additional 11.4 * 1.1 um based on
the difference between the last position measured before nuclear
envelope breakdown and the first position after nuclei became visi-
ble after mitosis. We attempted to label retinal cultures with Hoechst
to monitor the migration of nuclei after nuclear membrane break-
down and to determine the velocity of the second phase of apical
INM. However, the long-term presence of Hoechst in retinal cells, in
conjunction with multiphoton imaging, resulted in toxicity and
stalling of the cell cycle (data not shown). Mitosis lasted on average
38.1 = 5.2 min before 61.4 * 15.9% of cells migrated 26.6 * 2.7 um
basally into the INL (Fig. 2I') with an average velocity of —26.2 = 5.7
wm/h (Fig. 2J; R* = 0.94 *+ 0.0087), suggesting that this movement
might be driven by an active mechanism. Live-cell imaging of retinal
whole-mount cultures convincingly demonstrated that Miiller glia/
NPCs underwent INM to primarily divide horizontally in the ONL.

Actin cytoskeleton mediates INM during retinal regeneration

During retinal development, it was shown that filamentous actin
(f-actin) accumulates at the rear of migrating NPC nuclei and
that actin-myosin-mediated contraction facilitates INM (Nor-
den et al., 2009). If the actin cytoskeleton were critical in mediat-
ing INM, then we might expect to observe a similar accumulation
of f-actin in Miiller glia at the onset of INM. Therefore, we labeled
retinal sections with fluorescently tagged phalloidin, which spe-
cifically binds f-actin. In undamaged retinas, phalloidin labeled
the photoreceptor inner segments, the outer plexiform layer and
the inner plexiform layer (IPL) (Fig. 3A,D,G) as described previ-
ously (Lewis et al., 1995; Hale et al., 1996). Moreover, the nuclei
of the horizontal cell layer were strongly surrounded by a network
of f-actin (Fig. 3A, G, asterisks) and cells/nuclei in the ONL and
INL were weakly outlined (Fig. 3A, G). At 30 h of light treatment,
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Figure3.  Formation of f-actin at the rear of migrating Miller glia at 35 h of light treatment. Single z-plane confocal images of
phalloidin-labeled f-actin (4—C) inretinal sections from albino; Tg[gfap:EGFP] "1 zebrafish (D—F) that were eithernondamaged (0
h; A, D, G) or light treated for 30 (B, E, H) or 35 h (C, F, I). Merged images that were counterstained with the nuclear dye DAPI are
displayed in G-1. Asterisks indicate horizontal cells that are surrounded by f-actin. Arrows indicate f-actin in the rear of ONL Miiller
glia. Inset (C, F, I) marked discontinuous f-actin labeling lining the horizontal cell layer at sites where Miiller glia migrate into the
ONL (arrowhead). GCL, Ganglion cell layer; IS, inner segments. Scale bar, 15 wm in A-I.
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localized to the processes of gfap:EGFP-
positive Miiller glia that were positioned
in the ONL (Fig. 3C,F,I). Moreover, the
actin filaments surrounding the horizon-
tal cell layer were discontinuous at sites
where Miiller glia were migrating into the
ONL (inset, Fig. 3C,F,I). These data
showed a clear correlation among the on-
set of actin filament formation in Miiller
glia, the structural changes of f-actin lin-
ing the horizontal cell layer, and the onset
of INM, suggesting that this cytoskeletal
component facilitated nuclear migration.

To test functionally whether the actin
cytoskeleton mediates INM, we intraperi-
toneally injected either the actin polymer-
ization inhibitor cytochalasin D (25 um;
Carlier et al., 1986; Becker and Hart, 1999)
or the vehicle control DMSO (1:1000) at
28 h of light treatment, before the onset of
INM. The positions of pH3-positive nu-
clei were analyzed to determine whether
inhibiting f-actin formation disrupts
nuclear migration. Cytochalasin D signif-
icantly increased the percentage of pH3-
positive nuclei in the basal INL region,
where quiescent Miiller glia typically re-
side (Fig. 4A-I; cytochalasin D: 41.7 *
10.3%, n = 11; DMSO: 10.0 £ 4.3%, n =
13, p = 0.003) at the expense of those in
the ONL relative to DMSO vehicle con-
trols at 35 h of light treatment (Fig. 4A-;
cytochalasin D: 15.9 = 9.5%, n = 11;
DMSO: 43.4 = 10.3%,n = 13, p = 0.033).
Phalloidin staining showed reduced levels
of labeled actin filaments in retinas ex-
posed to cytochalasin D compared with
those treated with DMSO (Fig. 4J-O).
In addition, only 4 of 11 cytochalasin
D-treated retinas contained actin fila-
ments at the rear of Miiller glia, whereas 7
out 8 DMSO-exposed retinas exhibited
phalloidin-labeled actin filaments in Miil-
ler glia, which confirmed that cytochala-
sin D reduced actin filament formation.
Together, both the presence of actin fila-
ments at the rear of migrating Miiller glia
nuclei at the onset of INM and the in-
crease in basally located mitotic nuclei af-
ter cytochalasin D exposure indicated that
the actin cytoskeleton drove Miiller glia
INM during retinal regeneration.

Rock2a and rock2b mRNA levels are not
significantly upregulated in the light-
damaged retina

Actin-myosin-mediated contraction is
regulated through phosphorylation of

when Miiller glia had re-entered the cell cycle, a similar pattern ~ MLC, which can be mediated by various kinases that include
was observed except that the ONL and the photoreceptor inner ~ Rocks, MLC kinases, and citron kinase (Vicente-Manzanares et
segments displayed a high degree of disorganization resulting  al., 2009). Recently, Rock2a was implicated in controlling the
from the loss of photoreceptors (Fig. 3B,E,H). At 35 h of light  position of mitotic nuclei during retinal development (Herder et
treatment, when Miiller glia INM had initiated, f~actin strongly  al., 2013). To determine whether Rocks might play a role in me-
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(ytochalasin D alters the localization of pH3-positive nuclei at 35 h of light treatment. A~H, J~0, Single z-plane confocal images of albino; Tg[gfap:FGFP]™"" zebrafish that were

intraperitoneally injected with either DMSO (4, C, E, G, J, L, N) or 25 um cytochalasin D (CytoD; B, D, F, H, K, M, 0) and immunocytochemically labeled with pH3 (4, B, G, H) and PCNA (C, D, G, H) or
phalloidin (J, K, N, 0) and counterstained with the nuclear dye DAPI (G, H, N, 0). Exposure to cytochalasin D altered the position of pH3-positive Miiller glia (A, B, G, H), but did not affect the number
of PCNA-positive cells (C, D, G, H) at 35 h of light treatment. /, Histogram depicting the distribution of pH3-positive nuclei in the ONL and apical and basal INL in DMSO- and cytochalasin D-treated
zebrafish at 35 h of light treatment. J-0) Reduced intensities of phalloidin-labeling were observed in cytochalasin D-treated retinas compared with those that received DMSO. Arrows indicate f-actin
at the rear of migrating Miiller glia nuclei. Data are shown as mean == SE, n = 11, Student’s t test, *p << 0.05 between corresponding regions in DMSO and cytochalasin D-treated samples. GCL,

Ganglion cell layer. Scale bar, 20 pm in A-H and J-0.
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Figure 5.  Temporal mRNA expression patterns of rocks. mRNA was isolated from dark-
adapted undamaged (0 h) and light-damaged retinas (16—96 h) and expression levels were
analyzed by qRT-PCR. Both rock2a and rock2b expression increased in light-damaged retinas
relative to undamaged controls (0 h), although not significantly. In contrast, rock7 mRNA re-
mained relatively constant. Data are shown as mean = SE,n =3, ANOVA, p > 0.05.

diating INM during retinal regeneration, we determined the tem-
poral expression pattern of the different members of the rock gene
family (rockl, rock2a, and rock2b) in the light-damaged zebrafish
retina using qRT-PCR. Baseline levels of rock] mRNA were ob-
served throughout the light damage time course (Fig. 5; ANOVA,
p = 0.94). In contrast, rock2a and rock2b mRNA levels were up-
regulated relative to undamaged control retinas (0 h) at 16 and

35 h of light treatment, although this increase was not statistically
significant (Fig. 5; ANOVA, rock2a: p = 0.26; rock2b: p = 0.56).
Although the mRNA levels were not significantly increased, small
changes in mRNA levels could be amplified at the translational
level. Therefore, the small changes in rock2a and rock2b mRNA
levels at 35 h of light treatment, when Miiller glia nuclear migra-
tion was first observed, might result in significant increases in
Rock2a and Rock2b protein that might play a role in INM.

Rock2a and Rock2b are required for apical migration in
light-damaged retinas
Because Rock2 was implicated previously in mediating INM in
the developing retina, we used the Rock inhibitor Rockout to
determine whether Rocks are required for actin-myosin-
mediated contraction during INM in the regenerating retina. al-
bino; Tg[gfap:EGEP]™"" zebrafish were systemically exposed to 25
uM Rockout or the vehicle control DMSO (1:2000) starting at
28 h of light treatment and the position of mitotic Miiller glia
(pH3-positive) were assessed after 35 h oflight treatment. Retinas
treated with 25 uM Rockout possessed significantly more pH3-
positive Miiller glia in the basal INL (Fig. 6A-I;25.6 * 8.5%, n =
18, p = 0.003) relative to DMSO controls (4.9 = 1.8%, n = 27).
These data suggest that inhibition of Rocks disrupted Miiller glia
INM in the light-damaged adult zebrafish retina.

At time points when NPCs divide, pH3-positve nuclei
predominantly localized to the ONL (Fig. 1Z). To determine
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Figure 6. Inhibition of Rocks as well as rock2a and rock2b double knockdowns alter the position of pH3-positive Miiller glia and

of NPC nuclei after light damage. A—H, Single z-plane confocal images of albino; Tg[gfap:FGFP] ™" zebrafish that were exposed to
either DMSO (A, C, E, G) or 25 pum Rockout (B, D, F, H) were immunocytochemically labeled with pH3 (4, B) and PCNA (C, D).
Inhibition of Rocks altered the position of pH3-positive Miiller glia (4, B, G, H), but not the number of PCNA-positive cells (C, D, G,
H) at 35 h after starting the light treatment. Histograms depict the distribution of pH3-positive nuclei in the ONL and apical and
basal INL in DMSO- and Rockout-treated zebrafish at 35 h (/) and 45 h (J) after starting the light treatment. Data are shown as
mean = SE, n =18, Student’s t test, *p << 0.05 between corresponding retinal regions in DMSO- and Rockout-treated samples.
K, Immunoblot of phosphorylated MLC (pMLC, Thr18/Ser19) and actin as a loading control in DMSO and Rockout-treated retinal
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whether NPCs also require Rock activity
to migrate to the ONL, light-damaged ze-
brafish were exposed to either DMSO or
25 uM Rockout from 28 to 45 h after the
start of the light treatment. Similar to
Miiller glia, the number of pH3-positive
NPCs was significantly increased in the
basal INL in the presence of 25 uM Rock-
out at 45 h of light treatment compared
with DMSO controls (Fig. 6J; Rockout:
18.6 £ 4.9%, n = 22; DMSO: 2.8 £ 1.2%,
n = 26, p = 0.0008). Accordingly, signifi-
cantly fewer pH3-positive NPCs were ob-
served in the ONL in Rockout-exposed
retinas (Fig. 6/;39.8 = 7.4%,n = 22,p =
0.0007) relative to DMSO controls
(73.8 = 6.8%, n = 26). Similar changes in
the distribution of pH3-positive cells were
observed when retinas were exposed to 25
uM Rockout from 28 to 72 h (data not
shown). Together, our data suggest that
INM of both Miiller glia and NPCs was
facilitated by Rocks.

Phosphorylation of MLC is required
for the function of myosin and conse-
quently actin-myosin-mediated contrac-
tion (Vicente-Manzanares et al., 2009).
Because MLC is one direct target of Rocks
(Amano et al., 1996; Vicente-Manzanares
et al., 2009), we performed immunoblot
analysis to test whether exposure to Rock-
out inhibits MLC phosphorylation. Al-
though exposure of retinas to Rockout
resulted in reduced phosphorylated MLC
levels compared with DMSO controls
(Fig. 6K; 0.57 = 0.05 and 1.0 = 0.20, re-
spectively, n = 3, p = 0.052), this reduc-
tion failed to reach statistical significance.
Together, these data suggest that the dis-
ruption of actin-myosin-mediated con-
traction might be the underlying cause for
the change in the distribution of pH3-
positive nuclei along the apicobasal axis in
Rockout-treated retinas.

Rock2a was previously implicated in
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lysates. n = 3. L, RT-PCR was performed on cDNA obtained
from embryos to determine the efficacy of the rock2a [top, 24 h
postfertilization (hpf)] and rock2b (bottom, 72 hpf) splice
junction morpholinos, respectively. M, N, Histograms of the
distribution of pH3-positive nuclei in the retina depicting that
significantly more pH3-positive nuclei were located in the
basal INL in rock2a and rock2b double morphants relative to
standard control morphants at 45 h (M) and 72 h (N) of light
treatment. 0T, Single z-plane confocal images of albino;Tg-
[gfap:EGFP]™"" zebrafish that were electroporated with either
a standard control morpholino (0, @, S; SCMO) or a combina-
tion of rock2a and rock2b splice site morpholinos (P, R, T),
light-damaged for 72 h, and immunocytochemically labeled
forpH3 (0, P, S, T) and GFP (Q—T) and counterstained with the
nuclear dye DAPI (S, T). GCL, Ganglion cell layer; SC MO, stan-
dard control morpholino; wt, wild-type. Scale bar, 20 um for
A-Hand 0-T.
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mediating INM in the developing medaka retina (Herder et al.,
2013). In the adult regenerating retina, we observed that rock2a
and rock2b mRNAs were upregulated, although not significantly,
at 16 and 35 h of light treatment. To confirm the Rockout results
suggesting a role for Rocks in INM, we used splice site targeting
morpholinos to knockdown the expression of Rock2a and
Rock2b. Initially, RT-PCR analysis of mRNA from morpholino-
injected embryos and light-damaged retinas was used to verify
the efficacy of the morpholinos. Standard control morphants
amplified the expected 653 bp product from mRNA that was
obtained from either injected embryos at 24 h post fertilization or
35 h light-damaged retinas (Fig. 6L, top, and data not shown). In
contrast, the rock2a morphant cDNA predominantly amplified a
slightly shorter fragment (Fig. 6L, top, and data not shown). Se-
quence analysis of this shorter PCR product revealed that the
rock2a morpholino caused the exclusion of exon 3 in the mor-
phant mRNA, resulting in a premature translation stop codon
and a protein with a disrupted catalytic domain (data not shown).
Similarly, the rock2b splice site morpholino (Wang et al., 2011)
caused a deletion of exon 3, resulting in a predominant PCR
fragment that was shorter relative to the wild-type product ob-
served in standard control morphants (Fig. 6L, bottom, expected
PCR product size 550 bp, and data not shown). Deletion of exon
3 of rock2b morphant mRNA resulted in a premature translation
stop codon that disrupted the catalytic domain of Rock2b. Hav-
ing established that both rock2a and rock2b morpholinos success-
fully disrupted splicing, we examined next whether disrupting
both rock2a and rock2b splicing altered the position of pH3-
positive nuclei.

The rock2a and rock2b splice site targeting morpholinos were
combined, intravitreally injected, and electroporated into albino;
Tglgfap:EGFP]™'" zebrafish before they were exposed to con-
stant intense light for 45 or 72 h. Similar to Rockout-exposed
retinas, rock2 double morphant retinas contained significantly
more pH3-positive nuclei in the basal INL relative to standard
control morphants at both 45 and 72 h of light treatment (Fig.
6M-T; 45 h: rock2a+b: 20.8 = 12.5%, n = 4; standard control:
0 £ 0%, n =8, p = 0.016; 72 h: rock2a+b: 14.7 = 6.9%, n = 14;
standard control: 0 = 0%, n = 11, p = 0.036). In contrast, the
percentage of pH3-positive nuclei in the apical INL and the ONL
were not significantly different between rock2 double morphant
and standard control morphants at 45 (Fig. 6M; apical INL:
rock2a+b: 41.7 + 25.0%, n = 4; standard control: 31.3 = 16.2%,
n =8, p = 0.36; ONL: rock2a+b: 37.5 * 23.9%, n = 4; standard
control: 68.8 * 16.2%, n = 8, p = 0.15) and 72 h of light treat-
ment (Fig. 6N-T; apical INL: rock2a+b: 12.3 = 4.0%, n = 14;
standard control: 13.7 £ 9.0%, n = 11, p = 0.44; ONL: rock2a+b:
72.0 = 8.6%, n = 14; standard control: 86.3 = 9.0%,n = 11,p =
0.15). The total number of pH3-positive cells was also not statis-
tically different between the rock2 double morphant and standard
control morphant retinas at both 45 and 72 h of light (45 h:
rock2a+b: 0.60 = 0.29 cells/300 wm, n = 13; standard control:
0.96 * 0.30 cells/300 um, n = 12, p = 0.40; 72 h: rock2a+b:
3.06 = 0.61 cells/300 wm, n = 11; standard control: 4.43 = 0.69
cells/300 wm, n = 15, p = 0.15). Together, these data suggest that
Rock2a and Rock2b played roles in mediating INM in Miiller glia
and NPCs.

Inhibiting Rock2a and Rock2b reduces the number of
proliferating cells

During retinal development, it was suggested that cells that do
not divide apically exit the cell cycle prematurely (Del Bene et al.,
2008). Therefore, we examined whether Rockout-mediated INM
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disruption affected Miiller glia and NPC proliferation. Retinas
exposed to Rockout from 28 to 35 h after starting the light treat-
ment possessed similar numbers of PCNA-positive cells in both
the INL and ONL (INL: 36.05 = 1.86 cells/300 wm, n = 23, p =
0.91; ONL: 4.37 * 0.82 cells/300 wm; n = 23, p = 0.055) relative
to DMSO controls (INL: 36.4 = 2.29 cells/300 wm, n = 31; ONL:
7.30 = 1.23 cells/300 wm, n = 31). Although Rockout did not
disrupt the induction of Miiller glia proliferation, we examined
the effect of Rockout on NPC proliferation. At 45 h of light treat-
ment, significantly fewer PCNA-positive cells were present in the
INL of Rockout-treated retinas (Fig. 7A—G; 40.74 = 2.74 cells/300
um, n =13, p = 0.0026) relative to DMSO controls (60.65 = 5.37
cells/300 wm, n = 16). This effect persisted at 72 h of constant
intense light (Fig. 7G; Rockout: 80.55 = 6.81 cells/300 um, n =
20; DMSO: 151.81 *+ 11.67 cells/300 um, n = 18, p = 4.4 % 10 ~°).
In contrast, the number of PCNA-positive cells in the ONL,
which comprises both rod precursors and Miiller glia/NPCs,
were not significantly different in Rockout and DMSO-treated
retinas at both 45 and 72 h of light treatment (Fig. 7H ). Interest-
ingly, many PCNA-positive Miiller glia/NPC nuclei in the ONL
of Rockout-exposed retinas had a round morphology at 45 h of
constant intense light (arrowheads, Fig. 7B, D,F) relative to the
elongated nuclei in DMSO-treated controls (arrows, Fig.
7A,C,E). Moreover, the gfap:EGFP-positive cells with nuclear
PCNA in the ONL of Rockout-exposed retinas were smaller than
the mitotic cells in DMSO controls. These data suggest that a
subset of those gfap:EGFP-positive cells that migrated to the ONL
to divide did not return to the INL, but rather remained in the
ONL in Rock-inhibited retinas. To further assess this possibility,
we quantified the number of gfap: EGFP cells with nuclear PCNA
located in the ONL. Significantly more gfap:EGFP-positive cells
containing nuclear PCNA were present in the ONL of Rockout-
treated retinas relative to DMSO controls (Rockout: 21.16 * 2.69
cells/300 wm, n = 13; DMSO: 11.70 £ 2.57 cells/300 wm, n = 12;
p = 0.019). These data suggested that Rock inhibition affected
basal migration in a subset of gfap: EGFP-positive cells.

Having shown that rock2a and rock2b double knockdown
caused a similar increased percentage of pH3-positive cells to
remain in the basal INL as Rockout treatment, we also investi-
gated whether the double knockdown affected the proliferative
potential of the regenerating retina. At 45 h of light treatment, the
number of PCNA-positive cells were significantly reduced in the
INL, but not the ONL, of rock2 double morphants relative to
standard control morphant retinas (Fig. 8A,B,I,J,M,N; INL:
rock2a+b: 10.72 £ 2.69 cells/300 wm, n = 13; standard control:
34.32 + 2.96 cells/300 um, n = 11, p = 6.1 * 10~ % ONL:
rock2a+b: 12.73 £ 2.29 cells/300 wm, n = 13; standard control:
19.87 £ 3.49 cells/300 wm, n = 11, p = 0.09). The majority of the
PCNA-positive cells in both rock2 double morphant and stan-
dard control morphants were in a single-cell stage, suggesting
that fewer Miiller glia were induced to proliferate at 45 h of light
treatment in the rock2 double morphant retinas. Significantly
reduced numbers of PCNA-positive cells were also observed in
the INL of rock2 double morphant compared with standard con-
trol morphant retinas at 72 h of light treatment (Fig. 8C,D,G,
H,K,L,M; rock2a+b: 46.81 = 4.86 cells/300 wm, n = 15; stan-
dard control: 72.90 * 11.32 cells/300 wm, n = 10, p = 0.026),
whereas similar numbers were present in the ONL (Fig.
8C,D,G,H,K,L,N; rock2a+b: 46.33 = 10.86 cells/300 um, n =
15; standard control: 78.45 £ 15.08 cells/300 um, n = 10, p =
0.089). These data indicate that double knockdown of rock2a and
rock2b induced fewer Miiller glia to proliferate and delayed NPC
proliferation in the light-damaged retina. Although this is similar
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Rock inhibition reduces NPC proliferation without affecting the number of mitotic cells. A~F, Single z-plane confocal images of light-damaged albino; Tg[gfap:FGFP] ™" zebrafish that

were exposed to either DMSO (4, C, E) or 25 um Rockout (B, D, F) and immunocytochemically labeled with PCNA (4, B) and EGFP (C—F) show reduced numbers of PCNA-positive cells at 45 h of light
treatment. Arrows and arrowheads indicate PCNA-positive ONL nuclei with an elongated (A, €, E) or a round morphology (B, D, F), respectively. Histogram depicting the number of PCNA-positive
cells in the INL (G) and ONL (H) in DMSO- and Rockout-treated retinas at 45 and 72 h of light treatment. /, Histogram displaying the number of pH3-positive cells in Rockout- and DMSO-exposed
retinas at 35, 45, and 72 h after starting the light treatment. GCL, Ganglion cell layer. Data are shown as mean = SE, n = 12, Student’s t test, *p << 0.05. Scale bar, 20 wm for A-F.

to the Rock-inhibited retina, the greater numbers of proliferating
cells in the Rockout-treated retina was likely due to the applica-
tion of Rockout at 28 h after starting the light treatment relative to
the morpholino injection/electroporation before the start of the
light treatment. Therefore, the Rockout-treatment did not affect
Miiller glia induction and proliferation and permitted us to focus
on the role of Rocks in NPCs.

Fewer NPCs undergo DNA replication in

Rock-inhibited retinas

The observed reduction in INL proliferation after Rock inhibi-
tion could result from fewer cells progressing into mitosis, in-
creased cell death, or premature cell cycle exit. We first tested
whether Rock inhibition affected the transition from the S phase
into mitosis by determining the total number of pH3-positive
(mitotic) cells. Similar numbers of pH3-positive cells were pres-
ent in Rockout- and DMSO-exposed retinas at 35 h oflight treat-
ment (Fig. 7[; 25 uM Rockout: 2.40 = 0.59 cells/300 uwm, n = 23;
DMSO: 2.89 * 0.42 cells/300 wm, n = 32, p = 0.49) and 45 h of
light treatment (Fig. 7I; Rockout: 2.47 = 0. 50 cells/300 um, n =
17; DMSO: 3.58 * 0.64 cells/300 uwm, n = 16; p = 0.18). This
suggested that Rockout did not significantly affect early mitotic
events, primarily Miiller glia and early NPC mitosis. In contrast,
at 72 h of light treatment, the number of pH3-positive cells was
significantly reduced in Rockout-treated retinas (Fig. 7I; 5.41 *
0. 61 cells/300 wm, n = 20, p = 0.025) relative to DMSO controls
(7.55 = 0.69 cells/300 wm, n = 18), which likely reflects the

significantly decreased numbers of proliferating NPCs at this
time point. Inhibition of Rocks reduced proliferation without
affecting the number of mitotic events.

Using the TUNEL assay, we investigated whether apoptosis of
NPCs was the underlying cause for reduced proliferation in
Rock-inhibited retinas. TUNEL was performed on retinal sec-
tions exposed to Rockout or DMSO from 28-55 or 72 h of light
treatment. A similarly small number of TUNEL- and PCNA-
double positive cells were observed in the INL and ONL of both
Rockout- and DMSO-treated retinas at either 55 h (data not
shown) or 72 h of light treatment (INL: Rockout: 0.88 = 0.28
cells/300 wm, n = 24; DMSO: 0.43 = 0.21 cells/300 wm, n = 20,
p = 0.22; ONL: Rockout: 1.10 * 0.43 cells/300 wm, n = 24;
DMSO: 0.46 * 0.24 cells/300 um, n = 20, p = 0.23). Therefore,
cell death was not the underlying cause of reduced proliferation
in Rockout-exposed retinas.

During retinal development, disrupting INM causes nonapi-
cal cell divisions that results in premature cell cycle exit and de-
pletion of the NPC pool (Del Bene et al., 2008). Therefore, NPCs
commit to lineages that produce earlier born neurons, such as
ganglion cells, at the expense of those born later (Del Bene et al.,
2008). Therefore, we set out to determine whether inhibition of
Rocks causes premature cell cycle exit using an EdU/BrdU pulse
chase approach. Zebrafish were injected intraperitoneally with
EdU before Rockout or DMSO exposure at 28 h of light treatment
to label Miiller glia that were induced to enter the cell cycle (Fig.
9A-C). At44 h of light treatment, the EdU-treated zebrafish were
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intraperitoneally injected with BrdU to label the DNA for 1 h
until 45 h of light treatment to identify the Miiller-glia-derived
NPCs that remained in the cell cycle (Fig. 9A, D,E). The Rockout-
exposed light-damaged zebrafish possessed significantly fewer
EdU- and BrdU-colabeled cells than DMSO controls (Fig. 9H;
Rockout: 7.79 * 1.64 cells/300 wm, n = 17; DMSO: 24.05 = 3.61
cell/300 um, n = 10, p = 8.6 * 10 °). Therefore, Rockout re-
duced the number of cells that actively underwent DNA replica-
tion during the 1 h of BrdU exposure. This significant difference
persisted when EdU-labeled zebrafish were allowed to incorpo-
rate BrdU for an extended period from 44 -50 h of light treatment
(Fig. 9H; Rockout: 10.09 * 1.77 cells/300 wm, n = 13; DMSO:
35.01 *+ 6.13 cells/300 um, n = 5, p = 6.3 * 10 °). Together,
these data demonstrate that fewer cells underwent the S phase
after inhibition of Rocks, indicating that cells might have exited
the cell cycle prematurely either due to defective INM or loss of
Rho-mediated signaling, preventing cell cycle re-entry. Al-
though reduced proliferation observed in rock2a and rock2b
double morphants would be consistent with the latter expla-
nation, it is unlikely the cause because we did not observe a

difference in the number of BrdU-only-positive cells in
Rockout- and DMSO-treated retinas in the EAU/BrdU pulse
chase experiments at either 45 h (Fig. 9I; Rockout: 6.06 = 1.10
cells/300 um, n = 17; DMSO: 6.66 = 1.92 cells/300 um, n =
10, p = 0.77) or 50 h of light treatment (Fig. 9I; Rockout:
11.42 £ 2.54 cells/300 wm, n = 13; DMSO: 6.31 * 3.22 cells/
300 um, n = 5, p = 0.28). This population of BrdU-only-
positive cells represents a group of Miiller glia that was
recruited into the cell cycle after EAU was cleared from the
zebrafish (Nelson et al., 2012) during the period of Rock inhi-
bition. Therefore, inhibiting Rock-mediated signaling did not
affect the number of cells recruited into the cell cycle.

We further investigated the possibility that Rho-mediated sig-
naling directly regulated cell cycle re-entry. The cell permeable
Rho activator CNO3 (5 pg/ml) or H,O was injected intravitreally
into healthy, undamaged albino; Tg[gfap:EGFP] ™" zebrafish eyes
to test whether activation of Rho-signaling was sufficient to in-
duce proliferation. At 16 h after injection, CNO3 treatment did
not increase proliferation in either the INL or ONL in healthy
albino; Tg[gfap:EGEP] ™" zebrafish retinas relative to H,O con-
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Figure9. Rockout reduces the number of NPCs undergoing S-phase. 4, Schematic of experimental design indicating that EdU
was intraperitoneally injected at 28 h to label initially proliferating Miiller glia and BrdU at 44 and 49 h of light treatment to label
NPCs. Zebrafish were systemically exposed to DMSO or 25 um Rockout starting at 28 h. B—G, Fewer EdU and BrdU double-positive
cells were observed in single z-plane confocal images from light-damaged zebrafish exposed to 25 um Rockout (C, E, G) relative to
DMSO controls (B, D, F). Histogram depicting the number of EdU and BrdU double-positive INL cells (H) and the number of cells that
are only BrdU-positive (1) in DMSO- and Rockout-treated retinas at 45 and 50 h after starting the light treatment. GCL, Ganglion cell
layer. Data are shown as mean = SE, n = 6, Student’s ¢ test, *p << 0.05. Scale bar, 20 um for B—G.
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In support of Rho signaling playing a
role in INM, at 16 h after intravitreal in-
jection of 5 wg/ml CNO3 into undamaged
eyes, a small but significantly increased
number of Miiller glia soma were mislo-
calized to the apical INL relative to H,O
controls (Fig. 10C-H,J; CNO03: 1.79 *=
0.61 cells/300 wm, n = 11; H,0: 0 = 0
cells/300 wm, n = 8, p = 0.025). In addi-
tion, a few cells had extended into the IPL
in CNO3-treated retinas (Fig. 10D,H,]).
Although a redistribution of gfap:EGFP-
positive cells within the retina was ob-
served after Rho activation by CNO03, the
total number of gfap:EGFP-positive Miil-
ler glia was similar to H,O-injected retinas
(Fig. 10C-H; data not shown). Miiller glia
that mislocalized to the apical INL main-
tained their basal processes (Fig. 10D’),
suggesting that detachment from the
basement membrane was not the under-
lying cause for their apical displacement.
In addition, we observed that rod photo-
receptors migrated apically interspersing
with cone photoreceptors, whereas other
cell types such as HuC/D-positive ama-
crine/ganglion cells and PKCa-positive
bipolar cells did not change their rela-
tive position (data not shown). To test
whether this migratory phenotype might
be due to Rho-mediated phosphorylation
of MLC, we determined the levels of phos-
phorylated MLC by immunoblot. Intrav-
itreal injections of CN03 induced higher
levels of phosphorylated MLC relative to
H,O-injected controls (Fig. 10K), indi-
cating that the change in Miiller glial po-
sition might have resulted from increased
MLC phosphorylation. Together, these
data support a role for Rho-mediated sig-
naling events in regulating the migration
of gfap:EGFP-positive Miiller glia soma,
likely through the upregulation of pho-
sphorylated/activated MLC similar to that
observed during INM in the light-
damaged retina.

Inhibition of Notch signaling does not
rescue NPC proliferation

Disrupting INM in the developing retina
resulted in premature cell cycle exit of
NPCs, which was suggested to occur due
to reduced exposure to Notch signaling
because overexpression of the Notch in-
tracellular domain promoted NPCs to re-
main in the cell cycle (Del Bene et al.,
2008). In the regenerating adult retina,
however, inactivation of Notch signaling

trols (Fig. 10A,B,I). These data suggest that Rho activation was  is required to recruit Miiller glia into the cell cycle (Wan et al.,
not sufficient to induce Miiller glia proliferation. Therefore, = 2012; Conner etal.,2014). Therefore, we investigated whether the
Rocks unlikely regulated the decision to remain in or exit the cell ~ arising NPCs in the Rock-inhibited retina can be retained in the
cycle directly, but rather mediated INM that resulted in early cell ~ cell cycle by inhibiting Notch signaling using the y-secretase in-
cycle exit when disrupted. hibitor R04929097. Light-damaged albino; Tg[gfap:EGFP] """ ze-
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zebrafish that were intravitreally injected with either H,0 (4, C, E, G) or 5 g/ml CNO3 (B, D, F, H) were immunocytochemically labeled for PCNA (A, B) and EGFP (C, D) and revealed that Rho
activation caused Miiller glia to migrate both apically within the INL (arrowhead, D, F, H) and basally into the IPL (arrow, D, F, H) at 16 h after exposure. (D) Magnified 3D projection of the apically
migrated cell indicated by the arrowhead in (D, F, H) showing that the cell maintains its basal process (thin arrowhead). CNO3 did not induce an upregulation of PCNA-positive cells after 16 h of
treatment in either the ONL or INL in undamaged retinas (/). Histogram depicting the number of gfap:EGFP-positive cells in the ONL, apical INL, IPL, and ganglion cell layer (GCL) (J). Data are shown
asmean == SE,n = 11, Student's t test, *p << 0.05 between corresponding retinal regions in H,0- and CNO3-treated samples. K, Immunoblot of phosphorylated MLC (pMLC, Thr18/Ser19) and actin

as a loading control in H,0- and CNO3-treated retinal lysates after 16 h. Scale bar, 20 m for A-H.

brafish were intraperitoneally injected with the vy-secretase
inhibitor R04929097 (750 uM) or the vehicle control DMSO
(10%) before exposing them systemically to either 25 um Rock-
out or DMSO (1:2000) starting at 28 h of light treatment. Retinas
of the Rockout-exposed treatment groups (Rockout/DMSO and
Rockout/R04929097) contained significantly fewer PCNA-
positive cells relative to their corresponding DMSO treatment
groups (DMSO/DMSO, DMSO/R04929097) at 72 h of light
treatment (Fig. 11A—M ). However, inhibition of Notch activa-
tion by R04929097 was not sufficient to induce increased num-
bers of PCNA-positive cells in Rockout-exposed retinas relative
to those treated with Rockout/DMSO at 72 h of light treatment
(Fig. 11B,D,],L,M; Rockout/R04929097: 68.4 + 5.7, n = 16;
Rockout/DMSO: 61.1 * 3.2, n = 23; Tukey’s test, p = 0.87).
Surprisingly, R04929097 treatment of DMSO-exposed zebrafish
also did not increase the number of proliferating cells compared
with the corresponding DMSO control (Fig. 11A,C,I,K,M;
DMSO/R04929097: 148.1 = 10.9, n = 18 DMSO/DMSO:
131.9 = 9.2, n = 13; Tukey’s test, p = 0.48). The number of
PCNA-positive cells in the ONL was not statistically significant
between the DMSO/DMSO-treated zebrafish and the other treat-

ment groups (Fig. 11M; Rockout/R04929097: 20.1 = 3.6, n = 16,
Tukey’s test: ppvsommso = 0-21, Prockoutpmso = 0.55; Rockout/
DMSO: 26.7 = 3.1, n = 23, Tukey’s test: ppysopmso = 0-78;
DMSO/R04929097: 40.8 * 4.6, n = 18, Tukey’s test: priso/pmso
= 0.36; DMSO/DMSO: 31.5 = 9.2, n = 13). To ensure that the
R04929097 treatment paradigm was successful, we determined
the number of Miiller glia that were not in the cell cycle (gfap:
EGFP-positive and PCNA-negative cells) at 72 h of light treat-
ment. R04929097 significantly reduced the numbers of gfap:
EGFP-positive PCNA-negative cells compared with DMSO in
both Rockout and DMSO-treated retinas (Fig. 11E-L,N;
Rockout/R04929097: 3.7 = 0.7, n = 16, Tukey’s test:
Pomso/pmso 0.001,  Prockout/pMsO 0.046; DMSO/
R04929097: 5.0 = 1.2, n = 18, Tukey’s test: ppmso/pMso =
0.004; Rockout/DMSO: 8.6 * 1.3, n 23, Tukey’s test:
Pomso/mmso = 0.29; DMSO/DMSO: 12.1 % 2.1, n = 13), in-
dicating that R04929097 treatment significantly increased the
number of Miiller glia in the cell cycle. Together, inhibition of
Notch signaling by R04929097 induced more Miiller glia to
re-enter the cell cycle in both Rockout- and DMSO-exposed
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Notch inhibition by R04929097 does not increase NPC proliferation in Rockout-treated retinas at 72 h of light treatment. A-L, Single z-plane confocal images of light-damaged

albino; Tg[gfap:EGFP]™"" zebrafish that were intraperitoneally injected either with R04929097 (columns 3 and 4) or DMSO (columns 1and 2) before exposing them to either Rockout (column 2 and
4) or DMSO (columns Tand 3) at 28 h of light treatment. Retinas collected at 72 h of light treatment were immunocytochemically labeled for PCNA (A-D, I-L) and GFP (E-L) and counterstained with
DAPI (I-L). M, Histogram depicting the number of PCNA-positive cells in the INLand ONL at 72 h of light treatment, revealing that treating Rockout-exposed zebrafish with the -y-secretase inhibitor
R04929097 did not increase the number of proliferating cells significantly. N, Histogram revealing that the number of gfap:EGFP-positive cells that were PCNA-negative was significantly decreased
in the R04929097-treated DMSO- or Rockout-exposed zebrafish compared with those that received DMSO, which indicated that more Miiller glia were recruited into the cell cycle in response to
R04929097. Data are shown as mean = SE, n = 13, ANOVA followed by Tukey's post hoc test, *p << 0.05 as indicated by bars spanning between the treatment groups (M, N). n.s., Not significant;

GCL, ganglion cell layer. Scale bar, 20 um for A—L.

retinas, but did not rescue proliferation of NPCs in the Rock-
inhibited retina.

Rock inhibition reduces neuronal commitment of ONL
proliferating cells

During retinal development, defective INM causes early cell cycle
exit and increased expression of neuronal commitment factors
such as atoh7 (Del Bene et al., 2008). Therefore, we investigated
whether the cells that exited the cell cycle in Rockout-exposed
retinas committed prematurely to a neuronal lineage in the light-
damaged retina. It was shown that cells committing to the pho-
toreceptor lineage express the transcription factor atoh7 both
during retinal development (Poggi et al., 2005) and regeneration
of light-damaged retinas (Conner et al., 2014). In the regenerat-
ing retina, atoh7:GFP expression is initially observed in single
PCNA-positive cells at 51 h of light treatment (M.L. and D.R.H.,
unpublished observation). Therefore, to determine whether
Rockout-dependent suppression of INM induced NPCs to

commit earlier to the photoreceptor lineage, albino;Tg[atoh7:
GFP] ™! zebrafish were treated with either 25 um Rockout or
1:2000 DMSO from 28-45 h of light treatment. At 45 h, we
occasionally observed an atoh7:GFP-positive cell in both 25 um
Rockout- and DMSO-exposed retinas (data not shown). There-
fore, Rockout treatment did not cause NPCs to commit prema-
turely to the neuronal lineage at 45 h of light treatment. Because
the phenotype might only become evident at a later time, we
investigated the commitment of NPCs to the neuronal lineage
after exposure to Rockout from 28 to 55 h of light treatment. At
55 h of light damage, similar numbers of single atoh7:GFP-
positive cells were present in PCNA-positive clusters in Rockout-
treated retinas in the INL relative to controls (Fig. 12G; Rockout:
0.69 * 0.42/300 wm, n = 12; DMSO: 1.79 * 0.54/300 um, n =
11, p = 0.12). In contrast, a significant reduction in the number
of atoh7:GFP-positive cells was observed in the ONL after Rock-
out exposure compared with DMSO controls (Fig. 12H; Rock-
out: 0.13 = 0.09 cells/300 wm, n = 12; DMSO: 0.63 £ 0.20
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Rock inhibition affects neuronal lineage commitment of ONL, but not INL, proliferative cells. A~F, Single z-plane confocal images of light-damaged albino;Tg[atoh7:GFP] ™'

zebrafish that were systemically exposed to either DMSO (4, €, E) or 25 um Rockout (B, D, F) and immunocytochemically labeled for PCNA (A, B, E, F) and EGFP (C—F) show fewer atoh7:GFP-positive
cells in Rockout-treated retinas relative to DMSO controls at 72 h of light treatment. Histogram depicting the number of atoh7:GFP-positive cells in the INL (G) and ONL (H) at 55 and 72 h of light
treatment. /, Histogram displaying that the percentage of PCNA-positive cells that express atoh7:GFP in the ONL was significantly reduced, but not in the INL, of Rockout-treated retinas compared
with DMSO controls at 72 h of light treatment. GCL, Ganglion cell layer. Data are shown as mean == SE, n = 18, Student’s t test,*p << 0.05. Scale bar, 20 m for A-F.

cells/300 wm, n = 11; p = 0.03). These data indicate that prolif-
erating cells did not commit earlier to the photoreceptor lineage.
However, because the number of atoh7:GFP-positive cells was
low at 55 h, we further examined their presence at 72 h. At this
time point, significantly fewer atoh7:GFP-positive cells were
present in the ONL in Rockout-exposed retinas (Fig. 12D, F,H;
7.33 £ 1.81 cells/300 wm, n = 20, p = 0.025) relative to DMSO
controls (Fig. 12C,E,H; 14.22 = 2.38 cells/300 um, n = 18). A
similar significant reduction in the number of atoh7:GFP-
positive cells was observed in the INL of Rockout-exposed retinas
(Fig. 12D, F,G; 24.56 = 2.62 cells/300 um, n = 20, p = 6.3 *
10 ) relative to DMSO controls (Fig. 12C,E,G; 52.01 * 5.72
cells/300 wm, n = 18). The decreased number of atoh7:GFP-
positive cells in Rockout-treated retinas could be a consequence
of the reduced number of proliferating cells after inhibition of
Rocks. Indeed, presenting the atoh7:GFP-positive cells as the per-
centage of PCNA-positive cells revealed that there was no signif-
icant difference in the INL between Rockout- and DMSO-treated
retinas at 72 h of light damage (Fig. 12I; Rockout: 32.13 = 3.86%/
300 wm, n = 20; DMSO: 33.81 % 2.17%/300 wm, n = 18, p =
0.72). In contrast, the number of atoh7:GFP-positive cells ex-
pressed as the percentage of PCNA-positive cells in the ONL was
significantly lower in Rockout-exposed retinas (Fig. 12I; 12.66 =
2.37%/300 wm, n = 20, p = 0.0003) relative to DMSO controls
(24.52 £ 1.54%/300 wm, n = 18). These data show that although
a higher degree of cell cycle exit was observed in Rock-inhibited
retinas, the INL-based NPCs committed to the neuronal lineage

in a similar time frame as controls. In contrast, Rock inhibition
disrupted lineage commitment of NPCs in the ONL, potentially
due to exposure or lack of regulating factors.

Rock inhibition affects regeneration of both cone and

rod photoreceptors

Having observed reduced numbers of proliferating cells after dis-
ruption of INM by Rockout, we investigated the regeneration of
cone photoreceptors after inhibiting Rocks from 28-72 h after
starting the light treatment. Light-damaged albino;Tg[gfap:
EGEP]™'" zebrafish were exposed to 25 um Rockout (corre-
sponding to 28—-72 h of light treatment) or its vehicle control
DMSO (1:2000) and allowed to recover in system water for 8 or
15 d. Immunocytochemical labeling revealed that the number of
both red- and blue-opsin-expressing cones were significantly re-
duced in Rockout-treated retinas after 8 d of recovery (Fig. 13A—
C, M, N; blue: 34.39 = 2.47 cells/300 um, n = 25, p = 0.041; red:
65.81 = 3.89 cells/300 wm, n = 19, p = 0.0003) relative to DMSO
controls (Fig. 13 M, N; blue: 41.29 = 2.21 cells/300 um, n = 29;
red: 92.0 & 5.27 cells/300 wm, n = 19). After 15 d of recovery, this
effect persisted for red opsin cones (Fig. 13N; Rockout: 69.75 =
6.52 cells/300 wm, n = 17; DMSO: 92.78 = 8.17 cells/300 wm,
n =13, p = 0.034), but blue cone numbers were nearly the same
in Rockout- and DMSO-treated retinas (Fig. 13M; Rockout:
40.29 = 2.73 cells/300 wm, n = 12; DMSO: 45.18 = 7.28 cells/300
um, n =11, p = 0.52).In addition, we examined the regeneration
of rod photoreceptors in albino;Tg[rho:Eco.nfsB-EGFP]™" ze
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Exposure to Rockout affects cone and rod photoreceptor regeneration and the localization of gfap:EGFP-positive Miiller glia. A-L, 0—R, Single z-plane confocal images of light-

damaged albino;Tg[gfap:EGFP]™"" (A~L) or albino; Tg[rho:Eco.Nfsb-EGFP] ™" zebrafish (0—R) that were systemically exposed to either DMSO (4, D, G,J, 0, @) or 25 jm Rockout (B, C,E, F, H, 1, K,
L, P, R) from 28 —72 h of light treatment, allowed to recover for 8 d, and immunocytochemically labeled with an antibody to blue cone opsin (A-C, J-L) and EGFP (D—F, J-L, 0—R). Fewer blue cone
(A-C, J-L) and rod photoreceptors (0—R) are regenerated and a subset of Miiller glia is mislocalized to the ONL (D—F, J-L) at 8 d of recovery in Rockout-treated retinas relative to DMSO controls.
Images of two different Rockout-treated retinas are presented in B, C, E, F, H, 1, K, and L to display the variability in retinal recovery after similar exposure to Rockout. Histograms depicting the
number of blue cones (M), red cones (N), rho:Eco.Nfsb-EGFP-positive rod photoreceptors (S), and gfap-EGFP-positive Miiller gliain the INL (T) and ONL (U) at 8 and 15 d of recovery after exposure to
DMSO or Rockout from 28 —72 h. GCL, Ganglion cell layer; ROS, rod outer segment. Data are shown as mean == SE, n = 11, Student’s t test, *p < 0.05. Scale bar, 20 m for A-L and 0-R.

brafish (Montgomery et al., 2010) using the same paradigm. The
number of EGFP-positive rod photoreceptors was significantly
decreased in Rockout-exposed retinas relative to DMSO controls
at 8 d of recovery (Fig. 130-S; Rockout: 97.36 = 7.99 cells/300
um, n = 11; DMSO: 136.29 * 10.25 cells/300 um, n = 13, p =
0.008) and 15 d of recovery (Fig. 13S; Rockout: 123.21 * 6.48
cells/300 wm, n = 15; DMSO: 147.17 = 7.32 cells/300 um, n =
13, p = 0.021). To determine whether Rockout exposure caused
increased ONL cell death thatled to the observed reduction in the
number of photoreceptors at 8 and 15 d of recovery, retinal sec-
tions at 55 and 72 h of light treatment were subjected to the
TUNEL assay. The numbers of TUNEL-positive cells were similar
in the ONL of Rockout and DMSO-treated retinas at 55 h after
starting the light treatment (Rockout: 29.40 * 5.71 cells/300 wm,
n = 10; DMSO: 17.59 * 4.79 cells/300 um, n = 10, p = 0.13).
However, 72 h after starting the light treatment, significantly

more TUNEL-positive cells were observed in the ONL in
Rockout-exposed retinas relative to DMSO controls (Rockout:
18.43 = 2.54 cells/300 wm, n = 24; DMSO: 8.68 * 2.44 cells/300
pm, n = 20, p = 0.009). Together, these data suggest that both
decreased proliferation resulting from Rock inhibition and in-
creased ONL cell death reduced the regeneration of both cone
and rod photoreceptors.

Mislocalization of Miiller glia at 8 and 15 d of recovery after
Rock inhibition during Miiller glia/NPC proliferation
Because Miiller glia dedifferentiated into NPCs to regenerate
lost photoreceptors, we investigated whether the pool of Miil-
ler glia was replenished during retinal regeneration. At 8 and
15 d of recovery, gfap: EGFP-positive Miiller glia were observed
in their typical basal location in the INL and their processes
extended to both the ONL and ganglion cell layer in DMSO-
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Increased generation of Hu(/D- and PKCa-positive neurons in the basal ONL in Rock-inhibited retinas. A—H, Single z-plane confocal images of light-damaged albino

zebrafish that were systemically exposed to either DMSO (A, C, E, G) or 25 um Rockout (B, D, F, H) from 28 =72 h of light treatment. Zebrafish intraperitoneally injected with BrdU
were allowed to recover for 8 d and were immunocytochemically labeled for BrdU (4, B, G, H), Hu(/D (C, D, G, H), and PKCax (E-H). Rock inhibition caused an accumulation of Hu(/D- and
PKCee-positive cells in the basal ONL region and a subset of these cells colabeled with BrdU (arrowheads and arrow, respectively). I-N, Histograms depicting the number of HuC/D and
BrdU double-positive cellsin the ONL (1), INL (J), IPL (K), and ganglion cell layer (GCL; L) and the number of PKCx and BrdU double-positive cells in the ONL (M) and INL (N) at 8 and 15 d of
recovery in retinas exposed to DMSO or Rockout from 28-72 h of light treatment. Data are shown as mean = SE, n = 12, Student’s t test,p < 0.05. Scale bar,

20 wm for A-H.

exposed retinas (Fig. 13D and data not shown). In contrast,
gfap:EGFP-labeled Miiller glial processes in Rockout-exposed
retinas were often disorganized in the ONL, but appeared nor-
mal in the ganglion cell layer (Fig. 13 E, F). Furthermore, gfap:
EGFP-positive cells in the INL were unevenly spaced giving
rise to larger gaps in Rockout-treated retinas compared with
DMSO controls (Fig. 13D-F). Quantification confirmed that
the number of gfap:EGFP-positive cells in the INL was signif-
icantly reduced in Rockout-exposed retinas (Fig. 137T; 34.82 =
1.75 cells/300 um, n = 25, p = 0.002) compared with DMSO
controls (Fig. 13T; 44.32 = 2.25 cells/300 um, n = 28) at 8 d of
recovery. However, there was no significant difference in the
number of INL-based gfap:EGFP-positive cells at 15 d of re-
covery (Fig. 13T; Rockout: 47.08 = 3.81 cells/300 um, n = 12;
DMSO: 51.68 = 3.93 cells/300 um, n = 11, p = 0.41). Surpris-
ingly, at both 8 and 15 d of recovery, significantly more gfap:
EGFP-positive cells were localized in the ONL in Rockout-
exposed retinas (Fig. 13D-F, U; 8 d: 3.75 = 0.60 cells/300 wm,
n=25p=>59%10"%15d:4.77 = 1.60 cells/300 wm, n = 12,
p = 0.022) relative to DMSO controls (8 d: 0.16 = 0.07 cells/
300 wm, n = 28; 15 d: 0.61 = 0.23 cells/300 um, n = 11).
However, the total number of gfap: EGFP-positive cells did not
differ between Rockout- and DMSO-treated retinas at 8 and
15 d recovery (data not shown). Together, inhibition of Rocks

between 28 and 72 h of light treatment affected the localization
of Miiller glia, but not their differentiation.

Rockout treatment results in mislocalization of a subset of
newly generated amacrine/ganglion and bipolar cells

During retinal development, disrupting INM causes an increased
generation of early born retinal neurons such as ganglion and
amacrine cells (Del Bene et al., 2008). Therefore, we investigated
whether reduced regeneration of rod and cone photoreceptors
resulted from incorrect differentiation of proliferating NPCs into
ganglion or amacrine cells in Rock-inhibited retinas. We demon-
strated previously that inner retinal neurons are not significantly
lost by light damage (Vihtelic et al., 2006). We injected BrdU at
28, 48, 58, 84, 108, and 120 h after starting the light treatment to
identify newly generated ganglion and amacrine cells in DMSO-
and Rockout-exposed retinas at 8 and 15 d of recovery. Retinal
sections that were immunocytochemically labeled for the gan-
glion and amacrine cell marker HuC/D (Wei et al., 2006; Conner
et al., 2014) revealed an accumulation of misplaced HuC/D-
positive cells between the horizontal cell layer and the rod
photoreceptor cell layer (subsequently referred to as ONL HuC/
D-positive cells) in Rock-inhibited retinas, of which a subset co-
labeled with BrdU at 8 d of recovery (Fig. 14A-D,G,H). There
were significantly more HuC/D- and BrdU-double-positive cells
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located in the ONL of Rock-inhibited retinas relative to DMSO
controls at 8 d of recovery (Fig. 14; Rockout: 21.6 = 4.6 cells/300
pm, 1 = 12; DMSO: 1.9 = 0.6 cells/300 wm, n = 16, p = 4.5 *
10°) and 15 d of recovery (Fig. 14; Rockout: 12.2 = 3.4 cells/
300 wm, n = 17; DMSO: 1.8 = 0.8 cells/300 um, n = 18, p =
0.005). However, similar numbers of HuC/D- and BrdU-double-
positive cells were present in the INL, IPL, and ganglion cell layer
of both Rockout- and DMSO-exposed retinas (Fig. 14/-L). We
also investigated whether Rockout treatment altered bipolar cell
generation at 8 and 15 d of recovery. We immunocytochemically
labeled retinal sections from BrdU-pulsed zebrafish for the ON-
bipolar cell marker PKCa (Haverkamp et al., 2003; Conner et al.,
2014). Similar, to HuC/D-positive cells, we observed increased
numbers of misplaced PKCa- and BrdU-double-positive cells in
the ONL in Rockout-exposed retinas relative to DMSO controls
at 8 d of recovery (Fig. 14E—H, M; Rockout: 2.4 = 0.6 cells/300
wm, 1 = 12; DMSO: 0 = 0 cells/300 um, n = 16, p = 3.8 % 10 °)
and 15 d of recovery (Fig. 14M; Rockout: 1.6 = 0.6 cells/300 pwm,
n = 17; DMSO: 0.09 = 0.06 cells/300 wm, n = 18, p = 0.03). In
contrast, the number of newly generated PKCa-positive cells in
the INL did not differ between Rockout- and DMSO-treated ret-
inas at 8 and 15 d of recovery (Fig. 14N). The generation of
misplaced ganglion/amacrine and bipolar cells could have re-
sulted from increased cell death in Rock-inhibited retinas. How-
ever, similar numbers of TUNEL-positive INL cells were
observed in both DMSO- and Rockout-treated retinas at 55 and
72 h of light treatment (data not shown). Inhibiting Rocks caused
incorrect differentiation of proliferating cells into misplaced
amacrine/ganglion and bipolar cells, potentially at the expense of
photoreceptors.

Discussion
We demonstrate that the majority of Miiller glia and NPCs un-
dergo INM to divide in the ONL of the regenerating zebrafish
retina. Furthermore, filamentous actin structures form at the on-
set of INM at the rear of those Miiller glia undergoing INM and
both the actin cytoskeleton and Rocks are critical in facilitating
apical migration of Miiller glia nuclei, likely through MLC phos-
phorylation. Rock function is also required for basal migration of
Muiiller glia and NPC nuclei. Although Rock2a and Rock2b dou-
ble knockdown induces fewer Miiller glia to re-enter the cell cy-
cle, Rockout treatment starting at 28 h of light does not affect
Miiller glia proliferation or their progression through mitosis.
However, Rock inhibition reduces the number of proliferating
NPCs due to early cell cycle exit that is not accompanied by
premature induction of the neuronal commitment factor atoh?.
Long-term, Rocks are required to regenerate specific retinal neu-
rons that were lost during light damage and to reestablish the
correct localization of Miiller glia, potentially by mediating INM.
In light-damaged retinas, mitotic nuclei (pH3-positive) were
present in the ONL and apical INL when Miiller glia divided,
whereas they were predominantly located in the ONL during
NPC divisions. Live-cell imaging confirmed that the majority of
the gfap:EGFP-positive NPC divisions occurred in the ONL. In
contrast, it was previously suggested that NPCs divide nonapi-
cally in light-damaged retinas based on the observation of pH3-
positive nuclei in the ONL only early in the regeneration time
course (Nagashima et al., 2013). However, at 3 d after initiating
thelight treatment, clusters of PCNA-positive cells in the INL and
the majority of pH3-positive cells in the ONL were observed in
both our data and in Nagashima et al. (2013). This confirmed that
the retinas in both light damage models were at similar points of
regeneration and that NPCs underwent INM to divide in the
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ONL. Previously, NPCs were shown to upregulate the expression
of several genes preferentially, such as the transcription factors
pax6a, pax6b, olig2, and neuroD, relative to Miiller glia (Bernar-
dos et al., 2007; Thummel et al., 2008b; Thummel et al., 2010;
Thomas et al., 2012). Therefore, Miiller glia and NPCs might
express genes differentially that facilitate INM in the NPCs. Al-
ternatively, space restrictions due to the presence of dying pho-
toreceptors in the ONL that had not cleared when Miiller glia
divide, could explain the increased rate of cell divisions in the
apical INL compared with the ONL-based NPC mitosis. This is
consistent with retinal development, in which the position of
mitosis changes from apical to subapical due to overcrowding of
the apical surface at the onset of ONL formation (Weber et al.,
2014).

Live-cell imaging of light-damaged retinal explants also re-
vealed that the cleavage plane of cytokinesis of the majority of
cells was horizontal. This type of cell division also occurs during
early retinal development, with the orientation shifting vertically
in a subset of NPCs at later stages. This change in the mitotic
division plane was correlated with cell fate choices (Cayouette
and Raff, 2003; Weber et al., 2014). We also observed that ~10%
of cells divided vertically; however, it is currently unknown
whether the orientation of cell division affects cell fate decisions
in the adult regenerating retina.

In the regenerating adult zebrafish retina, apical migration of
Miiller glia is mediated by the actin cytoskeleton and Rocks,
which both regulate INM during retinal development (Murciano
etal.,2002; Norden etal., 2009; Herder et al., 2013). Because Rock
inhibition reduced the levels of MLC phosphorylation, Rocks
likely control INM through the phosphorylation/activation of
MLC, which is required for actin-myosin-mediated contraction
(Ikebe et al., 1988). Different Rock target proteins that regulate
the reorganization of the actin cytoskeleton could work in con-
cert with MLC phosphorylation to facilitate INM (Nakai et al.,
1997; Matsui et al., 1998; Maekawa et al., 1999). Because inhibit-
ing either actin filament formation or Rocks, as well as rock2
morpholino knockdowns, did not completely block INM, either
other signaling pathways facilitate actin/myosin contraction or
different cytoskeletal components, such as microtubules, medi-
ate apical INM (Del Bene et al., 2008; Yu et al., 2011). For exam-
ple, apical nuclear migration in the developing chick neural tube
requires both the actin cytoskeleton and microtubules (Spear and
Erickson, 2012).

A subset of Miiller glia/NPCs accumulated in the ONL after
Rock inhibition. Similarly, exposing the developing telencepha-
lon to low concentrations of the nonmuscle myosin inhibitor
blebbistatin caused defects in NPC apical to basal migration
(Schenk et al., 2009). These data suggest that both apical and basal
migrations are actively driven processes. The velocity of basal
INM would support that this process is actively driven in contrast
to neuroepithelial development, where basal INM is thought to
occur passively based on the velocity and mean squared displace-
ment (Baye and Link, 2007; Kosodo et al., 2011; Leung et al.,
2011). Rather than affecting nuclear migration directly, Rock/
myosin may function to establish the basal process in daughter
cells that lack it. Therefore, NPCs lacking basal processes cannot
translocate their nuclei basally, leading to their accumulation in
the ONL/apical surface. A similar phenotype was described in the
developing mouse brain after knockdown of contactin due to
failure to maintain/establish basal processes (Okamoto et al.,
2013).

Reduced numbers of proliferating cells were observed in rock2
double morphant and Rock-inhibited retinas relative to control
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retinas. The rock2 double morphants likely possessed fewer Miil-
ler glia that re-entered the cell cycle due to the knockdowns be-
ginning before starting the light treatment, whereas Rock
inhibition caused reduced numbers of proliferating NPCs but
not Miiller glia because Rockout-treatment began after 28 h of
light treatment. Our EAU/BrdU pulse-chase experiment revealed
that fewer EdU-positive INL cells incorporated BrdU in Rock-
inhibited retinas, indicating that decreased numbers of cells re-
mained in the cell cycle. Because Rho/Rock signaling was shown
previously to control the expression of cell-cycle-specific genes
(Olson et al., 1995; Mammoto et al., 2004; Croft and Olson, 2006;
Zhang et al., 2009), it might also regulate the decision to progress
into another round of the cell cycle (Olson et al., 1995; Mammoto
et al., 2004; Croft and Olson, 2006; Zhang et al., 2009). The re-
cruitment of fewer Miiller glia into the cell cycle in rock2 double
morphants is consistent with Rock2a and Rock2b regulating
Miiller glia and possibly NPC proliferation.

Alternatively, the reduced number of proliferating cells could
result from disrupted INM in the Rock-inhibited retina, rather
than Rocks regulating the cell cycle directly. INM exposes nuclei
to different spatially separated cues such as Notch-Delta signaling
gradients that are implicated in regulating cell cycle exit in the
developing retina (Murciano et al., 2002; Del Bene et al., 2008;
Clarketal., 2012). However, inhibiting Notch signaling using the
y-secretase inhibitor R04929097, which is sufficient to recruit
Miiller glia into the cell cycle (Conner et al., 2014), did not main-
tain NPCs in the cell cycle in Rock-inhibited retinas, although
more Miiller glia were induced to proliferate. It is possible that
Notch signaling plays different roles at distinct stages of retinal
regeneration and that activation, rather than inhibition, of Notch
signaling is required to maintain NPCs in the cell cycle.

The decreased numbers of rod and cone photoreceptors in
Rock-inhibited retinas was likely due to a combination of factors:
(1) reduced NPC proliferation, (2) increased cell death of ONL
neurons at late stages of Rockout exposure, and (3) increased
generation of ganglion/amacrine cells in the region between the
rod photoreceptor nuclei and horizontal cell layer. The observed
shift toward the production of ganglion/amacrine cells is similar
to the phenotype observed in the INM-disrupted developing ret-
ina, where increased numbers of early born ganglion/amacrine
cells were produced at the expense of later born neurons (Del
Bene et al., 2008). However, in the developing retina, disrupting
INM did not affect the position of these cells. In the regenerating
Rockout-treated retina, the proliferating cells remaining in the
ONL due to disrupted basal INM might be exposed to different
concentrations of signaling factors that would typically prevent
ganglion/amacrine cell formation in favor of rod and cone pho-
toreceptors. GDF11, a member of the transforming growth
factor- 3 superfamily, is one factor that is secreted to negatively
regulate the generation of ganglion cells in the developing retina
(Kim et al., 2005). Currently, it is unknown which signaling fac-
tors are expressed in the adult regenerating retina that shift the
fate of NPCs toward those cells that were lost after light damage.

Mammals do not possess the endogenous capacity to regen-
erate lost retinal neurons. However, exogenous application of
signaling molecules can induce limited Miiller glia proliferation
that produces low numbers of NPCs (Ooto et al., 2004; Osakada
etal.,2007; Karl etal., 2008). The comparatively high endogenous
regenerative capacity of adult zebrafish relative to the mamma-
lian retina may correspond to the extent that Miiller glia and
NPCs undergo INM. Although mitotic cells were observed in the
ONL of damaged mammalian retinas that were exposed to
growth factors (Karl et al., 2008), it is unclear to what extent
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proliferating cells undergo INM and whether their early cell cycle
exit/limited proliferation is due to ineffective INM.
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