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Purpose: Müller glia (MG) in the retina of Xenopus laevis (African clawed frog) repro-
gram to a transiently amplifying retinal progenitor state after an injury. These progeni-
tors then give rise to new retinal neurons. In contrast, mammalian MG have a restricted
neurogenic capacity andundergo reactivegliosis after injury. This study sought to estab-
lish MG cell lines from the regeneration-competent frog and the regeneration-deficient
mouse.

Methods: MG were isolated from postnatal day 5 GLAST-CreERT; Rbfl/fl mice and from
adult (3–5 years post-metamorphic) X laevis. Serial adherent subculture resulted in
spontaneously immortalized cells and the establishment of two MG cell lines: murine
retinal glia 17 (RG17) and Xenopus glia 69 (XG69). They were characterized for MG gene
and protein expression by qPCR, immunostaining, and Western blot. Purinergic signal-
ing was assessed with calcium imaging. Pharmacological perturbations with 2’-3’-O-(4-
benzoylbenzoyl) adenosine5’-triphosphate (BzATP) andKN-62wereperformedonRG17
cells.

Results: RG17 and XG69 cells express several MG markers and retain purinergic signal-
ing. Pharmacological perturbations of intracellular calcium responses with BzATP and
KN-62 suggest that the ionotropic purinergic receptor P2X7 is present and functional
in RG17 cells. Stimulation of XG69 cells with adenosine triphosphate–induced calcium
responses in a dose-dependent manner.

Conclusions:We report the characterization of RG17 and XG69, two novel MG cell lines
from species with significantly disparate retinal regenerative capabilities.

Translational Relevance: RG17 and XG69 cell line models will aid comparative studies
between species endowed with varied regenerative capacity and will facilitate the
development of new cell-based strategies for treating retinal degenerative diseases.

Introduction

Müller glia (MG) are the major glial cells of the
vertebrate retina. They are the only glial phenotype to
originate from the retinal neuroepithelium and the last
to terminally differentiate from late multipotent retinal
progenitor cells.1,2 MG perform critical support-
ive functions, including maintaining homeostasis,
preventing neuronal excitotoxicity, removing toxic
metabolic byproducts, recycling photopigments,

and contributing to the blood-retina barrier, among
others.3

AlthoughMG development and function are highly
conserved across vertebrates, their regenerative compe-
tency varies greatly from species to species.4 In some
species, MG reprogram to a transiently amplifying
progenitor state after an injury, which can then give rise
to new functional retinal neurons. The MG of fish and
frogs display a robust injury-induced proliferative and
regenerative response throughout adulthood; those
of postnatal chicks proliferate after injury, but have
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limited neurogenic competence; and those of MG of
mice and humans fail to elicit any regeneration of the
injured retina.5–12 Instead, upon injury, mammalian
MG undergo reactive gliosis, which impedes tissue
repair and exacerbates neuronal degeneration.13

Yet, various studies indicate that mammalian MG
have a dormant neurogenic capacity. When mouseMG
are genetically or pharmacologically forced to repro-
gram, limited retinal regeneration can occur.14–17 These
findings suggest that additional factors are necessary
to elicit a full regenerative response in vivo. Compara-
tive studies between species endowedwith varied regen-
erative properties are integral to elucidate the mecha-
nisms that can promote MG-mediated regeneration
in mammals for the treatment of retinal degenerative
diseases.

In contrast with zebrafish MG, Xenopus laevis
(African clawed frog) and mammalian MG are quies-
cent under normal physiologic conditions.5–7 Yet, in
the frog, retinal injury reactivatesMG to regenerate the
damaged retina.10,11 Here, we report the establishment
and characterization of two spontaneously immortal-
ized MG cell lines from mice and X laevis frogs. These
lines represent valuable resources to help us further
understand organism-specific MG biology, pathophys-
iology, epigenetic landscape, and permissiveness for
progenitor state reprogramming.

Methods

Animals

Animals were treated in accordance with the
National Research Council’s Guide for the Care and
Use of Laboratory Animals and the ARVO State-
ment for the Use of Animals in Ophthalmic and
Vision Research. Animal procedures were approved
by the Institutional Animal Care and Use Commit-
tee at the University of Miami. We crossed GLAST-
CreERT (The Jackson Laboratory, Bar Harbor, ME;
stock number 012586) andRbfl/fl (The Jackson Labora-
tory, stock number 026563) mice to generate GLAST-
CreERT; Rbfl/fl mice. Mice were maintained in a
regulated environment and fed ad libitum. Frogs were
housed in a temperature-, conductivity-, and pH-
controlled environment.

Cell Culture

A litter of postnatal day 5 transgenic GLAST-
CreERT; Rbfl/fl mice pups were euthanized, and their
globes were enucleated. Retinas were dissected free of
the retinal pigment epithelium (RPE), lens, cornea,

and iris. Retinas were dissociated by incubation in
phosphate-buffered saline (PBS) containing 16.5 U/mL
activated papain (Worthington, Lakewood, NJ) and
124 U/mL DNase (Sigma-Aldrich, St. Louis, MO)
for 30 minutes at 37°C with gentle trituration. Diges-
tion was stopped with ovomucoid (Worthington), and
retinal cells were pelleted by centrifugation (300 g,
5minutes) and resuspended in high-glucoseDulbecco’s
modified Eagle Medium (ThermoFisher Scientific,
Waltham, MA) containing 10% fetal bovine serum
(Denville Scientific, Hollistion, MA), 1% sodium
pyruvate, and 1% antibiotic–antimycotic. The cells
were passed through a 40 μM cell strainer before
plating. Cells were maintained at 37°C in humidified
5% CO2, and the medium was changed every 3 days.
We used 0.25% trypsin-EDTA (ThermoFisher Scien-
tific) for the dissociation of adherent cells. Adherent
MG became enriched after 2 to 3 passages as identified
by cell morphology.

Globes were collected from euthanized wild-type
adult (3–5 years postmetamorphic) X laevis, and the
retinas were dissected and then dissociated by incuba-
tion in 0.25% trypsin-EDTA at room temperature
for 1 hour while shaking at 1000 rpm. Trypsiniza-
tion was inactivated with Leibovitz’s L-15 Medium
(ThermoFisher Scientific) supplemented with 28%
sterile deionized water, 10% fetal bovine serum
(Denville Scientific), and 1% antibiotic–antimycotic.
Retinal cells were pelleted by centrifugation (300 g,
5 minutes), resuspended in complete Leibovitz’s L-
15 medium, and then passed through a 40-μM cell
strainer before plating. Cells were maintained at 20°C
to 23°C in a humidified chamber with media changes
every 3 days. After 3 to 4 weeks, frog retinal cell
colonies became prominent after initial plating. Adher-
ent MG became enriched after 2 to 3 passages as
identified by cell morphology. We used 0.25% trypsin-
EDTA (ThermoFisher Scientific) for the dissociation
of adherent cells with a 7-minute incubation at room
temperature. To culture the frog RPE, choroid/sclera
frommultiple globes were dissected free from the retina
and incubated in 0.25% trypsin-EDTAat room temper-
ature for 1 hour while shaking at 1000 rpm. Trypsiniza-
tion was inactivated with complete medium, and the
cells were passed through a 40-μM cell strainer before
culturing. RPE enrichment was confirmed based on
morphology, pigmentation, and PAX6 immunostain-
ing.

Polymerase Chain Reaction (PCR) Analysis

To determine Cre-mediated recombination, purified
DNA from RG17 cells was subjected to PCR ampli-
fication using the primers listed in Table 1.18 DNA
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Table 1. PCR Primers

Primer Sequence Notes

Rb212 GAAAGGAAAGTCAGGGACATTGGG To determine Rb1 recombination18

Rb18 GGCGTGTGCCATCAATG
Rb19E CTCAAGAGCTCAGACTCATGG
10110 ACAATCTGGCCTGCTACCAAAGC To identify GLAST-CreERT transgene (The Jackson Laboratory)
10112 CCAGTGAAACAGCATTGCTGTC

Table 2. Antibodies Used for Immunofluorescence Staining and Western Blot

Antibodies Source and Cat# Host Dilution RRID

Beta Actin ThermoFisher Scientific Cat# MA5-15739 Mouse 1:2000WB AB_10979409
CRALBP ThermoFisher Scientific Cat# MA1-813 Mouse 1:1000WB AB_2178528
GFAP Abcam Cat# ab10062 Mouse 1:1000IF AB_296804
GLAST (EAAT1) Abcam Cat# ab416 Rabbit 1:200IF AB_304334

1:1000WB

GS Millipore Cat# MAB302 Mouse 1:200IF AB_2110656
1:1000WB

Pax6 BioLegend Cat# 901301 Rabbit 1:100IF AB_2565003
RPE65 ThermoFisher Scientific Cat# MA1-16578 Mouse 1:1000WB AB_2181003
Sox9 ThermoFisher Scientific Cat# PA5-81966 Rabbit 1:200IF AB_2789127

1:1000WB

Vimentin Abcam Cat# ab7783 Rabbit 1:100IF AB_2833071
1000WB

ZO-1 ThermoFisher Scientific Cat# 61-7300 Rabbit 1:1000WB AB_2533938
Alexa Fluor 488 Abcam Cat# ab150113 Goat 1:100IF AB_2576208
Alexa Fluor 594 Abcam Cat# ab150112 Donkey 1:1000IF AB_2813898
Alexa Fluor 647 Abcam Cat# ab150079 Goat 1:1000IF AB_2722623
Mouse IgG HRP-conjugated
antibody

R&D Systems Cat# HAF007 Goat 1:1000WB AB_357234

Rabbit IgG HRP-conjugated
antibody

R&D Systems Cat# HAF008 Goat 1:1000WB AB_357235

samples were extracted with the DNeasy Blood &
Tissue Kit (Qiagen, Hilden, Germany). The PCR
program included 35 cycles of 30 seconds at 94°C, 30
seconds at 58°C, and 50 seconds at 72°C. Primers 10110
and 10112 were used for GLAST–CreERT transgene
identification as provided by the Jackson Laboratory.

Short Tandem Repeat (STR) Analysis

STR DNA analysis on RG17 cells (passages 5 and
20) was performed by the ATCCMouse Cell Line STR
Profiling Service (Manassas, VA).

Immunofluorescence Staining

Cells were fixed in 4% paraformaldehyde in PBS
for 15 minutes at room temperature. Adult frog

and mice globes were fixed in 4% paraformalde-
hyde in PBS for 2 hours, then placed in a 15% to
30% sucrose/PBS gradient. Globes were embedded
in Tissue-Tek O.C.T. Compound (Torrance, CA) for
frozen sectioning (12 μm). The cells and tissue speci-
mens were blocked with PBS containing 10% normal
donkey serum and 0.2% Triton X-100 for 2 hours.
Primary antibodies (listed in Table 2) in blocking
solution were applied overnight at 4°C. AlexaFlour
(Abcam, Cambridge, MA) secondary antibodies were
applied for 1 hour at room temperature. We used
4’, 6-diamidino-2-phenylindole (1 μg/mL; Bio-Rad
Laboratories, Hercules, CA; #1351303) to counter-
stain. Specificity of labeling was confirmed by omitting
the primary antibody. Imaging was performed on a
LeicaAOBSSP8 confocalmicroscope (LeicaMicrosys-
tems, Exton, PA).
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Table 3. qPCR Primers

Gene Forward Reverse

Mouse

GS GGGGACAAATGCGGAGGTTA AAAGTCTTCGCACACCCGAT
GLAST CTGGTAACCCGGAAGAACCC GGGGAGCACAAATCTGGTGA
Rlbp1 CGTGGAAGGCAGAGTTAAAGGC CAAGGATCACATCCAAGATGGG
Sox9 TCCCCGCAACAGATCTCCTA GAGCCGGAGTTCTGATGGTC
Vim AGCAGTATGAAAGCGTGGCT CTCCAGGGACTCGTTAGTGC
β actin GATCAGCAAGCAGGAGTACGA AAAACGCAGCTCAGTAACAGTC

Frog

GS.L ACAAACTTGCTGAGGAAACGAAG CGAAGTTCCATTCAGGGATTTCATC
GLAST.L GCCGTAGACTGGTTTTTGGAC TGAGCTCGTGCCTAGACAAA
Sox9.L CTGGGGAAGTTATGGAGGCTTT CAGCCTGTAGGGCCTTGAAA
Vim.L ACAATCTGGCCGATGATCTCC GGCATTGTCCACATCCTGTCT
ef1α.S46 TGGATATGCCCCTGTGTTGGATT TCCACGCACATTGGCTTTCCT

Quantitative PCR (qPCR)

Total RNA from mouse and frog MG (passage 4–6
[primary] and passage 20–25 cells) were extracted using
the RNeasy Plus Kit (Qiagen) then reverse transcribed
with Superscript III polymerase (Invitrogen, Carls-
bad, CA). A qPCR was performed with a QuantStu-
dio 7 Flex Real-Time PCR System (Applied Biosys-
tems, Waltham, MA) using PowerUp SYBR Green
Master Mix (Applied Biosystems). Primers are listed
in Table 3. Relative expression was calculated using
2ˆdelta delta Ct with β-actin and efl1α.s as the house-
keeping genes for mouse and frog samples, respectively.
Three independent cultures of both primary and late
passaged cells were run in triplicate. Data are presented
as the geometric mean ± geometric standard deviation
of the three independent cultures. The unpaired t-test
was applied with a P value of 0.05 or less considered
statistically significant.

Western Blot

Cells were lysed with radioimmunoprecipitation
assay buffer (ThermoFisher Scientific) containing
protease and phosphatase inhibitors. Cell lysates
were resuspended in 2× Laemmli buffer (Bio-Rad
Laboratories) with 5% β-mercaptoethanol and equal
amounts of total protein were loaded into precast
SDS-PAGE gels (Bio-Rad Laboratories). After trans-
fer to polyvinylidene difluoride membranes (Bio-Rad
Laboratories), these membranes were blocked with 5%
bovine serum albumin in Tris-buffered saline contain-
ing 0.1% Tween 20. Lysates were probed with the
antibodies listed in Table 2. Blots were incubated with
horseradish peroxidase-conjugated species-specific

secondary antibodies (R&D Systems, Minneapolis,
MN). Proteins were visualized with an enhanced
chemiluminescence substrate (Bio-Rad Laboratories).

Growth Curve

Growth curves were generated with the CellTiter-
Glo Luminescent Cell Viability Assay (Promega,
Madison, WI) as described previously.19 We plated
1000 cells per well of a 96-well plate with complete
medium, and luminescence was measured with a
SpectraMax MiniMax 300 Imaging Cytometer
(Molecular Devices, San Jose, CA). Growth curves
were generated for primary MG and passage 20 cells
for both the mouse and frog. Media was changed
daily. Triplicate cultures for each group were plated
in each assay. Values graphed represent the mean ±
standard deviation of the luminescent signal from
each culture. An exponential growth model (Graph-
Pad Prism 6 v9.0.2; San Diego, CA) was applied to
estimate doubling times.

Calcium Imaging and Quantification

RG17 and XG69 cells were plated on glass cover
slips and incubated in the calcium indicator Fluo-4,
acetoxymethyl ester in complete media for 30 minutes.
The media were then aspirated, and cells were
immersed in physiological buffer (125 mmol/L NaCl,
5.9 mmol/L KCl, 2.56 mmol/L CaCl2, 1 mmol/L
MgCl2, 25 mmol/L HEPES, and 0.1% bovine serum
albumin, pH 7.4) for imaging on a Leica TCS SP5
upright confocal microscope (Leica Microsystems).
Adenosine triphosphate (ATP) disodium (50 μM;
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Selleck Chemicals, Houston, TX, Cat# S1985), KN-
62 (1 μM; Selleck Chemicals, Cat# S7422), 2′-3′-O-
(4-benzoylbenzoyl) adenosine 5′-triphosphate (50 μM;
BzATP) triethylammonium salt (Tocris, Minneapo-
lis, MN, Cat# 3312), and glutamate (100–1000 μM)
were used. Cytosolic calcium levels were quantified as
described by Makhmutova et al.20 Changes in fluores-
cence intensity were expressed as percentage changes
over baseline (�F/F). Baseline was defined as the
mean of the intensity values during the nonstimulatory
period. Data are displayed as heat maps to include all
recorded cells from two to three independent cultures.
Tomeasure the overall integrated calcium response, the
area under the curve for each response was calculated
with GraphPad Prism 6 v9.0.2 (San Diego, CA).

Results

Establishment and Characterization of a
Mouse MG Cell Line

Primary retinal cells were cultured from postna-
tal day 5 transgenic GLAST-CreERT; Rbfl/fl mice
pups. After two to three passages, a homogenous MG
population was isolated and identified by cell morphol-
ogy. Serial adherent subculture of the isolated MG
resulted in spontaneously immortalized cells and the
establishment of the retinal glia 17 (RG17) line. Of
note, these cells have not been induced to undergo Cre-
mediated recombination (Supplementary Fig. S1).

RG17 cells have been maintained for more than
40 passages, grow as an adherent monolayer, and
present an invariant morphology. Phenotypic expres-
sion of well-characterized mammalian MG markers
was observed through 20 passages. Immunofluores-
cence staining shows RG17 cells express glutamine
synthetase (GS), glutamate–aspartate transporter
(GLAST; also known as excitatory amino acid trans-
porter 1 [EAAT1]), Sox9, and vimentin (Fig. 1A).
RG17 cells stained a characteristic punctate pattern
for GLAST throughout the cytoplasm. RG17 cells
do not stain for glial fibrillary acidic protein (GFAP),
which is not an MG-specific marker, but rather an
index of gliosis. The specificity of the antibodies was
confirmed with staining on mouse retinas (Supplemen-
tary Fig. S2).

A qPCR was performed to compare gene expres-
sion levels of MG characteristic genes between primary
MG and RG17 cells (passages 20–25). There were no
significant changes in Glast, Sox9, and Vim expres-
sion. GS expression decreased 36.7% (P = 0.0023) and
Rlbp1 expression decreased 94.9% (P= 0.002) in RG17
compared with the primary MG (Fig. 1B). Protein

expression of GS, GLAST, Sox9, vimentin, and cellu-
lar retinaldehyde binding protein (CRALBP, encoded
by Rlbp1) at passage 20 was confirmed by Western
blot. CRALBP protein expression greatly decreased
with cell culture passaging, which is consistent with the
qPCR results (Fig. 1C).

Under standard culture conditions, passage 5 RG17
cells have a doubling time of 58.47 hours (95% confi-
dence interval [CI], 54.04–63.39) and passage 20 RG17
cells have a doubling time of 60.90 hours (95% CI,
57.18–64.96) (Fig. 1D). No changes in the morpho-
logic presentation or the growth rate were observed
after cryopreservation and recovery. The STR profiles
of passage 5 and passage 20 RG17 cells are consis-
tent, indicating that the cell line is stable with respect to
the analyzed loci over the time frame of these passages
(Supplementary Fig. S3).

Establishment and Characterization of a X
laevisMG Cell Line

Primary retinal cells and RPE were isolated and
cultured from the retinas of adult wild-type (3–5 years
postmetamorphic) X laevis frogs. Cell colonies formed
after approximately 3 weeks in culture, and multi-
ple morphologically distinct populations were present.
One major cell population was made up of large
adherent cells with prominent nuclei, epithelial-like
morphology, and broad processes, similar to cultured
mammalian MG. A second major population was
identified as RPE cells based on their phenotypic
characteristics on phase contrast microscopy. This
population consisted of flat, adherent, pigmented cells
with an epithelial-like morphology and expressed the
RPE marker PAX6 on immunofluorescence staining
(Supplementary Fig. S4). RPE cells were not observed
in culture after the third passage. The remaining
adherent cell population was expanded and achieved
homogeneous cell morphology. These cells expressed
GS on immunofluorescence staining, a known marker
of MG in X laevis, through 25 passages.21 These
spontaneously immortalized MG cells were named
Xenopus glia 69 (XG69).

Along with GS, XG69 cells also express the classical
mammalianMGmarkers GLAST, Sox9, and vimentin
on immunofluorescence staining through 20 passages
(Fig. 2A). They were negative for GFAP, consistent
with the fact that X laevis lack the GFAP gene.22
The specificity of these antibodies was confirmed with
staining on adultX laevis retinas. Sox9 staining was not
MG specific in the adult frog retina, but had strong
nuclear staining in the cultured MG (Supplementary
Fig. 2). qPCR showed that there were no significant
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Figure 1. Immunophenotypic characterization ofmouseMGcell line RG17. (A) Phase contrast images and immunofluorescence staining of
primary MG cells and passage 20 RG17 cells. RG17 demonstrate typical MGmorphology in culture and express many well-characterizedMG
markers. Scale bar, 50 μm and applies to all immunofluorescence images. (B) Expression of characteristic MG genes in primary MG and RG17
cells (passages 20–25). The geometric means and geometric standard deviations (N = 3 independent cultures) are graphed. An unpaired
t-test was appliedwith a P value of≤0.05 considered statistically significant. (C)Western blot detection of MGmarkers from primaryMG and
passage 20 RG17 cells. (D) The doubling rate of RG17 cells does not vary significantly between passages 5 and 20. Data points are mean ±
standard deviation.
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Figure 2. Immunophenotypic characterization of X laevisMG cell line XG69. (A) Phase contrast images and immunofluorescence staining
of primary MG and XG69 cell line at passage 20. (B) Expression of MG genes in primary MG and XG69 cells (passages 20–25). The geometric
means and geometric standard deviations (N= 3 independent cultures) are graphed. An unpaired t-test was applied with a P value of≤0.05
considered statistically significant. (C) Western blot detection of MG markers from primary MG and passage 20 XG69 cells. Frog MG do not
express RPEmarkers ZO-1 andRPE65unlike primary XenopusRPE cells. (D) Thedoubling rate of XG69 cells does not vary significantly through
20 passages. Data points are mean ± standard deviation.

differences in expression of GS, Vim, GLAST, and
Sox9 between primary MG and passage 20 XG69
(Fig. 2B). Western blot confirmed protein expression
of GLAST, GS, Sox9, vimentin, and CRALBP. Frog
MG did not express ZO-1 and RPE65 onWestern blot,
unlike primary frog RPE cells (Fig. 2C).

After serial adherent subculture, XG69 maintain
a constant morphology and growth rate. Passage 5
XG69 cells have a doubling time of 60.59 hours (95%

CI, 51.15–71.95) and passage 20 XG69 cells have a
doubling time of 60.35 hours (95% CI, 50.51–72.55)
(Fig. 2D). They do not show any changes in growth rate
or morphology after cryopreservation and recovery.

P2X7 Purinergic Signaling in RG17

In the presence of 50 μM ATP, RG17 cells exhib-
ited large calcium responses with an average peak
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Figure 3. Calcium responses elicited by P2X7 activation in RG17 cells. (A) Heat map shows calcium responses of RG17 cells to 50 μM of ATP
and the combination of 50 μM of ATP and 1 μM of P2X7 noncompetitive antagonist P2X7 (n= 41 cells). Each row is a single cell, the x axis is
time, and the change of the fluorescent intensity over baseline (�F/F) is indicated by the color scale, where fluorescence intensity increases
from purple to red. (B) Confocal images of the RG17 intracellular calcium responses. Scale bar, 100 μm. (C) Representative traces of calcium
responses of individual RG17 cells as well as the average trace to ATP and KN-62. (D) KN-62 mitigated the ATP-induced calcium response in
RG17 cells (unpaired t-test of the area under the curve; **** P < 0.0001). (E) Heat map shows calcium responses of RG17 cells to 50 μM of
BzATP (n= 50 cells). Each row is a single cell, the x axis is time, and�F/F is indicated by the color scale, where fluorescence intensity increases
from purple to red. (F) Representative traces of calcium responses of individual RG17 cells to BzATP. (G) Average trace of the RG17 calcium
response to BzATP (n = 50 cells).

percentage change of fluorescent intensity over
baseline (�F/F) of 91.39 ± 7.11%. 82% (50/61) of
RG17 cells exhibited calcium responses with kinetic
variations after ATP stimulation (Supplementary Fig.
S5, Supplementary Movie 1).

To examine the mechanisms underlying the ATP-
evoked responses, we pharmacologically perturbed
calcium signaling with the P2X7 receptor noncompet-
itive antagonist KN-62 (Figs. 3A–B, Supplementary
Movie 2). The average peak �F/F of RG17 cells was
123.27 ± 8.06% with ATP alone, whereas it was 50.65
± 6.66% with both ATP and 1 μM KN-62 (Fig. 3B).
KN-62 significantly decreased theATP-evoked calcium
response according to an area under the curve analysis
(P < 0.0001) (Fig. 3C). In contrast, the application of
50 μM of P2X7 agonist BzATP elicited robust intracel-
lular calcium responses, with an average peak �F/F of
141.47 ± 7.34% (Figs. 3D–F, SupplementaryMovie 3).

Together, these observations provide pharmacological
evidence for the presence of functional P2X7 receptors
in RG17 cells.

Purinergic Signaling of XG69

XG69 cells exhibited a lower uptake of the
Fluo-4, AM calcium indicator compared with RG17
cells. Nonetheless, intracellular calcium responses were
observed after XG69 cells were treated with increas-
ing concentrations of ATP (Fig. 4A, Supplementary
Movie 4). Small spontaneous calcium transients were
also detected from many cells before ATP stimulation.
Variations in calcium response kinetics were observed
(Fig. 4B). In the presence of 50 μM ATP, the average
peak �F/F was 4.58 ± 1.13%. The average peaks
were 2.84 ± 0.75% and 6.044 ± 1.11% with 100 μM
and 300 μM ATP stimulation, respectively (Fig. 4C).
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Figure 4. ATP elicits calcium responses in XG69 cells. (A) Heat map of calcium responses from all recorded XG69 cells to 50, 100, and 300
μM of ATP (n = 40 cells). Each row is a single cell, the x axis is time, and �F/F is indicated by the color scale, where fluorescence intensity
increases from purple to red. (B) Representative calcium response traces from individual XG69 cells. (C) Average trace of calcium responses
(n = 40 cells). (D) XG69 cells exhibit intracellular calcium increases with a dose–response to ATP stimulation (ordinary one-way analysis of
variance of the area under the curve, *P < 0.05, **P < 0.01).

XG69 cells treated with increasing ATP concentrations
induced calcium responses in a statistically significant
dose-dependentmanner according to an area under the
curve analysis (Fig. 4D). The investigation of P2X7
signaling in XG69 was unsuccessful; the pharmacolog-
ical agents and/or prolonged incubation times affected
cell viability. Last, glutamate (100, 300, and 1000 μM)
did not evoke intracellular calcium increases in XG69
cells, confirming that these cells did not arise from
retinal neurons (Supplementary Fig. S6).

Discussion

We report the derivation and characterization of
two spontaneously immortalized MG cell lines from
organisms with significantly disparate retinal regener-
ative competencies: the murine RG17 cell line and the
amphibian XG69 cell line. The establishment of these

resources will facilitate comparative studies of MG
regenerative mechanisms.

MG can reprogram to a transiently amplifying
progenitor state to regenerate neurons upon retinal
injury or degeneration. However, this neurogenic
competence varies greatly among vertebrates.4 In the
uninjured fish retina, MG continuously give rise to rod
photoreceptors, acting as a reservoir of rod precur-
sors.5,6 Upon injury, fish MG revert to a multipotent
progenitor state that regenerates the damaged retina.8,9
Although X laevis were long known to have exten-
sive eye regenerative abilities, only recently were their
MG reported to proliferate and be the source of de
novo retinal neurogenesis.10,11 Frog MG are reacti-
vated in an age-dependent manner, with older animals
displaying more efficient proliferation.11 In the postna-
tal chick, MG proliferate after injury, but possess
limited regenerative competence.12 Conversely, mouse
and human MG fail to elicit any functional regenera-
tion of the injured retina and instead undergo reactive
gliosis.13
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Nevertheless, mammalian MG have a dormant
regenerative capacity. They have significant transcrip-
tomic and epigenomic overlap with late retinal progen-
itor cells and have low levels of methylation in genes
associated with pluripotency, which suggests that they
are primed to dedifferentiate.23–26 Studies of fish MG-
mediated retinal regeneration have inspired strate-
gies for stimulating retinal regeneration in mammals.
However, when adult mammalian MG are genetically
forced to reprogram, extremely limited regeneration of
only certain retinal neuronal phenotypes occurs.14–16
These findings suggest that a full regenerative response,
including the establishment of amplifying progeni-
tors, requires additional molecular components. Cross-
species transcriptomic and epigenomic analyses of MG
from species with varied regenerative competence have
identified different signaling pathways, transcription
factors, and gene regulatory networks influencing the
MG injury response.27 Further functional validation of
these identified elements is necessary. Our cell lines can
aid in the investigation of transcriptional and epige-
netic factors, as well as extrinsic factors, that modulate
proliferation and neurogenic competence in MG.

Several mammalian MG cell lines derived from
mice, rats, or humans have been generated by both
spontaneous immortalization and forced expression
of viral oncogenes. Each cell line has its own unique
characteristics and can be used to study different
aspects of MG biology. The spontaneously immortal-
ized human MIO-M1 and conditionally immortalized
mouse ImM10 cell lines exhibit progenitor characteris-
tics.28–31 The spontaneously immortalized QMMuC-1
cell line was established from postnatal day 7 C57BL/6J
mice and has similar electrophysiological characteris-
tics and glycolytic capacity as primary MG.32 Isolated
from light-damaged Sprague-Dawley rat retinas, the
rMC-1 cells are simian virus 40 immortalized and
strongly express GFAP, a marker of reactive gliosis.33
TR-MUL5 cells are a conditionally immortalized rat
MG cell line.34 A spontaneously immortalized rat MG
cell line, named SIRMu-1, was reported to have a
more similar transcriptome to primaryMG than rMC-
1 cells.35

Unlike other mouse MG cell lines, the RG17 line
originates from a litter of postnatal day 5 transgenic
GLAST-CreERT; Rbfl/fl mice. Thus, the line contains
a tamoxifen-inducible Cre recombinase driven by the
MG-specificGLAST promoter element and a homozy-
gous Rb1-floxed allele (Rbfl/fl) genotype. Cell cycle re-
entry and proliferation are essential to harnessing the
full potential of MG-mediated endogenous regenera-
tion. Although various signaling pathways and growth
factors have been identified to stimulate MG prolifera-
tion in fish and chicks, mammalian MG proliferation

is limited. After retinal injury, mouse MG downreg-
ulate the cyclin kinase inhibitor p27Kip1 and re-enter
G1 phase of the cell cycle, but seldom divide owing
to cyclin D3 regulation.36 Because Cip/Kip family
cyclin kinase inhibitors regulate cell cycle progression
by blocking phosphorylation of the tumor suppres-
sorRB1, we generated GLAST-CreERT; Rbfl/fl mice to
explore how direct inactivation of RB1 in MG affects
their proliferation.37

While working with MG isolated from GLAST-
CreERT; Rbfl/fl mice pups, one culture was maintained
for more than 40 passages without tamoxifen-induced
Cre activity. Themechanism of spontaneous immortal-
ization remains to be determined. RG17 cells express
many well-characterized MG markers, including GS,
Sox9, Vimentin, GLAST, and CRALBP (Figs. 1A–C).
Although retinal astrocytes may also express vimentin
and GS, they do not express CRALBP. When compar-
ing primary MG with passage 20 RG17 cells, most
MG marker transcripts and proteins were expressed at
similar levels. CRALBP transcript and protein expres-
sion decreased with passaging compared with primary
MG. This is also observed in the rat SIRMu-1 cell
line.35 CRALBP inMG in vivo is involved in photopig-
ment recycling and helps to maintain cone photorecep-
tor function.38,39 Alongwith the culture conditions, the
absence of cone photoreceptors and chemical cues may
lead to the CRALBP downregulation observed in the
RG17 line. The transcript levels of GS also decreased
in RG17 cells with passaging, likely owing to culture
conditions that have insufficient regulators of MG GS
expression, such as secreted factors fromRPEor gluco-
corticoid hormones.40

In addition, we performed functional puriner-
gic signaling characterization on RG17 cells with
calcium imaging. Purinergic signaling has important
roles in bidirectional neuron–glia signaling, homeo-
static MG functions, and contributes to reactive gliosis
under pathological conditions.41 MG express various
metabotropic P2Y purinergic receptor subtypes, and
human MG have also been reported to express the
ionotropic P2X7 receptor.42,43 P2X7 signaling has been
suggested to contribute to proliferative gliosis.44 When
RG17 cells were stimulated with ATP, they displayed
a variety of response kinetics suggesting that multi-
ple types of purinergic receptors may be activated
(Supplementary Fig. S5). We sought to determine if
RG17 express functional P2X7 receptors, which has
not been reported in other mouse MG cell lines.
The ATP-induced calcium response was significantly
diminished with P2X7 receptor noncompetitive antag-
onist KN-62 (Figs. 3A–C), whereas the P2X7 agonist
BzATP evoked large intracellular calcium responses
(Figs. 3D–F). Together, these data provide pharmaco-
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logical proof of functional P2X7 receptors in RG17
cells.

To the best of our knowledge, the establishment
and characterization of a nonmammalian MG cell
line has not been reported. The XG69 cell line is the
first MG cell line generated from the retina of the
nonmammalian vertebrate X laevis. The mechanism of
spontaneous immortalization is unknown. These cells
originate from adult frogs whose MG exhibit robust
proliferative responses upon injury.11 They express
an array of MG markers and do not express RPE-
specific protein markers ZO-1 or RPE65 (Figs. 2A–C).
CRALBP expressionwas low in both primary and later
passaged cells, which is likely due culture conditions,
as described previously. The XG69 cells retain puriner-
gic signaling capacity, and we show a dose-dependent
response to ATP (Fig. 4). It was not possible to deduce
the mechanisms underlying the purinergic response
because the small molecules and the prolonged incuba-
tion time in the recording buffer affected cell viabil-
ity. Intracellular calcium increases were also absent
after glutamate application, which suggests that they
were not derived from retinal neurons.45 Together,
these findings confirm that XG69 cells originate from
primary X laevis MG and retain functional purinergic
signaling.

In summary, we describe the establishment and
characterization of the murine RG17 cell line and
the frog XG69 cell line. The MG of frogs have a
remarkable ability to regenerate the damaged retina
and restore visual function, whereas mammalian MG
fail to elicit any regeneration of the injured retina.
These cell lines will facilitate a better understand-
ing of MG biology, pathophysiology, and regenerative
competence across these species. Studies on XG69 cells
may help validate regulators of MG reprogramming
and inspire new strategies to stimulate mammalian
MG-mediated retinal regeneration.
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Supplementary Material

Supplementary Movie 1. ATP induces intracellu-
lar calcium responses in RG17 cells. Scale bar, 100 μm.

Supplementary Movie 2. Pharmacological effects
of P2X7 antagonistKN-62 onATP-induced intracellu-
lar calcium responses in RG17 cells. Scale bar, 100 μm.

Supplementary Movie 3. Intracellular calcium
responses induced by P2X7 agonist BzATP in RG17
cells. Scale bar, 100 μm.

Supplementary Movie 4. ATP dose-response
activation of intracellular calcium responses in XG69
cells. Scale bar, 100 μm.


