Research Article

Absence of ephrin-A2/A3 increases retinal
regenerative potential for Miiller cells in Rhodopsin
knockout mice

https://doi.org/10.4103/1673-5374.301034 Rui-Lin Zhu"?, Yuan Fang’, Hong-Hua Yu>*, Dong F. Chen?, Liu Yang"",
. 2,*
Date of submission: April 10, 2020 Kin-Sang Cho

Date of decision: May 11, 2020 Graphical Abstract Lag]k o];/ephci})—AZ/A3 /ncrﬁa;es thekneurl'?genic potential of Miiller cells
and cell proliferation in Rhodopsin knockout mice
Date of acceptance: September 28, 2020 P P
Date of web publication: December 12, 2020
WT AZ"A3" Rho™- A2~ A3
07" A2 A3
Proliferating cells
expressed Mller
cell marker in vivo
Midiller cells
GCL Compared to Rho™ or A2™~ A3"
mice, Rho™ or A2~ A3™ triple
knockout mice induced robust
Progenitor INL retinal cells (red) proliferation, and
marker these cells migrated into the outer
expression ONL nuclear layer. GCL: Ganglion cell
layer; INL: inner nuclear layer;
Miiller cell ONL: outer nuclear layer.
proliferation

Abstract

Miller cells (MC) are considered dormant retinal progenitor cells in mammals. Previous studies demonstrated ephrin-As act as negative
regulators of neural progenitor cells in the retina and brain. It remains unclear whether the lack of ephrin-A2/A3 is sufficient to promote the
neurogenic potential of MC. Here we investigated whether the MC is the primary retinal cell type expressing ephrin-A2/A3 and their role

on the neurogenic potential of Muller cells. In this study, we showed that ephrin-A2/A3 and their receptor EphA4 were expressed in retina
and especially enriched in MC. The level of ephrinAs/EphA4 expression increased as the retina matured that is correlated with the reduced
proliferative and progenitor cell potential of MC. Next, we investigated the proliferation in primary MC cultures isolated from wild-type and
A2 A37" mice by 5-ethynyl-2'-deoxyuridine (EdU) incorporation. We detected a significant increase of EdU" cells in MC derived from A27
A3 mice. Next, we investigated the role of ephrin-A2/A3 in mice undergoing photoreceptor degeneration such as Rhodopsin knockout
(Rho’/’) mice. To further evaluate the role of ephrin-A2/A3 in MC proliferation in vivo, EdU was injected intraperitoneally to adult wild-type,
A2 A3, Rho”" and Rho”~ A2~ A37" mice and the numbers of EdU" cells distributed among different layers of the retina. EphrinAs/EphA4
expression was upregulated in the retina of Rho™™ mice compared to the wild-type mice. In addition, cultured MC derived from ephrin-A27"
A37" mice also expressed higher levels of progenitor cell markers and exhibited higher proliferation potential than those from wild-type
mice. Interestingly, we detected a significant increase of EdU" cells in the retinas of adult ephrin-A27~ A37~ mice mainly in the inner nuclear
layer; and these EAU" cells were co-localized with MC marker, cellular retinaldehyde-binding protein, suggesting some proliferating cells are
from MC. In Rhodopsin knockout mice (Rho™ A2™~ A3 mice), a significantly greater amount of EdU* cells were located in the ciliary bodly,
retina and RPE than that of Rho™™ mice. Comparing between 6 and 12 weeks old Rho”~ A2~ A37" mice, we recorded more EdU" cells in the
outer nuclear layer in the 12-week-old mice undergoing severe retinal degeneration. Taken together, Ephrin-A2/A3 are negative regulators
of the proliferative and neurogenic potentials of MC. Absence of ephrin-A2/A3 promotes the migration of proliferating cells into the outer
nuclear layer and may lead to retinal cell regeneration. All experimental procedures were approved by the Animal Care and Use Committee at
Schepens Eye Research Institute, USA (approval No. S-353-0715) on October 24, 2012.
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Introduction

Retinal degeneration is one of the leading causes of blindness
and affects all ages (Pascolini and Mariotti, 2012). Retinal
degeneration is a common pathological mechanism and an
underlying cause of vision loss in various blinding conditions.
This includes various forms of inherited retinal dystrophies,
like retinitis pigmentosa, age-related macular degeneration,
diabetic retinopathy, and retinal detachment (Chinskey et al.,
2014).

The retina is a part of the central nervous system (CNS)
located in the eye (Lamba et al., 2008). Like other CNS neurons
in mammals, retinal neurons have little to no regeneration
of lost neurons (Karl and Reh, 2010). Thus, loss of vision or
retinal neurons in mammals is irreversible. However, in non-
mammalian vertebrates, elegant endogenous repair processes
in the retina could replenish the degenerated neurons very
efficiently, even after a complete loss of retinal neurons (Lamba
et al., 2008).

Muller cells are the major retinal glial cells. The processes of
Muller cells span the entire thickness of the retina, allowing
for interactions with adjacent neurons. Muller cells contribute
to the maintenance of retinal homeostasis and visual function,
including trophic support for retinal neurons that is important
for neuronal survival. Recent studies showed that a subset of
Miller cells represent neural progenitor cells (Karl and Reh,
2010; Goldman, 2014; Yu et al., 2014; Hamon et al., 2016) and
express retinal progenitor cell markers such as Pax6, Ascll,
Chx10, Car2, and Dkk3, Sox2 and Pax6 (Reichenbach and
Bringmann, 2013; Goldman, 2014, Enayati et al., 2020). Mdller
cells have been shown to maintain neural progenitor capacity
and are able to regenerate the complex multi-layered retina
following an injury of retinal tissue (Cameron, 2000; Fimbel
et al., 2007). Studies have identified that Muller cells in the
human retina possess a potential role as a neural precursor
(Lawrence et al., 2007; Bhatia et al., 2009). However,
Miller cells in mature mammals usually do not exhibit the
neural progenitor cell capacity for regeneration of neurons.
Awakening the neurogenic potential of Miiller cells could be
a potential strategy of repairing degenerating retina (Yu et al.,
2014).

Studies from our group and others demonstrated ephrinA/
EphA system is one of the endogenous modulators of
neurogenesis in the adult CNS. Ephrin-A2/A3 may act broadly
by suppressing neurogenesis from dormant residential
neural progenitors in diverse CNS regions (Jiao et al., 2008).
Disrupting the interaction between ephrin-A2 and EphA7
in the adult brain of wild-type mice allows proliferation
resulting in increased neurogenesis (Holmberg et al., 2005).
Similar to Muller cells, the neurogenic potential of ciliary
epithelium-derived cells is negatively regulated by ephrin-A3
and mediated through activation of an EphA4 receptor via
suppression of Wnt3a/B-catenin signaling (Fang et al., 2013).
This has led to our hypothesis that ephrin-A2/A3 may have
a broad effect on inhibiting the regenerative potential of
neural progenitors, including Mller cells in the retina of adult
mice, and promote the photoreceptor regeneration in animal
model of retinitis pigmentosa (RP). In the present study, we
investigated whether the Mdller cell is the key retinal cell type
expressing ephrin-A2/A3 and the role of ephrin-A2/A3 on the
neurogenic potential of Muller cells in vitro and in vivo.

Materials and Methods

Animals

Adult male C57BL/6J wild-type mice, aged 812 weeks, were
purchased from Jackson Laboratory (Bar Harbor, Maine,
USA). The mice were maintained in standard cages in a light-
controlled room (12-hour light/dark cycles) at 20—24°C and
30-75% relative humidity, with access to food and water ad
libitum. Ephrin-A2/A3 double knockout mice (A2~ A37" mice)

were generated as previously described (Jiao et al., 2008;
Fang et al., 2013). Rho™™ mice (a gift from Dr. Michael Young
at Schepens Eye Research Institute, this line was originally
developed by Dr. Peter Humphries, Trinity College, Dublin,
Ireland) were crossed with A27A37" mice to generate Rho™"
A27"A37" triple mutant mice. Experiments were conducted
with 6-12 weeks old male A27"A37" mice and Rho”/"A27"
A3 mice, and at least 6 mice in each group. All experimental
procedures, uses, and care of animals followed a protocol
S-353-0715 approved by the Animal Care and Use Committee
at Schepens Eye Research Institute, USA on October 24, 2012
and adhered to the Association for Research in Vision and
Ophthalmology (ARVO) statement for the Use of Animals in
Ophthalmic and Vision Research. We used 36 C57BL/6 and 12
A2 A3 pups for cell culture experiments, and 10 C57BL/6,
10 Rhodopsin™", 6 A27°A3”7 and 10 Rho"A27"A3”" adult male
and female mice for in vivo experiments.

Isolation of Miiller cells

Mouse eyeballs were isolated from wild-type and postnatal day
5to 15 A27"A37" mouse pups as previously described (Takeda
et al., 2008; Zhu et al., 2014). The retinas were dissected out
and dissociated into single cells using the Papain dissociation
system (Worthington Biochemical Corporation, Lakewood,
NJ, USA) according to the manufacturer’s instructions. The
dissociated cells were cultured in Dulbecco’s modified Eagles’
medium and F12 (DMEM/F12, 1:1; Life Technologies, Grand
Island, NY, USA) containing 10% fetal bovine serum (FBS;
Life Technologies, Grand Island, NY, USA) and 1% penicillin-
streptomycin (Life Technologies). The medium was changed
every 3 days. After 10-14 days of culture, over 95% of culture
cells expressed Miller cell marker cellular retinaldehyde-
binding protein (CRALBP) (Takeda et al., 2008).

Cell proliferation assay

To study Mdiller cell proliferation (Takeda et al., 2008), primary
Miller cells were seeded at a density of 1 x 10* cells per well
in 8-well culture chambers (Thermo Scientific, Waltham, MA,
USA) that were pre-coated with poly-D-lysine (0.1 mg/mL,
EMD Millipore, Billerica, MA, USA). The cells were cultured
in a DMEM/F12 medium containing 10% FBS and cultured
for 72 hours. 5-ethynyl-2'-deoxyuridine (EdU, 10 uM;
Life Technologies) was added to the culture medium for
incorporation into proliferating cells. The cells were fixed in
4% paraformaldehyde for 10 minutes on ice at 24 hours post-
EdU treatment. Then the EdU incorporated proliferating cells
were visualized using a Click-iT® EdU Alexa Fluor® 555 Imaging
Kit (Life Technologies) according to the manufacturer’s
instructions. Cell nuclei were stained with nuclear markers
4,6-diamidino-2-phenylindole dihydrochloride (DAPI; Vector
Laboratories, Burlingame, CA, USA). The percentage of DAPI®
cells expressing EdU was recorded. The results presented
were averaged from at least three independent experiments.

Reverse transcription polymerase chain reaction

Total RNA from primary Miller cell cultures or adult retinas
were isolated as previously described (Zhu et al., 2014). Briefly,
total RNA from primary Muller cells or adult mouse retinas
were purified using RNeasy Plus Mini Kit (Qiagen, Valencia,
CA, USA) in accordance with the manufacturer’s instructions.
Then the purified mRNA was reverse-transcribed into cDNA
using SuperScript® Il First-Strand Synthesis SuperMix (Life
Technologies). Quantification of specific gene expression such
as retinal progenitor markers Pax6, Chx10, Ngn2, and Sox2 was
performed by Sybr green based polymerase chain reaction
(PCR) as previously described (Zhu et al., 2014). The primer
sequences (Fang et al., 2013) are listed in Additional Table
1. Independent samples were analyzed at least in triplicate,
and the relative amount of gene expression was determined
by normalizing to that of glyceraldehyde-3-phosphate
dehydrogenase (GAPDH) level. GAPDH was chosen as an
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internal control gene because it has been shown that it is one
of the constant expressing genes during retinal development
(Adachi et al., 2015) and using GAPDH as a control gene has
been widely performed in Muller cells studies (Ueno et al.,
2017; Guimardes et al., 2018).

Labeling of proliferating MuIIer ceIIs in wvo

Adult C57BL/6J wild-type, A27A37", Rho™”™ and Rho” A27"
A3 mice at the age of 6 and 12 vveeks received daily
intraperitoneal injections (5 mg/kg) of EdU for 7 consecutive
days. The mice were sacrificed, and following the last dose
of EdU injection, their eyeballs were collected immediately.
EdU labeling was performed using a Click-iT® EdU Alexa
Fluor® 555 Imaging Kit (Life Technologies) according to the
manufacturer’s instructions. EdU" cells on retinal sections
were imaged by a Nikon epifluorescence microscope TE300
and then were counted manually with ImageJ (National
Institutes of Health, Bethesda, MD, USA) on at least 12 non-
consecutive retinal sections per mouse eye and 6 mouse
eyeballs per group.

Immunofluorescence labeling

Immunofluorescence labeling was performed on retinal
sections using a standard protocol as previously described
(Fang et al., 2013). The eyeballs were collected and fixed
in 4% paraformaldehyde at 4°C overnight. After washing
with phosphate buffered saline (PBS), the eyeballs were
cryoprotected in 30% sucrose solution, followed by
embedding in optimal cutting temperature compound (Tissue-
Tek). Ten um thick frozen retinal sections were collected on
glass slides. The sections were incubated in a blocking buffer
(0.3% Triton-X 100, 1% bovine saline albumin (BSA) in PBS) for
1 hour at room temperature and then incubated with primary
antibodies, including mouse anti-CRALBP antibody (1:500;
Abcam, Cambridge, MA, USA) overnight at 4°C. Following
washing in PBS, secondary antibody Cy2 conjugated anti-
mouse IgG and anti-rabbit 1gG (Jackson Immunoresearch
Laboratories, West Grove, PA, USA) were used to visualize
the signal of CRALBP and recoverin respectively. The nuclei
on retina sections were counterstained with DAPI (Vector
Laboratories) and mounted. Fluorescence images were
captured by a Nikon epifluorescence microscope TE300.

Statistical analysis

Nonparametric unpaired t-test and one-way analysis of
variance (ANOVA) followed by Tukey’s post hoc test were used
to compare the difference among groups using the software
of Graphpad Prism 5 (GraphPad Software, La Jolla, CA, USA).
Results are presented as the mean + SD. and the significant
level was set at P < 0.05.

Results

Enriched expression of ephrinA2/A3 and EphA4 receptor in
Miiller cells

We previously showed the expression of ephrin-A2,
ephrin-A3 and their receptor EphA4 in adult mice retinas by
immunolabeling, and EphA4 was co-localized with Miuller
cells (Zhu et al., 2014). We further demonstrated that the
expression levels of ephrin-A3 and EphA4 are enriched in
purified Mdller cells by 3- and 7-fold higher, respectively, than
that in the entire retina. The level of ephrin-A2 expression was
similar in the retina and purified Maller cells (Figure 1A).

We reasoned that if ephrin-A2/A3 are negative regulators
of the proliferative potential of Muller cells, the levels of
ephrinAs expression would increase following Mller cell
maturation and cessation of cell division after birth. Retinal
cell division peaks around the day of birth and ceases after
5-6 days in the center of the retina and after 11 days in the
periphery (Young, 1985; Rapaport et al., 1996). Miiller cells are
among the last cell types to commit post-mitotic proliferation

and differentiation. Once cell division ceases, there is little
evidence for renewed proliferation of either progenitors
nor Miller cells in mammalian retina (Close et al., 2005). To
test whether expression of ephrin-A2/A3 from Miller cells
correlates to the termination of cell division in retina, we
isolated Miller cells from pups at postnatal days 5, 10, and
15. We detected a dramatic increase of ephrin-A2, ephrin-A3,
and EphA4 expression in Muller cells from postnatal day 5 to
15 (Figure 1B). The data suggest that ephrinAs/EphA4 signals
participate as negative regulators in the proliferative and
neurogenic potential of Muller cells.

Absence of ephrin-As/EphA4 signaling enhances neurogenic
potential and proliferation ability of Miiller cells

To test if ephrin-A2/A3 are essentially involved in the
regulation of regenerative potential of Muller cells, we
investigated the progenitor cell markers expressions and
proliferation ab|I|ty of Miller cells derived from ephrln -A /
A3 deficient (A27°A37") mice. Our result showed A2 A3
deficient Mdaller cells significantly increased in the expression
of retinal progenitor markers such as Pax6, Chx10, Ngn2, and
Sox2 compared to age-matched wild-type (WT) mice }Figure
2A). Moreover, Miller cells derived from A27A37 mice
showed a significant increase in EdU incorporation, indicating
increased cell proliferation (Figure 2B-D). This data support
that ephrin-A2/A3 negatively regulate the neural progenitor
cell fate and proliferative potential of Mdller cells.

Absence of ephrin-A2/A3 increases Miiller cell proliferation
in vivo

We previously showed lack of ephrin-A2/A3 increased cell
proliferation in ciliary body, retina, and retinal pigment
epithelium (Zhu et al., 2014). Here, by counting EdU" cells
across different retinal Iayers we detected approximately 70%
of EdU cells were located in the inner nuclear layer of A27"
A3 mice (Figure 3A), where Miller cell bodies normally
reside. This suggests that most proliferating cells originated
from Miiller cells. Only 23% of EdU" cells were found in the
ganglion cell layer, and 6% in the outer nuclear layer (Figure
3A). To investigate whether the EdU+ cells in the retina were
derived from Miiller cells, a smgle dose of EdU was injected
intraperitoneally to adult A27°"A37" mice. We detected co-
localization of EAU and Mdiller cell marker CRALBP at 7 days
post-EdU injection (Figure 3B—E). Taken together, our data
suggest that ephrin-A2/A3 play as key inhibitory signals
suppressing the proliferative potential of Miller cells in vivo.

Absence of ephrin-A2/A3 increases proliferation of retinal
cell in Rho™™ mice

Lower vertebrates, such as fish, are able to regenerate retina
upon retinal injury. However, mammalian retina lacks such
regenerative ability. We hypothesize that retinal injury in
mice would further suppress the neurogenic and proliferation
potential of Miller cells by upregulation of negative
regulators, such as ephrin-As.

To test this hypothesis, Rhodopsin knockout (Rho™") mice were
used as a model of retinal degeneration. Rho ™ is a well-known
model of retinitis pigmentosa in which rod photoreceptors
are dysfunctional and display a progressive loss of rod.
Subsequently, it compromises the cone survival (Humphries
et al., 1997; Hobson et al., 2000; Jaissle et al., 2001). We
compared the e PhrinAs/EphA expression with RT-PCR in 3
months old Rho™™ mice and WT mice. In agreement with our
hypothesis, the expression of ephrin-A2/A3 and EphA4 were
significantly higher in the retinas of Rho”™ mice (Figure 4A).
The data suggested increased ephrin-As expression in Rho™~
mice further inhibits the neurogenic potential of Mdller cells.

To study whether the lack of ephrin-A2/A3 further promotes
retinal cell proliferation in mice undergoing retinal
degeneration, we injected EdU intraperitoneally into 6 week
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old WT, Rho”™ and Rho”"A27"A3”" mice and 12-week-old
Rho™ and Rho”"A27"A3”" mice for 7 consecutive days to
label the proliferating cells in vivo. In comparing the number
of proliferating cells in retinas of 6-week-old WT and Rho™”~
mice, we detected more EdU" cells in Rho™™ mice (Figure 4B).
As expected, we found more EdU" cells in ciliary body, retina,
and RPE in both 6 and 12 weeks old Rho”"A27"A3”" mice
than in the age-matched Rho”™ mice (Figure 4C-H). This data
suggest that an increase of cell proliferation occurred in retina
undergoing retinal degeneration once the negative regulators
of neurogenic potency molecules, such as ephrin-A2/A3, were
knocked out.

Next we asked whether these proliferating cells in Rho™~
A27"A37" mice have a tendency to migrate to the retinal
layer undergoing neuronal degeneration. To compare the
distribution of EdU+ cells in the retinas derived from 6 and
12 weeks old Rho”"A27"A37" mice, the 12-week-old Rho™"
A27A37" mice (only 1 to 2 layers of photoreceptors survived)
had almost 2-fold increase of proliferating cells in the outer
nuclear layer (ONL). On the contrary, approximately 50% less
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Figure 1 | Expression of ephrinAs/EphA mRNA in the mouse retina and
Miiller cells.

(A) Relative expression of ephrin-A2 (A2), ephrin-A3 (A3) and their receptor
EphA4 mRNA in adult retina (white bar) and purified mouse Muller cells (black
bar). Note ephrin-A2/A3 and EphA4 are enriched in Mller cells. Statistical
analysis was performed by unpaired t-test. ¥*P < 0.05, vs. the corresponding
mRNA expression in retina. (B) Relative expression of ephrin-A2/A3 and EphA4
mRNA in Mller cells derived from postnatal retinas and their expressions
were normalized to that from postnatal day 5 (P5S) Miller cells (MC). *P < 0.05,
vs. the corresponding mRNA expression in P5 Mller cells. Statistical analysis
was performed by one-way analysis of variance followed by Tukey’s post hoc
test. Note ephrin-A2/A3 and EphA4 are highly expressed with maturation of
Mdiller cells. n = 6 animals. Data are expressed as the mean + SD.
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Figure 2 | Lack of ephrin-A2/A3 enhances progenitor cell potency of Miiller cells in vitro.

(A) Relative expression of progenitor cell markers in Miller cells derived from wild-type (WT) and A27°A3”" mice. Note significantly increased levels of Pax6,
Chx10, Ngn2, and Sox2 mRNAs in Miiller cells of A27"A3”" mice. (B) Quantitation of 5-ethynyl-2'-deoxyuridine (EdU) incorporated Miller cell cultures derived
from WT and A27"A37" mice. n = 6 animals. Statistical analysis was performed by unpaired t-test. Data are expressed as the mean + SD. *P < 0.05, **P < 0.01,
vs. the corresponding genes in wild type mice. (C, D) Representative epifluorescence photomicrographs showing the expression of EdU (pink; arrows) in the
cultures of Miller cell derived from wild-type (C) and A27°A37" (D) mice. The nuclei of cultured cells were counterstained by 4,6-diamidino-2-phenylindole

dihydrochloride(blue). Scale bar: 20 um.
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Figure 3 | Lack of ephrin-A2/A3 promotes retinal cell proliferation in vivo.

(A) Distribution of EdU" proliferating cells in retinal laminations of A2”"A3”" mice. Data are expressed as the mean + SD. (B—E) Co-localization of EdU and Miiller
cell marker cellular retinaldehyde-binding protein (CRALBP, arrow). n = 6 animals. Scale bar: 20 um. EdU: 5-Ethynyl-2'-deoxyuridine; GCL: ganglion cell layer;

INL: inner nuclear layer; ONL: outer nuclear layer.
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Figure 4 | Retinal cell proliferation in Rho”"A27"A3™" mice.

(A) Expression of ephrin-A2/A3 and EphA4 mRNA in the retina of 6 weeks old wild-type (WT) mice and Rho™ mice. *P < 0.05, vs. wild type mice. (B)
Quantification of EdU" cells in retinas derived from 6-week-old WT and Rho”~ mice. Representative photomicrographs showing EdU* cells (red; white arrows)

on retinal sections counter stained by DAPI (blue) and quantification of EdU" cells in ciliary body (CB), retina and retinal pigment epithelium (RPE) in 6-week-
old (C—E) and 12-week-old (F=H) Rho”" and Rho”"A27"A3”" mice. Scale bars in C: 20 pm. ***P < 0.001, vs. wild type mice in panel B; *P < 0.05, **P < 0.01, vs.
Rho” mice in panel E and panel H. (1) Quantification of EJU" cells in INL, GCL and ONL of 6- and 12-week-old Rho”"A27"A3”" mice. *P < 0.05, ¥*P < 0.01, vs.
6-week-old Rho” A27"A3”" mice. n = 6 animals. Error bar = mean * SD. Statistical analysis was performed by unpaired t-test. DAPI: 4,6-Diamidino-2-phenylindole
dihydrochloride; EdU: 5-ethynyl-2'-deoxyuridine; GCL: ganglion cell layer; INL: inner nuclear layer; ONL: outer nuclear layer.
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EdU" cells were detected in the ganglion cell layer (GCL) in
the 12-week-old mice than that of the 6-week-old Rho"A2™"
A3"mice (Figure 4l). Taken together, the data suggest that
more proliferatmg cells were migrating into the ONL in the
12-week-old Rho”"A27"A3”" mice with severe photoreceptor
degeneration.

Discussion

In the present study, we showed that ephrinAs/EphA4 was
significantly enriched in Mdller cells, which are thought to
be a source of dormant endogenous stem-like cells in the
retina (Ahmad et al,, 2011; Lenkowski and Raymond, 2014).
Expression of ephrin-A2/A3 and EphA4 significantly increased
in Muller cell culture derived from P5, P10 and P15 pups;
especially ephrin-A2. Note the expression level of ephrin-A2
is similar in the retina and Miller cells. The data suggest
eprhin-A2/A3 expressions are significantly increased after
maturation of the retina. It further supports the inhibitory role
of ephrin-As on the neurogenic potential of Muller cells Here,
we showed that Miller cells derived from A27°A37" mice
exhibit higher proliferative and neurogenic potentials than
those from wild-type mice in vitro. In Rho”"A27"A37" mice,
absence of ephrin-A2/A3 promoted retinal cell proliferation.
Other than Miiller cells, our previous study demonstrated that
lack of ephrin-A3 promoted the neurogenic potential of ciliary
epithelium in mice, which is also known as a source of retinal
progenitor cells (Fang et al., 2013). These results support a
broad inhibitory role of ephrin-A2/A3 in the regulation of the
proliferative and regenerative potentials of retinal progenitors
or Miiller cells that are not limited to inhibiting the neurogenic
potential of neural progenitors in the CNS (Jiao et al., 2008).

Muller cells are the major glial component in retinas.
Following retinal insult, Muller cells would exhibit a gliotic
response (Graca et al., 2018). Interestingly, these Miiller cells
in zebrafish will be undergoing reprogramming and manifest
neurogenic property; however, the majority of Miller cells
in mammals will still be quiescent (Lahne et al., 2020). It
remains unclear the determinant pathway responsible for
the Muller cell fate in such scenario. Evidence shows Mller
cells possess progenitor characteristics, and studies suggest
it could be a novel endogenous source to regenerate retinal
neurons for cell replacement therapy (Ahmad et al., 2011;
Goldman, 2014). Accumulating studies using pharmacological
and genetic engineering approaches indicate that Wnt/
B-catenin (Osakada et al., 2007; Fang et al., 2013), sonic
hedgehog (Wan et al., 2007), epidermal growth factor (EGF)/
EGF receptor (EGFR) (Wan et al., 2012), glutamate (Takeda et
al., 2008), and Ascl1-dependent signaling events (Fausett et
al., 2008) could stimulate a small proportion of Mdiller cells to
proliferate and express specific markers of retinal neurons in
the injured mammalian retina (Goldman, 2014). Recently, the
Reh group reported that a combination of Ascll and histone
deacetylation inhibitor could induce Mdiller cells to proliferate
and differentiate into neurons in adult mouse retina (Jorstad
et al., 2017). This data suggests that mobilizing the neurogenic
potential of Miiller cells for cell replacement study could be
possible. Nevertheless, it remains unclear whether these
proliferating cells have a preference migrating into the niche
of retinal layers undergoing neuronal degeneration or if
the degenerating neurons would attract the cells. Here, we
provided evidence that more proliferating cells are present in
the retinal layer undergoing severe inherited photoreceptor
degeneration. Our data showed more proliferating cells were
detected in the ONL of 12 weeks old than in 6-week-old Rho™”~
ephrinA27"A3”" mice. It would be interesting to investigate
if combinational treatment of multiple factors is efficient to
mobilize more Muller cells and ultimately rescue vision.

Our previous study demonstrated that glutamate analogue
a-aminoadipate stimulated Mdller cells to proliferate and
trans-differentiate into photoreceptors and other retinal

neurons in vivo by expressing specific markers (Takeda et al,,
2008). Studies of ours and others have reported that EphrinAs/
EphA system are inhibitors of neurogenesis in the brain and
ciliary epithelium (Gao et al., 2000; Jiao et al., 2008; Fang et al.,
2013). Our results demonstrate that ephrin-A2/A3 and their
receptor EphA4 are highly expressed in the adult retina and
enriched in Muller cells. In agreement with the inhibitory role
of ephrinAs/EphA4 in the retinal progenitors and Miller cells,
expression of ephrin-A2/A3 and EphA4 parallels the cessation
of both Miller cell proliferation and retinal neurogenesis
during development (Close et al., 2005). In our previous study,
we have demonstrated that the absence of ephrin-A2/A3
promotes the proliferation of retinal cells compared to wild-
type mice (Zhu et al., 2014). Most of proliferating cells (70%)
were detected in the inner nuclear layer, where Muller cell
bodies reside. After 1 day EdU injection, the EdU" cells were
double labeled with Muller cell marker CRALBP, which suggests
that they arise from Miiller cells.

Rho™™ mouse is a commonly used mouse model of retinitis
pigmentosa in which photoreceptor degeneration begins
around 2 weeks after birth, and at 12 weeks old, only one to
two layers of photoreceptors can be detected in the retina
(Jaissle et al., 2001). RP is a heterogenous set of inherited
photoreceptor degenerative d|seases involving at least 60
mutated genes. We adopted Rho”~ mice in this study because
mutated Rhodopsin genes accounts for 20-25% patients
with dominant RP (Dryja et al., 2000). Ih addition, the period
of photoreceptor degenerat|on in Rho™™ mice is Ionger than
in other RP mice, such as rd1 and rd10 mice (Pennesi et al.,
2012). Thus, it provides a longer duration to investigate the
role of ephrin-A2/A3 to the neurogenic potential of Muller
cells during photoreceptor degeneration.

We observed h|gher expression of ephrin-A2, ephrin-A3
and EphA4 in Rho”™ mice compared to that in WT mice,
which is consistent with other reports, showing an increased
ephrin/Eph expression after CNS injury (Willson et al.,
2002; Goldshmit et al., 2006). It seems that the mammalian
CNS seems to suppress the regenerative mechanisms. The
underlying mechanisms or purpose remain unclear. Our
data also showed that a lack of ephrin- A2/A3 allows more
proliferating cells in the retinas of Rho” A27"A37 mice.
By comparing the distribution of proliferation cells in mice
undergoing varlous stages of retinal degeneration (6 weeks vs.
12 weeks Rho"A27"A3” mice), we detected proliferating cells
across the retina including INL, GCL and ONL. Interestingly, we
detected significantly more proln‘eratmg ceIIs |n the ONL than
that in the GCL of 12 weeks old Rho” A27"A37" mice, which
are in an advanced stage of RP. The data suggest migration
of retinal progenitor toward the ONL in the mice with
severe photoreceptor degeneration. As there are very few
proliferating cells in the WT retina and most of which were
found at the very end of the peripheral retina, we were not
able to quantify their retinal layer distribution. We recently
showed that delivery of non-invasive electrical stimulation
(Yu et al., 2020) on the eye lid induced proliferation of Miller
cells, migrating into the outer nuclear layer and expressing
recovery following retinal detachment. It suggests that the
EdU proliferating cells detected in the ONL of Rho”"A27"
A3”" mice may have potential to be differentiated and express
photoreceptor receptor markers. Nevertheless the number
of proliferating cells in Rho"A27"A37" mice were relatively
small, and the preseht study d|d not compare the changes of
spat|a| vision in Rho™”™ and Rho”"A27"A3™" mice. Future study
is needed to further investigate the impact of ephrin-A2/A3
on endogenous retinal cell regeneration and visual function.

In summary, a lack of ephrin-A2/A3 could increase cell
proliferation in retina, likely from Miller cells, and showed
increased migration into the outer nuclear Iayer of Rho™"~

A27A37" mice. This suggests mobilizing Miller cells could
be a potential strategy for replacing degenerating neurons in
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retinal diseases and may even improve visual function.
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Additional Table 1 List of primer sequences used in real-time RT-PCR

Gene names Sequence (5’-3") Unigene #

Ephrin-A2 (147 bp) F: GGC TAT ACC GTG GAG GTG NM_007909.3
R: CTG CCG GTG GTC ACA GGA

Ephrin-A3 (134 bp) F: CCG AGA AGT TCC AGC GTT ACAG NM_010108.1
R: GCA GCA GAC GAACACCTTCATC

EphA4 (300 bp) F: ACC AGA TCG ACC AAATGG AG NM_007936.3
R: AGA ATG ACC ACG AGG ACC AC

Nestin (263 bp) F: AGG ACC AGG TGC TTG AGA GA NM_016701.3
R: TTC GAG AGA TTC GAG GGA GA

Sox2 (204 bp) F: AGA ACC CCAAGA TGC ACAAC NM_011443.3
R: CTC CGG GAAGCG TGT ACTTA

Ngn2 (67 bp) F: TCA GAG CTG CTG GAG GAG AAC NM_009718.2
R: CCAGTT GCATTC CCT CTG AGA

Pax6 (206 bp) F: AAC AAC CTG CCT ATGCAACC NM_013627.5
R: ACT TGG ACG GGA ACT GAC AC

Chx10 (228 bp) F: TTC AAT GAA GCC CAC TAC CC NM_007701.2
R: ATC CTT GGC AGA CTT GAG GA

Math5 (184 bp) F: CAG GAC AAG AAGCTG TCC AA NM_016864.1
R: CAT AGG GCT CAG GGT CTACCT

Mathl (297 bp) F: AGT TGC TGC AGA CTC CCA AT NM_007500.4
R: ACAGGT CCTTCT GTGCCATC

GAPDH (223 bp) F: AACTTT GGC ATT GTG GAA GG NM_008084.3

R: ACA CAT TGG GGG TAG GAA CA

F: Forward; R: reverse.



