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Abstract Damage in fish activates retina repair that restores
sight. The purinergic signalling system serves multiple ho-
meostatic functions and has been implicated in cell cycle con-
trol of progenitor cells in the developing retina. We examined
whether changes in the expression of purinergic molecules
were instrumental in the proliferative phase after injury of
adult zebrafish retinas with ouabain. P2RY| messenger RNA
(mRNA) increased early after injury and showed maximal
levels at the time of peak progenitor cell proliferation.
Extracellular nucleotides, mainly ADP, regulate P2RY tran-
scriptional and protein expression. The injury-induced upreg-
ulation of P2RY is mediated by an autoregulated mechanism.
After injury, the transcriptional expression of ecto-
nucleotidases and ecto-ATPases also increased and ecto-
ATPase activity inhibitors decreased Miiller glia-derived pro-
genitor cell amplification. Inhibition of P2RY; endogenous
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activation prevented progenitor cell proliferation at two inter-
vals after injury: one in which progenitor Miiller glia mitoti-
cally activates and the second one in which Miiller glia-
derived progenitor cells amplify. ADP(S induced the expres-
sion of [in28a and asclla genes in mature regions of uninjured
retinas. The expression of these genes, which regulate
multipotent Miiller glia reprogramming, was significantly
inhibited by blocking the endogenous activation of P2RY,
early after injury. We consistently observed that the number
of glial fibrillary acidic protein-BrdU-positive Miiller cells
after injury was larger in the absence than in the presence of
the P2RY | antagonist. Ecto-ATPase activity inhibitors or
P2RY;-specific antagonists did not modify apoptotic cell
death at the time of peak progenitor cell proliferation. The
results suggested that ouabain injury upregulates specific
purinergic signals which stimulates multipotent progenitor
cell response.

Keywords Extracellular nucleotides - Retina regeneration -
Progenitor cell - Purinergic receptors - E-NTPDases -
Pluripotency genes

Introduction

The retina of teleost fish, such as zebrafish, is endowed with
the capacity to grow as well as regenerate in larval and adult
life [1, 2]. Ongoing cell genesis occurs at the periphery of the
mature retina in a neuroepithelium called the ciliary marginal
zone (CMZ) from which the retina grows by adding new
differentiated cells originated from multipotent retina stem
cells [3]. On the other hand, if the retina is damaged, intrinsic
mechanisms activate retina repair which restore sight in fish
[4-8]. During the regenerative response, a subset of Miiller
glial cells which are considered the multipotent progenitors
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partially dedifferentiate and re-enter the cell cycle [9-12].
Daughter proliferative cells which are generated by
multipotent Miiller glia mitotic division are denominated
Miiller glia-derived progenitor cells. These proliferative cells
form different pools that can also be detected within the ma-
ture layers [13—15]. The regenerative response can be induced
by light, laser, surgical, and chemical damage as well as trans-
genic cell ablation [16-20]. Any kind of damage which pro-
vokes either global or specific cell death in all, some, or any of
the retina layers induces intrinsic mechanisms to repair the
retina including the morphological as well as the functional
aspects to reconstitute a physiologically working tissue.

Purinergic signalling has an important role in regulating
cell cycle activity in early stages of the developing vertebrate
[21-24]. Purinergic signals include nucleotides such as ATP,
ADP, UTP, and UDP that can be released to the extracellular
milieu throughout diverse mechanisms. ATP can be released
through vesicular exocytosis, connexin, or pannexin hemi-
channels; maxi-ion channels; or pore-forming purinergic re-
ceptors [25-27]. Lytic release by cell damage and death can be
important sources of extracellular nucleotides [27, 28].
Extracellular ATP in the CNS is also released from reactive
astrocytes following injury, which chemoattracts microglial
cells, which, in turn, release more ATP originating a positive
feedback loop [29]. Moreover, ATP released from Miiller glia
and astrocytes decreases neuronal excitability and regulates
vascular tone, synaptic transmission, and plasticity [30].

A family of enzymes known as ecto-nucleoside tri-phos-
phate di-phosphohydrolases (E-NTPDases) also constitutes
pivotal members of the purinergic system. E-NTPDases to-
gether with ecto-5"-nucleotidases can dephosphorylate extra-
cellular ATP to adenosine [23, 31]. The purinergic signalling
system is further composed by purine and pyrimidine mem-
brane receptors called purinergic or P receptors [32]. P2RY (G
protein-coupled) receptors have been involved in trophic ef-
fects on cell proliferation, differentiation, and death during
development and tissue regeneration [23, 26, 33].
NTPDase2 activity and P2RY; have been implicated in eye
and retina morphogenesis in vertebrate species [24, 34-37].
Extracellular ATP can be dephosphorylated to ADP, mainly
by NTPDase2 but also by NTPDase3, which binds with high
affinity to P2RY [38]. We have previously reported the ex-
pression of plasma membrane E-NTPDases and their role in
controlling daily rhythms of S phase activity in the CMZ of
the zebrafish retina [39, 40]. We have also shown a nucleotide
effect on cell proliferation in response to an injury with oua-
bain which provokes cell death in the inner retina only com-
prising ganglion and amacrine cells [11, 39, 41]. An ADP
analogue at a relatively low concentration stimulated cell pro-
liferation in undamaged retinas [42]. On the other hand, a
severe injury caused by more elevated concentrations of oua-
bain [8] kills any kind of retina, pigmented epithelium, as well
as choroid layer cells.
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In this study, we sought to investigate whether an injury of
intermediate severity with ouabain was able to induce signif-
icant changes in the expression of the purinergic system mol-
ecules. We have evaluated whether these changes correlated in
time with the mitotic activation of progenitor cells. We have
also analysed purinergic signal effects early after injury at the
interval of Miiller glia reprogramming and later on when
Miiller glia-derived progenitor cells mitotically amplified [7,
43, 44].

Our results indicated that P2RY; expression was enhanced
early after injury, and this increase was likely induced by its
own endogenous ligand (ADP). These findings also suggest
that injury-released nucleotides throughout activation of spe-
cific purinergic receptor signalling pathways can mediate the
upregulation of pluripotency genes which are necessary for
progenitor Miiller glia reprogramming and for its derived neu-
ral progenitor cell mitotic activity.

Materials and methods
Materials

Paraformaldehyde, PBS (137 mM NacCl, 2.7 mM KCI,
5.7 mM phosphate, pH 7.4), TBS (20 mM Tris base,
140 mM NaCl, pH 7.5), Tween-20, MS-222 (tricaine), su-
crose, cresyl violet, apyrase (EC-3.6.1.5), ouabain, 5-bromo-
2'-deoxyuridine (BrdU), 8-sulfophenyl theophylline, sample
buffer 5x (4% SDS and 10-20% [3-mercaptoethanol), transfer
buffer (25 mM of Tris-HCI, 200 mM glycine, 20% methanol),
lysis buffer (Tris-HCI 100 mM, NaCl 100 mM, 0.5% Triton,
0.1% SDS, protease inhibitors), and ATPyS and ADP3S
(A740003) were obtained from Sigma, MO, USA.
Cangrelor (ARC69931MX) was a generous gift from
AstraZeneca (London, UK). MRS2211, MRS2179, NF110,
NF157, polyoxotungstate 1 (POM 1), and ARL67156 were
obtained from Tocris Bioscience, Bristol, UK. Tissue freezing
medium was from Biopack, Buenos Aires, Argentina.
Vectashield and normal goat serum (NGS) were from Vector
Labs, CA, USA. Random primers (ANTPs, MMLYV, DTT,
RNAseOUT) and specific primers were obtained from
Invitrogen, CA, USA. Total RNA Extraction Kit (RBC
Biosciences, Taiwan); GoTaq DNA polymerase, dANTP mix,
and DNAse I (Promega, WI, USA); real-time polymerase
chain reaction (PCR) mix (Biodynamics, Buenos Aires,
Argentina); RNAzol; ultra-pure agarose (GenBiotech,
Buenos Aires, Argentina; chemiluminescent HRP substrate
(Thermo Scientific, IL, USA); In Situ Cell Death Detection
Kit Fluorescein (Roche, Mannheim, Germany); rabbit poly-
clonal anti--actin antibody (1:200) in TBS (ab16039;
Abcam, Cambridge, UK); goat polyclonal secondary antibod-
ies (anti-mouse ALEXA 488 or Cy3-conjugated, anti-rabbit
ALEXA 594; Jackson Immuno, PA, USA); and anti-rabbit
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IgG HRP-conjugated (1:3000) in TBS (Bio-Rad, CA, USA)
were used in the study.

Animals

Wild-type zebrafish (Danio rerio) were maintained at 28 °C,
raised in a 14/10 h light/dark cycle, and fed with Arthemia sp.
and dry food. We used adult zebrafish of about 3.0 cm in body
length. Animals were euthanized by immersion in ice-cold
MS-222 anaesthetic solution (0.02% w/v), decapitated, and
enucleated on ice. The committee on animal research at the
University of Buenos Aires (CICUAL) approved the proto-
cols for ethical animal use and care.

Ouabain treatment

Zebrafish were deeply anaesthetized and held wet under a
dissecting microscope. Left eyes of zebrafish were injected
with 0.6 ul of 20 uM ouabain, diluted in sterile saline solution,
within the vitreous chamber. Left eyes of different zebrafish
were injected with an equivalent volume of saline solution.
Ouabain final concentration was estimated to be of 6 uM by
considering a mean vitreous volume of 2.0 pl. The approxi-
mate volume was calculated from the volume difference be-
tween the eye posterior chamber and lens radius [11]. A
bevelled 33-gauge needle (0.375 in., PT2) and a 5-pl syringe
(75 RN) (Hamilton Company, Reno, NV, USA) were used to
deliver appropriate volumes. The day of the single ouabain
injection is referred to as day 0.

5-Bromo-2'-deoxyuridine administration

Groups of six to eight zebrafish were injected into the vitreous
chamber with 0.6 pl of a solution containing 20 pg/pl BrdU.
For the most part of the experiments, a single dose of BrdU
was injected daily beginning on day 4 through day 7 after
injury (an exposure period of 80 h). Estimated BrdU intravit-
reous concentration was 6 pg/pl. BrdU was injected alone (in
vehicle-injected control groups) or together with purinergic
analogues, receptor antagonists, ecto-ATPase inhibitors, or
apyrase. For data depicted in supplementary figure 1, four
groups of six zebrafish each were injected within the vitreous
chamber with saline solution (uninjured control) or ouabain
on day 0. Forty-one hours later, zebrafish were injected with
0.6 pul of 20 pg/ul BrdU and euthanized 65 h after injury.
Other groups of zebrafish were treated with a single dose of
BrdU on day 4, 6, or 19 after lesion and euthanized 24 h later
(5,7, or 20 dpl).

For data depicted in Fig. 8, BrdU was injected 4 h before
zebrafish were euthanized 80 h after injury (Fig. 8i—k) or 7 dpl
(as shown in Fig. 80, q, s, u) that depict progenitor cells in the
CMZ, whereas zebrafish euthanized 7 days after injury (Fig.
8l-n) were injected 20 h before.

Apyrase treatments

Apyrase dephosphorylates di- and tri-phosphate nucleotides.
A single dose of 0.6 pl of a saline solution containing 20 U/ml
apyrase (the estimated concentration within the vitreous
chamber was 6 U/ml) was injected daily after injury for 6 days
(1-7 dpl). Control’s injured eyes were injected daily with heat-
inactivated apyrase also for 6 days. For the data shown in Fig.
2, groups of zebrafish with uninjured retinas were injected
daily with apyrase for 3 days. Control groups were injected
with heat-inactivated apyrase for the same period. On the
fourth day, zebrafish were euthanized and neural retinas were
isolated for RNA extraction.

Extracellular nucleotide agonist treatments

For data shown in Figs. 2f and 7a, b, 0.6 pl of saline solution
alone or containing 20 uM ATPyS or 10 uM ADP@S, with
estimated intravitreous concentrations of 6 and 3 M, respec-
tively, was administered daily for 3 days within uninjured
eyes. On the fourth day, zebrafish were euthanized and neural
retinas were isolated. Peripheral tissue including the CMZ was
carefully removed, and the remaining tissue (mature neural
retina portion) was processed for reverse transcription quanti-
tative PCR (RT-qPCR) assays. ATPyS and ADPf3S are ATP
and ADP analogues which are hydrolysed at a very low rate
within the vitreous and bind to specific plasma membrane
purinergic receptors with high affinity (see text below).

Extracellular nucleotide/nucleoside antagonist treatments

Retinas were treated with a single dose of ouabain on day 0.
Then, 0.6 pl of saline solution either alone or containing
17 uM cangrelor, 38 uM 8-sulfophenyl theophylline (8-
SPT), or 17 uM NF157 plus 17 uM NF 110 was injected daily
for 6 days. Estimated concentrations of these analogues within
the vitreous chamber were 5, 11, or 5 plus 5 1M, respectively.
Three micromolars of MRS2179 (estimated intravitreous con-
centration of 1 pM) was injected daily into the vitreous cham-
ber for 6 days starting on day 1 after injury (1-7 dpl), 3 days
immediately after injury (0-3 dpl), or the last 3 days beginning
on day 4 after injury (4—7 dpl). One hundred micromolars of
A740003 (estimated intravitreous concentration of 30 uM)
was injected daily for 3 days starting immediately after injury
(03 dp)).

Purinergic receptor agonist and antagonist potency
and affinities

Cangrelor (ARC 69931MX): competitive antagonist of
P2RY |, and non-competitive antagonist of P2RY 3 with
no activity on P2RY [45-48]. ECs59 = 0.4 nM as an anti-
ADP-induced platelet aggregation agent. pECs:
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cangrelor 8.4 > ADP 7.2 (on P2RY},) and cangrelor
8.4 > ADP 7.9 > MRS2211 6.0 (on P2RY3) [49]
MRS2179: competitive P2RY,; antagonist
(ICs50 = 0.330 uM; K; = 100 nM), selective over
P2RX1/P2RX3/P2RX2/P2RX4 and P2RY,/P2RY,/
P2RY,. Agonist specificity: ADP(3S > ADP >> ATP
A740003: high affinity competitive antagonist for ATP-
activated P2RX7. It displays selectivity over P2RX1/
P2RX3/P2RX2/P2RX4 and P2RY up to a concentration
of 100 uM. ICsg = 18 and 40 nM for rat and human
receptors, respectively. Agonist specificity:
BzATP >>> ATPyS > ATP

NF110: high affinity antagonist for ATP-activated
P2RX3/P2RX1/P2RX2 (IC5¢ = 0.527 uM; K; = 36/82/
4144 nM, respectively) shows no activity on P2RY/
P2RY,/P2RY|; (IC50 > 10 uM)

NF157: antagonist selective for P2RY ;4
(ICs¢ = 0.463 uM) and P2RX1 over P2RY/P2RY, and
P2RX2/P2RX3/P2RX4/P2RX7. Agonist specificity:
ATPyS > ATP [50]

8-SPT: competitive adenosine antagonist on P1 receptors
(K; =12 uM)

Treatments with ecto-ATPase and ecto-nucleotidase
activity inhibitors

ARLG67156 selectively inhibits ecto-ATPase activity without
activating purinergic receptors [51]. A volume of 0.6 ul saline
solution containing 200 uM ARL67156 was injected within
the vitreous (pICsy = 4.62 and 5.1 in the human blood and rat
vas deferens, respectively) [52, 53]. ARL67156 was adminis-
tered inside the vitreous chamber during three different inter-
vals: 1-7, 0-3, and 4-7 dpl.

POM 1 (Na6 [H2W12040]) is a more potent inhibitor of E-
NTPDase activity than ARL67156. POM 1 K; values are 2.58,
3.26, >10, and 28.8 uM for NTPDasel, NTPDase3, P2RY 5,
and NTPDase2, respectively [54]. A volume of 0.6 ul of a
solution containing 120 uM of POM 1 was administered daily
for 3 days immediately after injury (0-3 dpl).

Control groups Different groups of zebrafish were injured
with 6 tM ouabain (except for saline solution-injected unin-
jured control groups) and injected with the different vehicles
in which the drugs had been dissolved during the same inter-
vals after injury described for purinergic analogue-treated
groups.

Terminal deoxynucleotidyl transferase biotin-dUTP nick
end labelling assay

We detected DNA breaks that occur at the early stages of
apoptosis by terminal deoxynucleotidyl transferase biotin-
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dUTP nick end labelling (TUNEL) by using an in situ cell
death detection kit. Retina sections were treated for 25 min
at 37 °C with 2 M HCI, washed with PBS plus 0.1% Tween-
20 (PBST), and incubated with terminal deoxynucleotidyl
transferase (TdT) and fluorescein-dUTP. In negative controls,
TdT was omitted. Uninjured retina sections treated with 2 M
HCI did not show TUNEL-positive labelling. TUNEL assay
was performed either alone or followed by detection of BrdU
on the same retina sections.

Tissue processing and fluorescence immunocytochemistry

To prepare eyecups, the cornea and lens were removed.
Eyecups were fixed with 4% paraformaldehyde for 1 h at
room temperature, incubated overnight with 20% sucrose,
and embedded in the tissue freezing medium. Eyecups were
cutin 16-pum cryosections parallel to the meridian plane (nasal
to temporal). Each slide contained sections representing dif-
ferent portions of the eyecup. Retina sections were incubated
in PBST and 5% NGS for 1 h at room temperature. For BrdU
labelling, retinas were previously incubated in 2 M HCI for
25 min at 37 °C and washed with PBST. Then, sections were
incubated at 4 °C overnight with a mouse monoclonal anti-
BrdU antibody diluted (1:250) in 3% NGS (Roche Applied
Sciences, Mannheim, Germany). Slides were washed and in-
cubated in darkness for 2 h at room temperature with a fluo-
rescent secondary antibody (1:400 in 3% NGS). For detecting
P2RY; IR, a similar protocol was carried out using a rabbit
polyclonal anti-P2RY; antibody (1:100; Invitrogen, CA,
USA). For double-labelling assays, sections were incubated
with the anti-BrdU antibody and either the rabbit polyclonal
antibody which specifically detects the glial fibrillary acidic
protein (GFAP) (1:500; Dako, Denmark) or the anti-P2RY
antibody. Negative controls were performed by omitting either
primary or secondary antibodies.

Counting of BrdU-positive nuclei

We counted BrdU-positive nuclei in retinal layers under direct
observation with an epifluorescence microscope. We counted
all BrdU-positive nuclei throughout the surface of six non-
adjacent sections from each eye in a double-blind assay.
Serial confocal images throughout the z-axis were also taken
for several sections. Bi-dimensional reconstructions were per-
formed, and cells were counted to confirm the number of cells
we have computed under direct observation. For each exper-
iment, the number of BrdU-positive cells per retinal section
was normalized and the average value for the ouabain-treated
group was equal to 1. Normalization consisted in dividing the
individual values from each group by the average number of
labelled cells in the ouabain-treated retina sections. Statistical
significance was not modified by this procedure. Fluorescent
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small dots and speckles were not taken into account to com-
pute BrdU-labelled nuclei.

Microscopy

Counting was performed with an epifluorescence microscope
BX50 (Olympus, Japan). Objectives x40 and x60 (numerical
aperture (NA) = 0.65 and 1.35). Microphotographs were cap-
tured with a FV1000 Fluoview confocal spectral microscope
with objectives SAPO-60x% oil and SAPO-40x oil (NA =1.35
and 0.9, respectively; Olympus). Images from double-labelled
retinas were taken with adequate laser beams and spectral
filters with a maximal depth of 1.0 pum in the z-axis and in a
fix xy-plane of the same microscopic field. Tri- and bi-
dimensional reconstructions were performed with Fluoview
software (Olympus). Images were adjusted for brightness
and contrast against background fluorescence including pho-
toreceptor segment autofluorescence, combined, and labelled
with Adobe Photoshop CS5 extended, version 12.

RT and PCR

Ten to sixteen neural retinas were homogenized and consid-
ered as one sample. At least three independent samples were
examined for each treatment and target gene. RNA was ex-
tracted, quantified, and treated with DNAse I. Copy DNA was
reverse transcribed from RNA with random primers. Nucleic
acids were quantified with a NanoDrop 3300 spectrophotom-
eter (Thermo Fisher Scientific, MA, USA); 100-150 ng RNA
was used for standard or real-time gPCR (Rotor Gene 6000;
Qiagen, CA, USA, and Applied Biosystems 1500; Thermo
Fisher Scientific). Specific primers for target and reference
genes are shown in Table 1. Standard end-point PCR and
gPCR products were checked by electrophoresis in 2% aga-
rose gels. Controls in which MMLYV reverse transcriptase was
omitted (No-RT) were also amplified by qPCR. Samples were
run in triplicate. Ribosomal protein S18 (rpsi8), B-actin, or
elongation factor 1-alpha (ef7-c) was used as an internal ref-
erence gene and amplified in parallel with target genes.
Reference genes showed no significant treatment-induced
variations.

Quantitative PCR data analysis was performed throughout
the “gene expression’s Ct difference” (GED) method [55],
which considers efficiencies (E) of each amplification reac-
tion. For Figs. 2 and 3, complementary DNA (cDNA) obtain-
ed from retinas 2, 7, and 15 dpl was used as samples of inter-
est. For Figs. 2 and 7, cDNA obtained from ADP{S-,
ATPYS-, heat-inactivated apyrase-, or apyrase-treated retinas
was used as samples of interest; cDNA obtained from
ouabain-treated mature retinas with or without MRS2179
(freed from the peripheral tissue containing the CMZ) 65 h
after injury was also used as samples of interest. In every case,

saline solution-treated (control) retinas were used as calibrator
samples.

Western blot assay

Zebrafish brains and neural retinas as well as Sprague Dawley
rat brains were isolated and homogenized on ice-chilled buffer
to extract membrane proteins. Tissue homogenates were cen-
trifuged at 14,000xg for 10 min at 4 °C. Aliquots of tissue
homogenates were separated in SDS-(9%) polyacrylamide
gels under reducing conditions. Protein loadings were 25 g
(rat and zebrafish brain) or 70 pg (neural retinas). Proteins
were transferred onto nitrocellulose membranes.
Immunoblots were performed by incubating membranes with
a polyclonal antibody against P2RY; (1:300) overnight at
4 °C. Thereafter, membranes were incubated with a secondary
[HRP]-linked antibody for 60 min at room temperature and
carefully washed. A mild stripping procedure was performed
on some membranes for removing antibodies and re-probing
with a primary antibody against (3-actin as a loading control.
Proteins were visualized by chemiluminescence, and images
were captured in a G box (Syngene, Cambridge, UK). Data
were obtained from four independent retinal pools and assays.

Results

We first performed a morphological assessment of the retinal
tissue at different times after injury with 6 tM ouabain, which
caused a lesion of intermediate severity between the damage
caused by 2 or 10 uM ouabain injected within the vitreous
cavity [11].

Representative images of retina sections stained for histo-
logical analysis under different treatments are depicted in Fig.
1. Figure la—d depicts the temporal progression of retinal
damage and repair with a single dose of 6 UM ouabain 2, 7,
and 60 days after lesion (dpl).

We observed more severe damage in the inner retina in-
cluding the ganglion cell layer (GCL), inner plexiform layer
(IPL), and inner nuclear layer (INL), but tissue injury and cell
death were also observed in the outer plexiform layer (OPL),
photoreceptor cell layer (including the outer nuclear layer
(ONL) and photoreceptor segments (PRSs)), retinal
pigmented epithelium (RPE), as well as the extra-retinal cho-
roid layer (CHL).

Histological assessment of retinas treated with purinergic
receptor antagonists, apyrase, and ATPase activity
inhibitors

Images of retina sections show the morphological effects of

different treatments performed daily for 6 days and analysed
7 dpl (Fig. le—j). Daily intravitreal treatments included one
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injection with pharmacological agents that have been docu-
mented as specific antagonists for P2X1, P2X2, and P2X3;
P2Y,, P2Y,;, P2Y,, and P2Y 3 (nucleotidergic); as well as
any kind of adenosine-activated (P1) plasma membrane recep-
tors such as NF-110, NF-157, MRS2179, cangrelor, and 8-
SPT. The antagonists were assessed within the eye in concen-
trations which have been described to be effective in several
vertebrate species, but relatively low final concentrations were
used to target the corresponding type of P receptor. In this
way, treatments with the specific antagonist of P2RY
(MRS2179) caused a significant decrease in the number of
retinal cells and notably affected layer integrity 7 dpl. An
excess of apyrase completely inhibited eye tissue recovery
and likely promoted additional cell death and delamination
of the retinal tissue in the injury environment. Likewise,
the ecto-ATPase inhibitor (ARL67156) decreased the num-
ber of retinal cells and prevented tissue recovery, like it
was normally observed on day 7 after damage with 6 uM
ouabain without further pharmacological treatment. On the
other hand, the other antagonists assessed, such as
cangrelor (P2RY, and P2RY3), NF-110 + NF-157
(P2RX1, P2RX2, P2RX3, and P2RY/;), or 8SPT (P1R),
did not apparently affect tissue recovery, nuclei number,
and morphology of the retinal layers when compared with
the features of the injured tissue without further treatment
observed 7 days after damage.

Table 1  Specific primers for target and reference genes

To further characterize this injury paradigm in our condi-
tions, we examined Miiller glia-derived progenitor cell prolif-
eration profile on different days after the ouabain injection.
Supplementary figure 1 shows images of retina sections ob-
tained from zebrafish treated with a pulse of BrdU of 24 h and
euthanized 65 h or 5, 7, or 20 days after lesion. The number of
BrdU-positive nuclei showed a significant increase 65 h after
injury, mainly in the INL whereas the maximal increase in
progenitor cell proliferative activity was observed 7 dpl as
has been shown previously with different ouabain concentra-
tions [11, 56].

The adult zebrafish retina expresses several members
of the P2 receptor family

Among the plasma membrane receptors described in verte-
brate neural tissues, we observed that metabotropic receptors
P2RY,, P2RY,, P2RY;, P2RY,, and P2RY 3 were tran-
scriptionally expressed in the adult retina of zebrafish (Fig.
2a, b). lonotropic P2RX1, P2RX2, and P2RX7 messenger
RNAs (mRNAs) were also detected in intact neural retinas.
We did not detect P2RX3a mRNA expression either in intact
or injured retinas. As a positive control, we were able to detect
P2RX3a mRNA expression by using the same pair of primers
in 36-hpf zebrafish embryos.

Gene symbol (transcript ID)

Forward

Reverse

ps18 (ENSDART00000017975)
[3-Actin (ENSDART00000054987)
efll-alpha (ENSDARG00000020850)
ntpdasel (ENSDART00000066257)
ntpdase2-mq (ENSDART00000043259)
ntpdase2-mv (ENSDART00000051434)
ntpdase3 (ENSDART00000051167)
p2ry; (ENSDART00000109100)

p2ry, (ENSDART00000092965)

p2ry;; (ENSDART00000008240)
p2ry >, (ENSDART00000102224)
p2ry;; (ENSDART00000102221)

p2rx1 (ENSDART00000002866)

p2rx2 (ENSDART00000019461)
p2rx3a (ENSDART00000021417)
p2rx7 (ENSDART00000062229)
lin28a (ENSDART00000098970)
asclla (ENSDART00000056005)

ACCCTCGCCAGTACAAAATCC
TCCCAAAGCCAACAGAGAGAAG
CAGCAGCTGAGGAGTGATCT
TCACAGACACAGCGAAACCC
GAGCAGCAGCACGTAGCC
TGATGGAGTCTTTCAGCCCAAC
GGCTGGATCACTGTCAACTACC
TATGGACAATGCTCCGCTTAGG
TCTGGTGTTTGTGTTCGGTCTG
CTTCCTCTTCACCAGCAACCTC
AGCGTCTCCAACAGTTCATCC
ACAAAGCAGCAGTGACGTAACC
GGCAGGTGTATGAACAAAACCC
GCCAGAGAGAAATTCAGCGAAC
ATTCGCTTCCCTCTCTTTGGTG
ACACCGAGAGGAAGTTTGAGG
TTTCTGTCCATGACCCACCG
ACGACCCTCTGAGTCCAGAA

CCTGATCTTCTTCAGCCTCTCC
GTCACACCATCACCAGAGTCC
GTAGATCAGATGGCCGGTGG
GAATGTGCAACGGAGGTAAGC
GACCTCAGCCGACTCTTTGG
AGCAGCGTCCTCTAAATGAGC
CCCAAATCCAATGACCCAACTG
CGCTCTCATGTTCAGGTTCTTC
ATGTAGATGGTGTTGGGCTTCC
TGAACCACACCAGCACACTTG
GCCAGAGCGTTCAGGGATAATC
GCGTCTGGCTGAGGGTGTAC
TCTGCTGTCAGTAGGATTGGAG
TATGTGGGAATACACGCAGACG
AAAGATGGGACAGAACGGATGG
AGGGGTTTTGTCTCCTGTAGTC
TCAGACTGCGAAAACCCTCC
GACATCCTCCCAAGCGAGTG

Primers were selected by using exonic sequences from the reported zebrafish genome (Ensembl database). RNA transcript identification number (ID)
from the Ensembl database is shown in the first column. Selected primer pairs did not hybridize (at least five mismatches) with other sequences in the

zebrafish genome (tested with primer BLAST)
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Fig. 1 Representative photomicrographs of retina sections from
zebrafish labelled with Nissl staining were captured with a confocal
microscope using differential interference contrast (DIC) filters and the
transmitted irradiance detector channel. Groups of five to six zebrafish
underwent injections within the vitreous chamber with saline solution (a)
or a solution containing 6 M ouabain on day 0 and were kept alive for 2
(b), 7 (¢), and 60 (d) days after lesion (dpl). Other groups of zebrafish
were injured in the same manner and received intravitreal treatments with
different compounds daily for 6 days starting on day 1 after injury.
Control groups of zebrafish (from which images are not shown)
underwent intravitreal injections with saline solution, other vehicles such

P2RY; mRNA relative levels in uninjured and damaged
retinas

We quantified the mRNA expression level of P2RY;, P2RY ,,
and P2RX7 during the degenerative and regenerative phases after
injury (Fig. 2c—). P2RY (a biologically ADP-activated recep-
tor) mRNA levels showed a sevenfold increase at 7 dpl com-
pared with control uninjured retinas or with retinas analysed
2 days after damage. P2RY | mRNA expression level in control
zebrafish was not statistically different from the expression levels
observed 15 days after damage however; the latter were signifi-
cantly higher than those at 2 dpl. The mRNA levels of P2RY |,

e

5 “ f 3 d‘) o U
Pua+ Cangrelor -7dpl <Oua + 8-SPT

as dimethyl sulfoxide, or inactivated apyrase also for 6 days. Zebrafish
were euthanized 7 days after injury to obtain retina sections treated with
the following: e 1 uM MRS2179 (antagonist of ADP-activated P2RY ), f
6 U/ml apyrase (ecto-nucleotidase), g 60 uM ARL67156 (ecto-ATPase
inhibitor), h 5 uM NF157 plus 5 uM NF110 (antagonists of ATP-
activated P2RX3, P2RX2, P2RX1, and P2RY ), i 5 uM cangrelor (an-
tagonist of ADP-activated P2RY, and P2RY3), or j 11 uM 8-SPT
(antagonist of adenosine-activated P1R). Scale bar 40 um. RPE retinal
pigmented epithelium, CH choroid layer, PRS photoreceptor segments,
ONL outer nuclear layer, OPL outer plexiform layer, /NL inner nuclear
layer, /PL inner plexiform layer, GCL ganglion cell layer

(another metabotropic P receptor activated mainly by extracellu-
lar ADP) or P2RX7 (a calcium permeant ionotropic receptor
widely implicated in cell death induction when activated by high
levels of extracellular ATP) did not show significant changes
after injury with 6 uM ouabain.

Additionally, the injury-induced upregulation of P2RY;
mRNA was abolished by a relatively low dose of MRS2179
(this receptor’s own antagonist) administered in vivo during
3 days starting immediately after injury (Fig. 2h).

We next investigated whether extracellular treatment of the
uninjured retina with ADP or ATP analogues—or whether the
endogenous presence of extracellular nucleotides in the
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Fig. 2 Purinergic signalling effects on P2RY; mRNA expression in the
zebrafish retina. Total RNA was purified from pools of ten retinas each
obtained from intact or lesioned eyes of zebrafish at different days after
lesion (dpl). Total RNA was also obtained from zebrafish larvae of 36 h
post fertilization (hpf). cDNA was amplified with primers for P2
receptors: P2RY;, P2RY,, P2RY;, P2RY|,, P2RY 3, P2RX1, P2RX2,
P2RX3a, and P2RX7. a, b Amplified cDNA products of a representative
end-point RT-PCR that were separated by electrophoresis in 2% agarose
gels. P2RX3a was examined in intact (a, lane 3) and injured (b, lane §)
retinas as well as zebrafish larvae (a, lane 9). NTC no template control,
NEC no enzyme control, MW DNA molecular weight marker. c—e Real-
time quantitative PCR performed with specific primers for P2Y, P2X7,
and P2Y,, membrane receptors. For this assay, neural retinas were ex-
cised 2, 7, or 15 dpl and considered as the samples of interest. The
calibrator sample was the saline solution-treated retina pool (control
group). f Total RNA was purified from pools of six retinas each obtained
from uninjured eyes, which had been injected daily for 3 days with sterile
saline solution, 3 pM ADPfS, or 6 uM ATPYS. g Total RNA was puri-
fied from pools of six retinas each obtained from uninjured eyes, which

undamaged environment—was able by themselves to modify
P2RY, transcriptional expression. In this regard, P2RY,
mRNA levels were upregulated by threefold in intact retinas

@ Springer

had been injected daily for 3 days with saline solution, 6 U/ml of apyrase,
or heat-inactivated apyrase. Samples of interest: ADP3S-, ATPyS-, apy-
rase-, or heat-inactivated apyrase-treated retinas. Calibrator sample: saline
solution-treated retinas. h Total RNA was purified from pools of ten
ouabain-injured retinas treated with MRS2179 (P2RY -specific antago-
nist) or saline solution (control). Ouabain-injured retinas (day 0) were
treated daily with a single dose of MRS2179 (1 pM) or saline solution
from 0 to 48 h after lesion (hpl), and both groups were considered samples
of interest. Calibrator sample: uninjured saline solution-treated retinas.
Zebrafish were euthanized, and retinas were excised 65 hpl. Real-time
quantitative PCR reactions were performed with specific primers for
P2RY as the target gene. Fold change represents mean + SD of the
relative expression ratio (rER) from three independent assays. rER is
the initial fluorescence amount in the sample of interest relative to a
calibrator sample (control uninjured retinas) normalized with a reference
gene (P18S ribosomal protein S18 (rpsi8) or [-actin).*** p < 0.001,
**p < 0.01, *p < 0.05, in Dunn’s multiple comparison test after the
Kruskal-Wallis test

treated in vivo with ADP(3S (3 uM) for 3 days (Fig. 2f). On
the other hand, a 3-day treatment with the ATP analogue
ATPyS (Fig. 2f) or the scavenging of endogenous
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extracellular nucleotides by apyrase (Fig. 2g) did not signifi-
cantly affect the P2RY; mRNA expression level in uninjured
retinas.

Quantitative analysis of E-NTPDase transcriptional
expression after injury

Cell-extrinsic nucleotide hydrolysis is principally driven by E-
NTPDase activity in the plasma membrane; therefore, changes
in the expression of these enzymes could modify nucleotide
and nucleoside extracellular availability to bind and activate
different kinds of purinergic receptors in the plasma mem-
brane of retinal cells. So, we examined whether the mRNA
expression level of NTPDases 1, 2, and 3—the plasma mem-
brane enzymes of the kind expressed in the nervous system
of many vertebrate species—underwent changes after inju-
ry. NTPDasel mRNA relative levels showed a significant
three-to fourfold increase 48 h and 7 days after injury,
respectively (Fig. 3a). The mRNA expression levels of this
enzyme were not significantly different from control
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Fig.3 Transcriptional expression of E-NTPDases in the injured retina of
zebrafish. Total RNA was purified from pools of ten retinas each obtained
from saline solution-injected or ouabain-injured eyes on different days
after lesion (dp/). Real-time quantitative PCR reactions were performed
with primers for NTPDasel (a), NTPDAse3 (b), NTPDAse2 mq isoform
(c), and NTPDase2 mv isoform (d) as target genes. Fold change repre-
sents mean + SD of the relative expression ratio from three independent
experiments, which is the initial fluorescence amount in the sample of

values 15 dpl. NTPDase3 mRNA relative levels showed a
threefold increase at the time of peak cell proliferation
(Fig. 3b). We examined mRNA relative levels of two iso-
forms of NTPDase2. The mq isoform showed a threefold
increment 48 h after injury and a smaller increment at the
time of peak cell proliferation compared with the mRNA
levels of this enzyme 15 days after damage. The mv iso-
form mRNA level also showed an increment of about 2.5-
fold 48 h after lesion (Fig. 3c, d).

Extracellular nucleotide and ecto-ATPase activity effects
on cell proliferation in different intervals after damage

The number of BrdU-positive nuclei per retinal section varied
between 400 and 1200 (mean + SD = 731 + 234, n = 25)
among different groups of ouabain-treated zebrafish when
they were assessed 7 days after lesion. Experiments shown
in Fig. 4 were designed to evaluate purinergic receptor antag-
onist and NTPDase activity inhibitor effects on progenitor cell
proliferation during different intervals after damage with

b NTPDase3
6_
o
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Control 2dpl 7 dpl 15 dpl
d
NTPDase2 mv
G .
& 4- -
8 —
<
]
z
o 2
w
0 %
Control 2dpl 7 dpl 15 dpl
1: NPC
2:NEC
3: MW
4: P18S 137 bp
5: NTPDase1 111 bp
6: NTPDase2 mq 149 bp
7:NTPDase2 mv 130 bp
8: NTPDase 3 107 bp

interest (retinas were isolated 2, 7, or 15 dpl) relative to a calibrator
sample (control uninjured retinas) normalized with a reference gene
(P18S ribosomal protein S18 (rps18)). **p < 0.01, *p < 0.05, in Dunn’s
multiple comparison test after the Kruskal-Wallis test. e End-point (45 cy-
cles)-amplified products of a representative quantitative PCR were sepa-
rated by electrophoresis in a 2% agarose gel. NPC no primer control, NEC
no enzyme control, MW DNA molecular weight marker
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ouabain. We first examined the effect of MRS2179 within the
eye from 24 h to 7 days after damage. Figure 4a depicts the
number of BrdU-labelled nuclei within retinal layers per sec-
tion, detected in ouabain-treated retinas followed by injections
of vehicle or MRS2179, the P2RY;-selective antagonist, for
6 days after lesion (1-7 dpl). This treatment inhibited the
injury-induced cell progenitor amplification peak normally
observed on day 7 after lesion, which is due to the mitotic
division of Miiller glia-derived neuronal progenitor cells.
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Fig. 4 MRS2179 and ARL67156 treatment effect on in vivo cell
proliferation at different times following injury. Eyes underwent a
single injection within the vitreous chamber of saline solution or 6 uM
ouabain on day 0. Eyes were also injected in vivo with 1 uM MRS2179 (a
specific antagonist of P2RY (), 60 uM ARL67156 (an ecto-ATPase activ-
ity inhibitor), or 36 uM POM 1 (an E-NTPDase activity inhibitor that also
antagonizes P2RY(,). These compounds were delivered daily for differ-
ent intervals: starting on day O through day 3 after injury (0-3 dpl),
starting on day 1 through day 7 after lesion (1-7 dpl), or starting on day
4 through day 7 after injury (4-7 dpl). All the groups of zebrafish were
treated with a single intravitreous injection of 5-bromo-2'-deoxyuridine
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To examine whether the effect of extracellular nucleo-
tides on progenitor cell mitotic activity also occurred dur-
ing the injury-induced activation of multipotent progenitor
Miiller glia, we treated zebrafish retinas for only 3 days
with MRS2179 beginning immediately after injury (0—
3 dpl). We also examined this antagonist effect on
Miiller glia-derived progenitor cell proliferative activity
with a delayed treatment that began 4 days after lesion
(47 dpl). MRS2179 significantly decreased the number
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1.5 - ! ak '
f :
*k%k
0y
05 -

Oua + ARL67156 1-7-dpl

(BrdU) on day 4 through day 7 after injury. The normalized number of
BrdU-labelled nuclei per retina section treated with MRS2179 or
ARL67156 is depicted in a, b, respectively. c—f Representative confocal
images (bi-dimensionally reconstructed from z-stacks) depicting BrdU-
labelled nuclei in retina sections from ouabain-treated eyes with different
treatments as indicated in each panel. Scale bar 40 pm. Normalized data
were expressed as mean + SE (n = 6-8 zebrafish per group).
**¥p < 0.001, **p < 0.01, *p < 0.05, in Dunnett’s multiple comparison
test (vs. the ouabain treatment) after ANOVA. PRS photoreceptor seg-
ments, ONL outer nuclear layer, /NL inner nuclear layer, /PL inner plex-
iform layer, GCL ganglion cell layer, Oua ouabain
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of BrdU-positive nuclei when it was assessed 7 dpl re-
gardless of the interval of treatment (Fig. 4a). We then
investigated the timing of ARL67156 treatment by using
a similar protocol. Inhibition of ecto-ATPase activity (in-
cluding plasma membrane-expressed E-NTPDases) by
ARL67156 from 1 to 7 dpl significantly decreased the
number of BrdU-positive nuclei at the time of peak pro-
genitor cell proliferation (Fig. 4b). Additionally, the inhib-
itor reduced the number of BrdU-positive nuclei regularly
observed on day 7 after injury when it was present within
the eye at the time of Miiller glia-derived progenitor cell
amplification (from 4 to 7 dpl). Treatments with
ARL67156 or POM 1 (a more potent inhibitor of the E-
NTPDase activity) applied only at the time of multipotent
Miiller glia activation and early derived proliferating pro-
genitor cells (0-3 dpl) failed to reduce the injury-induced
increase in the number of Miiller glia-derived neuronal
progenitors normally observed at the time of the peak of
cell proliferation after damage (Fig. 4b).

Apyrase and P2R and P1R antagonist effects
on the BrdU-positive cell number after injury

To continue examining a purinergic signalling effect on pro-
liferative activity of progenitor cells for retina repair after in-
jury, we treated zebrafish eyes with apyrase to eliminate the
presence of endogenous extracellular nucleotide in the vitreal
cavity and the retinal tissue. As shown in Fig. 5e, treatments
with apyrase were able to completely inhibit the injury-
induced increase in the number of BrdU-positive nuclei at
the time of peak cell proliferation. The control group was
treated for 6 days after damage with heat-inactivated apyrase.
This group did not show a significant effect on cell prolifera-
tion, indicating no toxic effects of the inactive enzyme injected
within the eye.

On the other hand, treatments for 6 days after injury
with cangrelor (which was present within the eye from
24 h to 7 days after damage), a selective antagonist of
both P2RY;, and P2RY 3 which are primarily activated
by ADP, did not significantly affect the number of BrdU-
positive nuclei observed on day 7 after damage. Other
antagonists (NF110 plus NF157) of P2 receptors primarily
activated by ATP such as P2RY;, P2RX1, P2RX2, and
P2RX3 or the antagonist (8-SPT) of adenosine-activated
P1 receptors did not significantly affect BrdU-positive
nuclei count, also detected at the time of peak progenitor
cell mitotic amplification. Whenever these antagonists
failed to affect BrdU-positive cell count, they did not ob-
viously affect either progenitor cell nuclei morphology or
cluster formation in the INL. The presence of progenitor
or precursor cells in the ONL or GCL was neither signif-
icantly affected.

Blocking of P2RX7 effect on progenitor cell mitotic
activation

We further investigated a possible participation of P2X7 re-
ceptors in progenitor cell number regulation after damage,
because these receptors have been involved in cell death in-
duction in pathological environments due to their capacity of
forming calcium pores in the presence of very high extracel-
lular concentrations of ATP that might be the case during
extensive cell damage in the early injured environment. So,
a single dose of the potent and specific antagonist of P2RX7,
A740003, was intravitreally injected daily for 3 days starting
on day 0 through day 2 after injury to assess its efficacy in
modifying the proliferative activity of progenitor Miiller glia
and its early derived neuronal progenitor cells. Figure 6 de-
picts representative pictures of double-labelled images which
show IR for GFAP and a 24-h pulse of BrdU which was
incorporated by proliferative progenitor cells before
performing animal euthanasia 4 days (96 h) after lesion.
GFAP was upregulated in Miiller glia evidencing reactive
gliosis to injury. In the presence of the P2RX7 antagonist,
GFAP expression was also increased by injury and BrdU-
positive cell number was not significantly different from the
number of positive cells observed in injured retinas without
treatment with this antagonist.

Quantitative analysis of /in28a and asclla mRNA levels
in the mature retina

To investigate the purinergic signal effect on gene expression
of pluripotency markers in the intact mature retina, we mea-
sured the relative expression level of the pluripotency gene
lin28a, which codifies an RNA-binding protein which is only
expressed by injury-activated progenitor Miiller glia and
Miiller glia-derived progenitor cells in the mature tissue. We
also determined the mRNA relative levels of the proneural
transcription factor asc//a, which has been described as an
upstream regulator of /in28a in mechanically injured retinas
[7]. We separated the mature portion of the neural retina from
the CMZ, the germinal zone responsible for retinal growth
containing multipotent progenitor cells which are different
from progenitor Miiller glial cells, and assessed the /in28a
and asclla mRNA expression at 65 h after injury in the mature
region exclusively. We first examined the expression of these
genes in uninjured retinas of zebrafish, which had been treated
in vivo for 3 days with 5 uM ADP(3S. The slowly hydrolys-
able analogue of ADP significantly upregulated mRNA levels
of lin28a by inducing 5- to 16-fold increments compared with
the mRNA levels observed in saline solution-treated retinas
(Fig. 7a). A similar treatment with ADP3S provoked signifi-
cant increases in the relative levels of asc//a mRNA of 6- to
27-folds also compared with the levels detected in the retinas
obtained from saline solution-injected eyes (Fig. 7b).
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<« Fig. 5 Apyrase and purinergic receptor antagonist treatment effect on

in vivo cell proliferation after injury. Eyes underwent a single intravitreal
injection of saline solution or ouabain on day 0. Eyes were injected daily
for 6 days after lesion (dpl) with saline solution, apyrase (di- and tri-
phosphate nucleotidase), heat-inactivated apyrase, or different purinergic
receptor antagonists: cangrelor (P2RY 5, P2RY3), 8-SPT (adenosine
PIR), or NF110 plus NF157 (P2RX1, P2RX2, P2RX3, and P2RY/;). A
single dose of 5-bromo-2'-deoxyuridine (BrdU) was injected for 3 days
starting on day 4 after injury together with the enzyme apyrase or the
antagonists. Zebrafish were euthanized 7 days after injury. a Normalized
number of BrdU-positive nuclei per retinal section. b—h Representative
confocal images (bi-dimensionally reconstructed from z-stacks) of BrdU-
labelled nuclei in 16-um sections obtained from ouabain-treated retinas
that were in vivo exposed to the different antagonists as indicated in each
panel. Normalized data were expressed as mean + SE (n = 4-8 zebrafish
per group). ***p < 0.001, **p < 0.01, Dunnett’s multiple comparison test
(vs. the ouabain treatment) after ANOVA. Scale bar 40 um. PRS photo-
receptor segments, ONL outer nuclear layer, OPL outer plexiform layer,
INL inner nuclear layer, /PL inner plexiform layer, GCL ganglion cell
layer, Oua ouabain

We also examined the effect of 6 uM ouabain damage on
pluripotency gene expression to then investigate the participa-
tion of P2RY; in mediating injury-induced pluripotency gene
expression in the mature neural retina. The injury significantly
induced /in28a and asclla transcriptional expression com-
pared with the expression levels shown by uninjured groups

Control (saline)

of retinas. In several samples, /in28a mRNA levels were un-
detectable in uninjured neural retinas (considering the mature
portion only) whereas they were clearly detected in injured
retinas at relatively low quantitative PCR cycle threshold
values. However, we were able to detect a low level of lin28a
mRNA in intact retinas by increasing the number of cycle
threshold for all the experimental groups. Noteworthy, the
specific antagonist of P2RY; MRS2179 injected within the
vitreous at 0, 24, and 48 h after injury with ouabain caused a
significant inhibition of about 63 and 75% of the injury-
induced expression of /in28a and asclla genes, respectively
(Fig. 7c, d).

P2RY1 protein expression was detected in the zebrafish
retina by western blot and fluorescence
immunocytochemistry

To examine the protein expression level of the P2RY in intact
and injured retinas 7 days after damage, we detected the relative
expression level of the P2RY | by western blot in control (saline
solution-injected) or ouabain-injured retinas, as depicted in Fig.
8. As a positive control, we used rat brain homogenates which
showed a clear band of 63 kDa (lane 1). Concordantly, the brain
(lane 2) as well as the neural retina (lane 3) of zebrafish exhibited
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Fig. 6 P2X7-specific antagonist in vivo effect on progenitor cell mitotic
activity early after injury. Eyes underwent a single intravitreal injection
with saline solution or 6 utM ouabain on day 0. Then, a single dose of the
specific P2RX7 antagonist A740003 (30 uM) or saline solution was
injected daily inside the eyes starting immediately after lesion (0 hpl)
and 24 and 48 h after lesion (hpl). A single dose of BrdU was injected
within the vitreous chamber at 72 hpl. Retina sections were obtained from
zebrafish euthanized 4 days (96 h) after lesion (dpl). Staining of 5-bromo-
2'-deoxyuridine (BrdU) and glial fibrillary acidic protein (GFAP)
immunoreactivity is depicted in green and red, respectively. The third

column shows the merger of red and green images. Photographs depict
representative confocal images of saline-treated retina sections (control;
a—c), ouabain-injured and saline-treated retina sections (d—f), and ouabain
plus A740003-treated retina sections (g—i). Data (BrdU-positive nuclei
number per 16-pum retina section) were expressed as mean £ SE (n = 6-8
zebrafish per group). *p < 0.01, Dunnett’s multiple comparison test afier
ANOVA. Scale bar 25 pum. PRS photoreceptor segments, ONL outer nu-
clear layer, OPL outer plexiform layer, /NL inner nuclear layer, /PL inner
plexiform layer, GCL ganglion cell layer, /LM inner limiting membrane
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Fig. 7 Purinergic signalling effect on /in28a and asclla transcriptional
expression in the zebrafish retina. Total RNA was purified from pools of
1016 neural retinas from which the peripheral tissue had been carefully
removed (mature retina without the CMZ) (a, b). Each retina was
obtained from uninjured eyes, which had been in vivo treated for
3 days with saline solution or 3 uM ADPfS (a slowly hydrolysable
ADP analogue) solution injected within the vitreous cavity. Retina
pools were obtained from three independent assays of ADP[{3S-treated
uninjured retinas (graphical bars labelled with ADP(3S-1, ADP(3S-2,
and ADP(S-3 tags) which were considered samples of interest. Fold
change represents the relative expression ratio (rER) calculated and plot-
ted separately for each independent assay. Calibrator samples were three
independent pools of saline solution-treated uninjured retinas (fold

single bands of the same molecular weight. Furthermore, thicker
bands of 63 kDa were observed in injured retinas compared to
the ones detected in control retinas.

To further evaluate the expression level and particular-
ly the expression pattern of P2RY; in the intact as well as
injured retina layers at different intervals after lesion,
fluorescence immunocytochemistry (FICC) assays also
demonstrated expression of the P2RY in retina sections
from saline solution-injected (control) and 80 hpl, 5 dpl,
6 dpl, and 7 dpl ouabain-treated zebrafish. Specific label-
ling showed a granular pattern differentially distributed on
retinal layers. Blurry and even red or green label on pho-
toreceptor segments (Fig. 8d, f-h, 1) represents autofluo-
rescence that was also observed in negative control sec-
tions (Fig. 8a). In uninjured retinas (Fig. 8d), P2RY pro-
tein was particularly expressed in the IPL synaptic layers
and GCL. A strong IR for the P2RY,| was observed in
structures which likely are inner retina blood vessels
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change for each of the three control retina pools was equal to 1 and are
graphically represented in the same control bar). ¢, d RNA was purified
from pools of 1016 retinas (mature portion only without the CMZ), each
obtained from control saline-, 6 ©M ouabain plus saline-, or ouabain plus
1 uM MRS2179-injected eyes. Intravitreous injections of MRS2179 were
performed once daily from 0 to 48 h after lesion (hpl), and retinas were
isolated 65 hpl. Fold change represents the average rER calculated from
each of three independent retinal pools treated with ouabain or ouabain
plus MRS2179. The calibrator sample was calculated as the average of
three independent pools of saline solution-treated uninjured retinas. Data
were expressed as mean + SE. ***p < 0.001; **p < 0.01; *p < 0.05, in
Tukey’s multiple comparison test after ANOVA

located in the fibre layer area (small arrowheads). Eighty
hours after injury, P2RY;-IR level was unchanged relative
to control saline solution-injected retinas whereas the re-
ceptor expression pattern significantly decreased in the
IPL and increased in the inner nuclear and outer plexiform
layers (Fig. 8i). The staining for the receptor gradually
enhanced in the INL, OPL, and photoreceptor segments
5 days (Fig. 8e), 6 days (Fig. 8f), and 7 days (Fig. 8g)
after damage. Moreover, IR for the P2RY also progres-
sively increased in the IPL and GCL regions from days 5
to 7 after lesion. Staining in injured retinas 7 dpl also
revealed labelling in the outer limiting membrane
(OLM) region formed by Miiller cell processes in the
outer retina (arrows). The apparent staining in the OLM
region may be also due to a more elevated expression in
photoreceptor cell inner segments.

To evaluate whether endogenous extracellular nucleotides
regulated their own receptor protein expression, zebrafish
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<« Fig. 8 P2RY, protein expression and localization in intact or injured
retina layers. Western blot depicts P2RY; immunodetection in the
homogenates of rat and zebrafish brain which is shown in /anes I and
2, whereas homogenates of zebrafish neural retinas were loaded in lane 3.
Lanes 4 and 5 show P2RY; immunodetection in homogenates of saline-
and ouabain-treated retinas examined 7 days after injury. Proteins from
the brain (25 pg/lane) and neural retina (70 pg/lane) were separated by
sodium dodecyl sulphate-polyacrylamide gel electrophoresis (SDS-
PAGE) in reducing conditions, transferred to nitrocellulose membranes
and incubated with antibodies. The asterisks label bands of apparent
molecular weight of 63 kDa detected with the P2RY, antibody. The bands
of 42 kDa in lanes 4 and 5 were detected using an anti-(3-actin antibody.
Numbers 25-100 indicate molecular weights of proteins of a standard
marker. Data were obtained from three to four retina pools (ten retinas
each) and independent assays. Representative confocal images of retina
sections from zebrafish show the expression of P2RY' (in red) as detected
by fluorescence immunocytochemistry (FICC). a A representative image
of an injured retina section incubated without P2RY; primary antibody
(Ab, negative control). b—d Saline-treated uninjured retina sections
stained with Hoechst to show nuclear layers (b) and two images of the
same microscopic field. These pictures were taken using a transmitted
irradiance channel and differential interference contrast (DIC) filters in ¢
and the corresponding confocal image of the P2RY fluorescent immu-
noreactivity (IR) in d. Pictures in e—-g depict images of mature retina
sections 5, 6, and 7 days after lesion (dpl). The image in h shows
P2RY-IR in an injured-retina treated in vivo for 6 days with the antag-
onist MRS2179. Blurry and even red labelling in the photoreceptor seg-
ments represents autofluorescence that was also exhibited by negative
control sections. Detection of 5-bromo-2'-deoxyuridine (BrdU) by
FICC appears as bright green nuclei. BrdU was injected 4 h before eu-
thanasia at the indicated intervals after lesion (i-v). Small arrowheads in
d—g indicate P2RY strong IR in structures that likely are blood vessels.
Arrows in ¢, d, g, i, k, 1 show the outer limiting membrane (OLM) loca-
tion, and medium-sized arrowheads in e-g, i indicate P2RY, labelling in
inner cone and some outer segments and/or the OLM. Images of ouabain-
injured mature retina sections 80 hpl and 7 dpl are depicted in i—k and I-n,
respectively. Small arrowheads in k show co-localization of both markers
likely in the same cell in the INL, GCL, and fibre layer regions. o—v
Images of the ciliary marginal zone (CMZ) 7 dpl. The merger of red
and green images of the same microscopic field is shown in k, n, q, u.
Big arrowheads in s—u indicate sites of BrdU-positive nuclei surrounded
by red IR. Scale bars 40 pm (a—h), 28 pum (i-n), 15 pm (o-r), and 10 pm
(s—v). PRS photoreceptor segments, ONL outer nuclear layer, OPL outer
plexiform layer, /NL inner nuclear layer, /PL inner plexiform layer, GCL
ganglion cell layer, DCN double-cone nuclei, SCN single-cone nuclei,
RPE retinal pigmented epithelium, CHL choroid layer, BV blood vessel

were injected within the vitreous cavity with the antagonist of
P2RY, daily from 24 h to day 7 after damage. P2RY |-IR was
strongly reduced by the antagonist below levels detected in
intact retinas (Fig. 8h).

Eighty hours after lesion, double-labelling assays
showed that a few BrdU-positive nuclei, detected in a short
interval of 4 h, co-localized with P2RY-IR in apparently
the same cells in the INL as well as the remaining tissue with
proliferating cells in the GCL and fibre layer regions
(Fig. 8i—k). On day 7 after injury, many nuclei labelled with
a 4-h pulse of BrdU and mainly localized in the INL, but
also some of them in the GCL and ONL, were surrounded
by a dense and grainy P2RY-IR (Fig. 8l-n). Pictures of
retina sections depicting the CMZ which contains stem cells
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as well as progenitor and differentiating cells for retina
growth are shown in Fig. 8o—v. Retinas were also labelled
in vivo with a 4-h pulse of BrdU. BrdU-positive nuclei,
which likely represent the nuclei of slowly dividing progen-
itor cells because they were detected in close proximity to
the RPE and blood vessels (BVs), were tightly bordered
with P2YR-IR in the CMZ (Fig. 80—v).

Injury and MRS2179 effects on GFAP expression
and BrdU incorporation

Figure 9 depicts GFAP-IR in Miiller glia in uninjured,
injured with ouabain, and ouabain plus MRS2179-
treated retina sections which were analysed 65 h after
injury. GFAP-IR was increased in Miiller glia throughout
retinal layers in response to injury. In the presence of the
P2RY, antagonist, GFAP-IR was also increased but it
was particularly enhanced in the Miiller glia feet normal-
ly forming the inner limiting membrane (ILM) whereas
this staining was less conspicuous in the INL and outer
retina. In injured retinas with no further treatment, nuclei
labelled with a 4-h pulse of BrdU were aligned in the
outer half of the INL. A few of these nuclei, which had
initiated the S phase in a 4-h time window, co-localized
with GFAP processes across the INL whereas the major-
ity of the BrdU-positive nuclei formed clusters associated
to the same GFAP-positive processes. This particular
spatial arrangement suggests that the labelled nuclei are
postmitotic nuclei of multipotent Miiller glia and clus-
tered nuclei belong to mitotically active derived neuronal
progenitors. To analyse the possible participation of
P2RY, activation by extracellular nucleotides early after
lesion in regulating multipotent Miiller glia repro
gramming and early derived progenitor cell cycle progres-
sion, retinas were treated in vivo with the specific antag-
onist of the P2RY, MRS2179 at 0, 24, and 48 h after
damage. BrdU incorporation in mitotically active cells
was detected for a short interval of 4 h before euthanasia
that occurred at 65 h after lesion. The treatment with the
antagonist caused a significant decrease in the number of
BrdU-labelled nuclei and a consequent decrement in the
clusters formed by mitotically active derived progenitor
cells. We observed isolated and dispersed BrdU-positive
nuclei, which were not aligned in the outer portion of the
INL like they were in damaged control retinas, with scant
co-localization with the GFAP process across the INL.

ARL67156 or MRS2179 effects on the apoptotic cell
number in injured retinas

This set of assays was designed to detect apoptotic cell death at
different times after injury and to examine whether purinergic
antagonists or ecto-ATPase inhibitors could affect apoptotic cell
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Fig. 9 BrdU-positive nuclei and GFAP expression in Miiller cells. A
single dose of 5-bromo-2'-deoxyuridine (BrdU) was injected at 24 and
48 h within the vitreous after ouabain or saline solution injections, and
zebrafish were euthanized 70 h after lesion (hpl). a—¢ Control saline-
treated uninjured retinas; d—f 6 uM ouabain-treated retinas; g—i 6 uM
ouabain plus 1 uM MRS2179-treated retinas. A single dose of the antag-
onist of P2RY; was injected three times: immediately after injury (0 hpl)
and at 24 and 48 hpl. j, k Progenitor cell nuclei were detected by BrdU

death and hence tissue recovery. Figure 10 shows apoptotic cell
death in retinas 2, 3, and 7 dpl (Fig. 10a—c). Apoptotic cell death
was remarkably low on days 2 to 3 after injury with ouabain.
Retina sections examined 7 days after injury presented an en-
hanced number of BrdU- and TUNEL-labelled nuclei (Fig. 10d—
f) which were only partially coincident.

Then, we treated retinas with the P2RY; antagonist and the
ecto-ATPase inhibitor that had caused further damage to the
retinal tissue and prevented the physiological recovery ob-
served 7 days after damage, as shown in Fig. 1. A treatment
for the last 3 days (4-7 dpl) with the P2RY; antagonist
MRS2179 or for 6 days after injury (1-7 dpl) with
ARL67156 did not modify the number of TUNEL-labelled
nuclei identified at 7 dpl. In spite of that, the number of
BrdU-positive nuclei was significantly lower when compared

-

Control - 70 hpl

GFAP + BrdU

3
ONL 7B

immunofluorescence and are depicted in green. Glial fibrillary acidic
protein (GFAP) immunoreactivity (IR) appears red. The third column
shows the merger of red and green images. Arrowheads indicate several
green nuclei which co-localized with GFAP-IR. PRS photoreceptor seg-
ments, ONL outer nuclear layer, OPL outer plexiform layer, /NL inner
nuclear layer, /PL inner plexiform layer, GCL ganglion cell layer, /LM
inner limiting membrane. Scale bars 20 and 5 pum in a and k, respectively

to control-injured retinas in the absence of the antagonist (Fig.
10g—i) or the ecto-ATPase inhibitor (Fig. 10j-1).

Discussion

The findings reported here in the zebrafish retina demon-
strated that specific purinergic signals are timely induced
after damage and further support a pivotal role of P2RY
and extracellular nucleotides particularly ADP, as well as
E-NTPDase activity, in regulating pluripotency gene ex-
pression in multipotent progenitor Miiller glia and derived
neuronal progenitor cells. The blocking of P2RY; inhibited
cell cycle progression of reprogrammed Miiller glia as well
as Miiller glia-derived progenitor cell mitotic amplification
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Ouabain 2 dpl

Fig. 10 Apoptotic cell death and BrdU-positive nuclei double-labelling
assays in injured retinas. Apoptotic fluorescein-labelled nuclei detected
by the method of TUNEL (in green) 2, 3, and 7 days after lesion (dp/)
with 6 uM ouabain are shown in a—c. Nuclei labelled with 5-bromo-2'-
deoxyuridine (BrdU)-positive nuclei appear red in e, f, h, i, k, 1. Retinas
were isolated at 7 dpl (¢, d, g, j) and treated with BrdU for 3 days begin-
ning on day 4 after injury. Representative images of retina sections treated
with MRS2179 (a specific antagonist of P2RY ) for 3 days starting on

fundamental for obtaining a sufficient number of progeni-
tor cells that migrate and differentiate for retina repair and
sight recovery.

Endogenous purinergic signals regulate tissue recovery
in the injured retina

An approximate intravitreous concentration of 6 UM ouabain
caused cell death in choroid, pigmented epithelium, as well as
all neural retina layers; however, a more prominent damage was
observed in the inner retina. Histological analysis at the time of
maximal proliferation of derived progenitor cells (7 dpl) revealed
apyrase and purinergic receptor antagonist effects on morpholog-
ical recovery of the retinal tissue. The specific antagonist of
P2RY, the ecto-ATPase inhibitor, and apyrase treatments
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Quabain 3 dpl

-

Oua+ARL 87156 -7

day 4 after injury (4—7 dpl) are shown in g—i. Representative images of
retina sections treated with ARL67156 (an ecto-ATPase activity inhibitor)
for 6 days starting on the first day after damage (1-7 dpl) are shown in the
last row (j-1). f, i, 1 The merger of the green and red images. CPN cone
photoreceptor nuclei, PRS photoreceptor segments, ONL outer nuclear
layer, OPL outer plexiform layer, /NL inner nuclear layer, /PL inner
plexiform layer, GCL ganglion cell layer, Oua ouabain. Scale bars in ¢,
k 20 pm

negatively affected tissue recovery. Blocking of other purinergic
membrane receptors examined, such as P2RY |, and P2RY 3
(with cangrelor or MRS2211); P2X1, P2X2, P2X3, and
P2RY; (with NF-110 + NF-157); or PIR (8-SPT), did not
strongly affect the cell number and lamination of the retinal tissue
when compared to control-injured retinas at the same interval as
assessed by histological analysis. Nevertheless, we cannot rule
out other effects of these purinergic receptors and their antago-
nists at different intervals after injury such as progenitor cell
migration, protection, vasculogenesis, differentiation, and synap-
togenesis that were not particularly evaluated in the present work
and deserve further investigation.

It has been described that when multiple retinal cells die as
a consequence of an injury with low (with cell death in the
inner retina only) [11] or high (with an almost complete
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destruction of the laminated tissue) doses of ouabain [56], a
peak of neuronal progenitor cell proliferation was always ob-
served 7 days after injury. In our assay conditions with an
intermediate dose of ouabain, we have observed likewise.

Several P2 receptors are expressed by cells of the neural
retina of zebrafish

We have assessed in this study the transcriptional expression of
different P2 receptors that have been described in the central
nervous system of vertebrate from embryonic stages to adulthood
[57] We detected P2RY1, P2RY12, and P2RY13 mRNAs which
are principally although not exclusively ADP-activated receptors
[50]. On the other hand, mRNA of purinergic receptors which
are chiefly activated by ATP (P2RX1, P2RX2, P2RX7, P2RY,
and P2RY>) was also detected. In contrast, P2ZRX3a mRNA was
not detected in the adult retina in agreement with previous reports
which indicated that P2RX3 is transiently expressed during em-
bryonic development in the nervous system and declines in post-
natal stages in rodents and zebrafish larvae [58, 59]. Injury with
ouabain failed to induce P2RX3a transcriptional expression in
the adult retina of zebrafish. The relative transcriptional expres-
sion of P2RY; was unchanged at 48 hpl but showed a strong
upregulation at both 65 hpl, i.e. during the phase of mitotic ac-
tivity of multipotent progenitor Miiller glia and early derived
progenitors, and the time of peak proliferation (7 dpl) of Miiller
glia-derived progenitor cells. Other purinergic receptor such as
P2X7 or P2Y, transcriptional expression was not modified by
the ouabain injury. P2RY 13 and P2RY, like P2RY; are mainly
activated by extracellular ADP and share intracellular signalling
pathways via an inhibitory protein, G [50]. Cangrelor is an an-
tagonist of P2RY'|, and either an antagonist or a partial agonist of
P2RY 5 [48, 60]. Neither cangrelor in this work nor MRS2211, a
potent inhibitor for P2RY'3 [42 and further results not shown],
modified the number of proliferative cells after injury, suggesting
that P2RY|, and P2RY |3 were not involved in controlling pro-
genitor cell mitotic activity. On the other hand, P2RX7 mRNA
levels were not modified by injury and a potent and specific
antagonist of P2RX7, which blocked the action of the injury-
induced endogenous extracellular ATP on these receptors from
days 0 to 4 after damage with ouabain, did not show a significant
effect on cell proliferation assessed 4 dpl. Nevertheless, we can-
not rule out P2RX7 effects on either cell survival or death, in-
cluding progenitor cells, depending on the extracellular ATP
levels at different intervals after damage [61] or in other types
of lesion that were not investigated in the present work.

The expression of P2Y; receptors is regulated by their
biological ligands

ADPfS at relatively low doses, an ADP non-hydrolysable
analogue, induced p2ry; gene transcription. In contrast, a
higher dose of ATPyS, an ATP non-hydrolysable analogue,

did not change p2ry; gene expression. This finding suggested
a mechanism by which the upregulation of P2RY; might oc-
cur in response to damage. In fact, given that the intracellular
ATP concentration overcomes in three orders the extracellular
one, dying and stimulated cells release their content to the
extracellular milieu and likely the concentration of extracellu-
lar ATP as well as ADP significantly increases after damage.
Furthermore, extracellular ATP is converted to ADP by
NTPDase2 (and in a lesser degree, by NTPDase3) activity
and extracellular ADP binding to purinergic receptors may
induce p2ry; gene transcriptional expression. Because we
have further shown that the antagonist MRS2179 provoked
a significant decrease of the P2RY | mRNA and protein level
65 hpl and 7 dpl, respectively, we may conclude that endog-
enous extracellular ADP induces its own receptor synthesis
after injury. On the other hand, apyrase did not modify the
transcriptional expression of this receptor which might indi-
cate that physiological low levels of extracellular nucleotides
do not significantly modify p2ry; gene expression in unin-
jured retinas. In this regard, it has been described that treat-
ments with apyrase did not cause damage in intact retinas [40].

P2RY, protein was expressed and induced by injury
in the adult neural zebrafish retina

The antibody used in this work detected as expected a clear
band of 63 kDa in rat brain homogenates. A previous study
has also described the detection of a 63-kDa band, with an-
other polyclonal antibody, in rat and human brain membrane
homogenates and in cell cultures expressing a cloned human
P2RY, [62]. We also detected a single band of 63 kDa in the
brain and neural retina of zebrafish. P2RY protein was main-
ly expressed in the IPL and GCL as well as blood vessels in
intact retinas whereas the expression of this receptor in the
INL, OPL, and photoreceptor layer gradually increased from
80 h to 7 days after damage, in concert with the increments of
this receptor mRNA relative expression levels (65 hpl and
7 dpl). Between the third and fourth day after damage
(80 hpl), P2RY expression was diminished in the IPL which
was concurrent with inner retina cell death and synaptic dis-
organization after injury. P2RY| expression showed a maxi-
mal enhancement throughout all retinal layers including cone
photoreceptor segments and the OLM region at the time of
peak progenitor cell proliferation.

Eighty hours after lesion, a few BrdU-positive nuclei de-
tected in the INL and remaining of the GCL and fibre layer co-
localized with P2RY stain. The identity of the proliferative
nuclei detected in the inner retina is uncertain, but they may
represent mitotically active microglial and endothelial cell nu-
clei as well as some Miiller glia-derived progenitor cells.
Seven days after lesion, the enhanced expression of P2RY
in the INL was observed in close proximity to the Miiller glia-
derived progenitor proliferative nuclei in the mature retina. In
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the CMZ at 7 dpl, we have observed co-localization of
P2RY;-IR surrounding nuclei likely representing slow divid-
ing multipotent cell progenitors due to their proximity to the
RPE and BV within the proliferative ciliary margin. It was
difficult to establish whether the stain for P2RY in plasma
membranes and G2 phase or postmitotic nuclei belonged to
the same cell because both markers, even if they were detected
in the same cell, could be placed considerably apart. So,
P2RY; could be localized in Miiller cell somatic processes
away from their nuclei, plasma membrane extensions of mi-
grating precursors, or neurites of differentiating neurons. Even
so, P2RY; was ubiquitously expressed in multiple retina cells
and layers after injury and could regulate progenitor cell mi-
totic activity indirectly throughout other extracellular signals
released by cells expressing these purinergic receptors, which
were activated by ADP or ATP through paracrine
mechanisms.

P2RY-induced progenitor cell mitotic activity in the early
and late intervals of the proliferative phase after injury

Treatments with the specific antagonist MRS2179 provoked
inhibition of the proliferative activity after injury together with
a significant decrease of P2RY; mRNA and protein expres-
sion levels at 65 hpl and 7 dpl, respectively. MRS2179 treat-
ment effects after injury were observed at two intervals, in
which different kinds of progenitor cells become mitotically
active. The specific antagonist of P2RY likely by inhibiting
progenitor Miiller glia and early derived neural progenitor’s
mitotic divisions for 03 days after ouabain injury abolished
derived progenitor cells’ amplification peak normally ob-
served 7 dpl. Likewise, the antagonist abolished the maximal
proliferative activity after injury, when it was present in the
vitreous chamber for 4—7 dpl at the time progenitor Miiller glia
mitotic activity had likely ceased and Miiller glia-derived pro-
genitor cells amplified to reach an appropriate number for
retina repair [44].

Injury-induced overexpression of P2RY; could indicate its
participation as a survival signal avoiding excessive cell death
during the amplification phase (5-7 dpl). However, with an
injury with ouabain at the level performed here, TUNEL assay
revealed that neither MRS2179 nor ARL67156 treatment pro-
voked a higher degree of apoptosis than that was caused by the
injury per se. As aforementioned, we have described that
MRS2179 provoked a strong inhibition of the injury-
induced expression of P2RY, suggesting that cell apoptosis
was not significantly affected by the strong downregulation of
the receptor. These evidences indicate that P2RY; has no a
crucial role in differentiating postmitotic cell survival.
Nonetheless, our findings suggesting that MRS2179 caused
cell cycle arrest quite early after damage might indicate that
arrested progenitors went through an apoptotic process.
Therefore, the relative low number of TUNEL-positive cells
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observed on day 7 after injury may be due to the fact that
retinas treated with MRS2179 had a significantly lower num-
ber of any kind of cells. This was indeed observed in histo-
logical or FICC assessments.

We have previously demonstrated that ADP3S caused a
low but significant increase in progenitor cell proliferation in
the dorsal region of intact retinas, with no evidence of tissue
damage, which was blocked by MRS2179 [42]. Moreover,
MRS2179 caused a decrement of the proliferative activity in
the CMZ of intact retinas [40]. Our previous and present re-
sults suggest that ADP, at higher than physiological levels,
acting on P2RY increases progenitor cell proliferation in
the mature retina. It has been recently described that ADP
acting on P2RY; regulates cell cycle cyclins in retinal progen-
itor cells of developing rats without affecting progenitor cell
survival [24]. Nevertheless, it is likely that both injury-
induced progenitor and differentiated cells survive further in
the presence of other extracellular nucleotides and nucleosides
[33, 63]. Noteworthy, a treatment with apyrase for 6 days after
injury, which provokes a complete hydrolysis of extracellular
nucleotides, resulted in an almost acellular and unlaminated
tissue (see Fig. 1) by preventing progenitor cell proliferation
and/or promoting cell death (see Fig. 5 and [42]). In this re-
gard, it has been extensively reported that extracellular nucle-
otides are crucial to restore retina cell volume increase, which
could be provoked by an osmotic imbalance caused by the
ouabain treatment in our study. Nucleotides are essential for
limiting an excessive inflammatory activation of microglia
and the gliotic response of macroglial and Miiller cells in the
mammalian retina. So, total hydrolysis of extracellular nucle-
otides by apyrase might also increase the gliotic response
preventing multipotent Miiller glia mitotic activation in
regenerating zebrafish retinas [33, 64].

Injury with ouabain and purinergic signalling regulated
Miiller cell gliotic reactivity and activated mitotic division

In this study, we have observed that GFAP was upregulated
in Miiller glia evidencing gliotic reactivity at 65 hpl. As
previously shown, the gliotic response was limited, com-
pared to the one observed in the mammalian retina, which
has been described as a feature of retinas with regenerative
capacity [64]. Limited gliosis of Miiller glia may help to
promote neuroprotective mechanisms after injury [33]. In
the presence of the P2RY, antagonist, gliosis in Miiller
cells in response to injury was prominent but restricted to
the inner retina.

Nuclei that entered the S phase and progressed through G2
phase between 66 and 70 hpl, like it was determined with a 4-h
pulse of BrdU, were detected neatly aligned in the middle of
the INL and several of them closely co-localized with GFAP
most likely representing postmitotic nuclei of progenitor
Miiller glia [10, 12, 44]. The more numerous fusiform-
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shaped BrdU-labelled nuclei formed clusters that were also
associated with Miiller glia processes across the INL; these
nuclei likely represented neural progenitors derived from
multipotent Miiller glia first divisions. In the presence of rel-
atively low doses of the specific antagonist of P2RY, a lower
number of scattered and spherically shaped nuclei were la-
belled with BrdU, suggesting an S phase entry with cell cycle
arrest. Almost none of these nuclei showed an apparent co-
localization with GFAP-positive processes across the INL,
indicating a partial but significant inhibition of progenitor
Miiller glia mitotic activity. The presence of the antagonist
also prevented the formation of progenitor cell clusters asso-
ciated to progenitor Miiller glia. Most likely, P2RY partici-
pates in cell cycle progression to mitotic division of both
multipotent Miiller glial cells and their derived neural progen-
itor cells.

Ecto-nucleotidase activity was necessary for Miiller
glia-derived progenitor cell amplification

Extracellular ATP is derived from neural, glial, or pigmented
epithelium cells and the vitreous and/or retinal vessels in phys-
iological or pathological conditions. The experiments using
ARL67156 indicated that an ecto-ATPase activity, including
that of the plasma membrane E-NTPDases [53], were neces-
sary to observe a maximum in Miiller glia-derived progenitor
cell proliferation. Treatment with ARL67156 or POM (a more
potent although less specific inhibitor of E-NTPDase activity),
delivered early at the time progenitor Miiller glia, was activat-
ed and did not affect the number of Miiller glia-derived pro-
genitor cells at the time of peak proliferation. Hydrolysis of
extracellular nucleotides may be critical for obtaining an ade-
quate amount of daughter progenitor cells for retina repair.
The lack of effect of the ecto-ATPase inhibitor early after
injury might be due to a sufficient amount of ADP and ATP
to activate P2RY; had been released by dying cells. The ecto-
nucleotidase inhibitor was withdrawn at 72 h after injury, and
retinas were allowed to recover for 4 days. Accumulated ATP
together with an increased expression of NTPDase2 and, later
on, NTPDase3 may have boosted the production of extracel-
lular ADP which, by acting through an increased number of
P2RY, and provoked a delayed activation of progenitor
Miiller glia and/or Miiller glia-derived progenitor cell ampli-
fication. In this regard, we have shown here that NTPDase2
and NTPDase3 transcriptional expression was induced early
and late after injury, respectively. We have also described an
early and lasting increment of NTPDasel transcriptional ex-
pression after injury, which may serve as a protective mecha-
nism for neurons from an excess of ATP, which is released by
dying cells and by ATP-activated glial cells in a positive feed-
back loop, as it was demonstrated in tissue injuries in the
mammalian CNS [65].

Purinergic signals upregulated /in28a and asclla
expression in intact or injured retinas

Our results indicated that an ADP3S treatment for 3 days was
able to induce the transcriptional expression of /in28a and
asclla genes in the mature region of uninjured retinas. This
finding suggests that injury levels of endogenous extracellular
ADP may regulate the expression of /in28a, possibly by in-
creasing asclla levels, which are necessary for progenitor
Miiller glia cell cycle re-entry. These genes are also expressed
by Miiller glia-derived progenitors in the zebrafish retina after
injury [7, 12].

Interestingly, injury-induced /in28a and asclla expression
that was observed 65—68 h after damage in the mature portion
of the adult retina, i.e. during the interval of progenitor Miiller
glia reprogramming, was significantly decreased by antago-
nizing P2RY . These results indicate that endogenous extra-
cellular nucleotides, likely ADP or with less affinity ATP act-
ing on P2RY, induce the transcription of asc//a and, in con-
sequence, of /in28a genes in response to injury.

In conclusion, injured retinas exhibited the upregulation of
P2RY; and E-NTPDase expression; also, P2RY; mRNA
levels can be enhanced by an ADP analogue in intact retinas.
P2RY; mRNA and protein level increments after injury can be
abolished by antagonizing the same receptors. Furthermore,
progenitor cell nuclei, some of them in G2 phase, as well as
other postmitotic cells in the mature layers and CMZ
expressed P2RY |, which were progressively upregulated after
damage with a maximum at the time of peak progenitor pro-
liferation. Extracellular nucleotide hydrolysis by E-NTPDases
was important for Miiller glia-derived progenitor cell prolifer-
ation, whereas P2RY | activation by ADP, whose extracellular
concentration was probably increased after injury, was rele-
vant for progenitor Miiller glia mitotic activation as well as
Miiller glia-derived progenitor cell amplification. P2RY in-
duction of their own synthesis and progenitor cell proliferation
after damage were likely mediated by an increment in the
intracellular Ca®* concentration caused by the activation of
Gq protein coupled to P2RY,. The pluripotency and proneural
transcription factor genes /in28a and asclla, respectively, have
been characterized as key regulators of progenitor Miiller glial
cell reprogramming for retina repair. Remarkably, ADP(3S by
itself was able to stimulate the transcriptional expression of the
pluripotency genes whereas blocking of P2RY; significantly
but not completely prevented the injury-induced transcription
of both genes.

In the injured or diseased mammalian retina, purinergic
signals stimulate the gliotic response and proliferation of ret-
inal glial cells for healing and tissue protection. However, scar
formation as a consequence of an excessive gliotic response
has adverse consequences for tissue function. Purinergic sig-
nalling together with growth factors induce Miiller cell prolif-
eration in proliferative retinopathies in humans. Our findings
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are in concert with previous reports suggesting that pharma-
cological blocking of P2RY'; may represent an important ther-
apeutic strategy to limit the excessive proliferative activity of
Miiller glia that occurs in proliferative retinopathies [33].
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