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Abstract

Deficiency of glutamate transporter GLAST in Müller cells may be culpable for

excessive extracellular glutamate, which involves in retinal ganglion cell (RGC)

damage in glaucoma. We elucidated how GLAST was regulated in rat chronic ocu-

lar hypertension (COH) model. Western blot and whole-cell patch-clamp record-

ings showed that GLAST proteins and GLAST-mediated current densities in Müller

cells were downregulated at the early stages of COH. In normal rats, intravitreal

injection of the ephrinA3 activator EphA4-Fc mimicked the changes of GLAST in

COH retinas. In purified cultured Müller cells, EphA4-Fc treatment reduced

GLAST expression at mRNA and protein levels, which was reversed by the tyro-

sine kinase inhibitor PP2 or transfection with ephrinA3-siRNA (Si-EFNA3), sug-

gesting that EphA4/ephrinA3 reverse signaling mediated GLAST downregulation.

EphA4/ephrinA3 reverse signaling-induced GLAST downregulation was mediated

by inhibiting PI3K/Akt/NF-κB pathways since EphA4-Fc treatment of cultured

Müller cells reduced the levels of p-Akt/Akt and NF-κB p65, which were reversed

by transfecting Si-EFNA3. In Müller cells with ephrinA3 knockdown, the PI3K

inhibitor LY294002 still decreased the protein levels of NF-κB p65 in the pres-

ence of EphA4-Fc, and the mRNA levels of GLAST were reduced by LY294002

and the NF-κB inhibitor SN50, respectively. Pre-injection of the PI3K/Akt path-

way activator 740 Y-P reversed the GLAST downregulation in COH retinas. West-

ern blot and TUNEL staining showed that transfecting of Si-EFNA3 reduced

Müller cell gliosis and RGC apoptosis in COH retinas. Our results suggest that

activated EphA4/ephrinA3 reverse signaling induces GLAST downregulation in

Müller cells via inhibiting PI3K/Akt/NF-κB pathways, thus contributing to RGC

damage in glaucoma.
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1 | INTRODUCTION

Glaucoma is the leading cause of irreversible blindness throughout the

world (Almasieh et al., 2012). Progressive retinal ganglion cells (RGC)

apoptotic death is the basic pathologic characteristic of glaucoma.

In the pathogenesis of glaucoma the biological behavior of retinal glial

cells is strongly related to RGC degeneration (Kawasaki et al., 2000;

Weinreb et al., 2014). Müller cells are a major type of retinal glial

cells. One of major functions of Müller cells is to clean neurotransmit-

ters in synaptic clefts, thus maintaining retinal neuronal function

(Bringmann et al., 2006). Glutamate is an important excitatory

neurotransmitter in the central nervous system (CNS). In the retina,

glutamate is mainly released by photoreceptors and bipolar cells

(Thoreson & Witkovsky, 1999; Yang, 2004). Extracellular glutamate

can be absorbed by Müller cells and astrocytes which express abun-

dant glutamate transporters, including GLAST (EAAT-1) and glutamate

transporter 1 (GLT-1, EAAT-2), thus maintaining retinal homeostasis

and preventing glutamate neurotoxicity (Bringmann et al., 2009).

In glaucomatous retinas, there is evidence showing that the expres-

sion of GLAST in Müller cells was reduced, which may result in a

decrease of effective buffering of extracellular glutamate (Ishikawa

et al., 2011; Martin et al., 2002; Naskar et al., 2000; Park et al., 2009;

Vorwerk et al., 2000; Yang et al., 2015). The excessive extracellular

glutamate may contribute to RGC injury in glaucoma by activating

the N-methyl-D-aspartate (NMDA) receptors and the α-amino-

3-hydroxy-5-methyl-4-isoxazole-propionic acid (AMPA) receptors

(Chen et al., 2011; Cueva Vargas et al., 2015; Dong et al., 2015; Guo

et al., 2006; Levin, 2003; Miao et al., 2012; Nucci et al., 2005; Salt &

Cordeiro, 2006). Additionally, glutamate may activate the group I

metabotropic glutamate receptors (mGluR I) to induce Müller cell glio-

sis (reactivation) through distinct signaling pathways (Gao et al., 2015,

2017; Ji et al., 2012). However, the mechanisms underlying the down-

regulation of GLAST in Müller cells of glaucomatous retina are largely

unknown.

Erythropoietin-producing hepatocyte receptors (Ephs) consist of

EphA (A1-A10) and EphB (B1-B6). Their corresponding ligands are

ephrinA (A1-A5) and ephrinB (B1-B3). Ephs and ephrins are recipro-

cally expressed in neighboring cells, which constitute the receptor

tyrosine kinase bidirectional (forward and reverse) signaling system

(Klein, 2009; Murai & Pasquale, 2004; Pasquale, 2008). In the CNS,

activation of both forward and reverse signaling participates in the

modulation of neuronal functions, such as spine formation, synaptic

plasticity and neuronal development (Akaneya et al., 2010; Ashton

et al., 2012; Chen et al., 2012; Kania & Klein, 2016; Pasquale, 2008;

Qin et al., 2010). Ephrins and Ephs are also extensively expressed in

retinal cells (Bevins et al., 2011; Dong et al., 2015; Du et al., 2007;

Fiederling et al., 2017; Fiore et al., 2019; Fu et al., 2010; Fu &

Sretavan, 2012; Hornberger et al., 1999; Knöll & Drescher, 2004; Lim

et al., 2008; Marler et al., 2008; Nie et al., 2010; Petkova et al., 2011;

Petros et al., 2006; Schmidt et al., 2007; Scicolone et al., 2009;

Walkenhorst et al., 2000; Yoo et al., 2011; Yu et al., 2018). We have

previously shown that both ephrinB/EphB bidirectional signaling (Liu

et al., 2018; Zhao et al., 2018) and ephrinA/EphA forward signaling

(Xu et al., 2020) were involved in RGC damage in experimental glau-

coma models. Additionally, upregulated expression of ephrinA3 and

EphA4 was observed in Müller cells and RGCs respectively in a rat

chronic ocular hypertension (COH) model (Xu et al., 2020), suggestive

of activated EphA4/ephrinA3 reverse signaling in Müller cells. In the

CNS, it was reported that the interaction of ephrinA3 and EphA4 reg-

ulated neuronal synaptic plasticity and glial glutamate transporter in

the hippocampus (Carmona et al., 2009; Filosa et al., 2009). EphA4/

ephrinA3 reverse signaling mediated modulation of glutamate trans-

porters in astrocytes contributed to hippocampal neuronal damage

after transient global ischemia (Yang et al., 2014). In this study, we

explored whether and how EphA4/ephrinA3 reverse signaling may

modulate GLAST function in Müller cells of glaucoma.

2 | MATERIALS AND METHODS

2.1 | Animals and COH model

All experimental operations were performed in accordance with the

guidelines of National Institutes of Health (NIH) and Fudan Univer-

sity for the care and ethical use of laboratory animals, and approved

by the Bioethical Committee at Fudan University (approval

No. 20170731-002). Male Sprague–Dawley rats (weighing around

100 g, 5-week-old), purchased from the SLAC Laboratory Animal

Co., Ltd (Shanghai, China), were housed on a 12 h light/dark cycle.

Chronic ocular hypertension rat model was made following the

procedure mentioned in our previous studies (Cheng et al., 2021; Xu

et al., 2020). In brief, under an OPMI VISU 140 microscope (Carl Zeiss,

Jena, Germany), micro-magnetic beads (10 μl, diameter ≈ 10 μm, Bio-

Mag®Superparamagnetic Iron Oxide, Bangs Laboratories, Ins) were

injected into the anterior chamber of the surgical eyes (left eyes) in

the anesthetized rats. Sham-operations were done through a similar

procedure (injecting the same volume of normal saline) in eyes of

other rats. Intraocular pressure (IOP) was measured by using a hand-

held digital tonometer (Tonolab, TioLat, Finland), and recorded if the

average value of five consecutive measurements had a less than 5%

deviation. IOPs of both eyes were measured before the operation

(baseline), immediately after the operation (G0d), the first day (G1d),

the 3 days (G3d), the 7 days (G1w) after the operation, and weekly

afterwards.

2.2 | Intravitreal injection

Recombinant mouse EphA4-Fc chimera (R&D systems, Minneapolis,

MN) and goat anti-human IgG-Fc (Jackson ImmunoResearch Labs,

Wes Grove, PA) were co-incubated at room temperature for at least

1 h to prepare clustered EphA4-Fc (Yang et al., 2014). In accordance with

the procedure in previous studies (Cheng et al., 2021; Xu et al., 2020),

EphA4-Fc (1 μg/μl), 3-(4-chlorophenyl) 1-(1,1-dimethylethyl)-1H-pyrazolo

[3,4-d]pyrimidin-4-amine (PP2) (100 μM, Tocris, Minneapolis, MN) or

740 Y-P (100 μM, MedChemExpress, NJ) diluted by 2 μl of 0.9% saline
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was injected into the vitreous cavity of the anesthetized rats through a

microinjector (Hamilton, Reno, NV). Rats with the injections of normal

saline under the same operational steps were recognized as negative

controls.

2.3 | Western blotting

Western blotting was conducted as described previously (Gao

et al., 2017; Ji et al., 2012). Retinas were collected and homogenized

in RIPA buffer (Thermo-Fisher Scientific), supplemented with protease

and phosphatase inhibitor cocktail (Roche, supplemented, Mannheim,

Germany). Plasma membrane fractions were prepared using the BioVi-

sion's kit (BioVision, CA) following the manufacturer's instructions and

referred to our previous work (Miao et al., 2012). Briefly, the homoge-

nates were centrifuged at 800 � g for 5 min at 4�C. The supernatant

was added to the membrane extraction reagent and centrifuged

14,000 � g for 30 min at 4�C to obtain membrane pellets. The protein

concentration of retinal extraction was determined by a standard

bicinchoninic acid (BCA) assay kit (Pierce Biotechnology, Rockford, IL).

Proteins were resolved by SDS-PAGE gel and electro-transferred to

PVDF membranes (Immobilon-P, Millipore, Billerica, MA) through

Mini-PROTEAN 3 Electrophoresis System and Mini Trans-Blot Elec-

trophoretic Transfer System (Bio-Rad, Hercules, CA). 5% skim milk or

bovine serum albumin (BSA) (for phosphorylated antibodies) was used

for blocking at room temperature for more than 2 h. The membranes

were incubated at 4�C overnight with primary antibodies listed as

follows: monoclonal mouse anti-β-actin (1:3000, Sigma-Aldrich), poly-

clonal rabbit anti-EAAT1 (GLAST) (ab416, 1:5000, Abcam), mono-

clonal mouse anti-EphrinA3 (sc-393727, 1:500, Santa Cruz

Biotechnology), polyclonal rabbit anti-Akt1/2/3 phospho Ser473

(sc-7985-R, 1:1000, Santa Cruz Biotechnology), monoclonal mouse

anti-Akt1 (sc-5298, 1:1000, Santa Cruz Biotechnology), polyclonal

rabbit anti-NF-κB p65 (sc-372, 1:1000, Santa Cruz Biotechnology),

monoclonal mouse anti-glial fibrillary acidic protein (GFAP) (G6171,

1:1000, Sigma-Aldrich). The secondary antibodies used in this study

included donkey anti-mouse and rabbit IgG HRP (Jackson ImmunoRe-

search Labs). After incubated with enhanced chemofluorescent

reagent (Pierce Biotechnology), the blots were imaged by means of a

digital imager (FluorChem E System, ProteinSimple). Quantitative

analysis on protein bands was presented by Alpha View software (Cell

Biosciences, Inc.). Since the anti-EAAT1 antibody could detect both

the glycosylated band at 65–70 kDa and the 50–55 kDa band without

post-translational modifications, in the present work, all the bands

around the target molecular weight (50–70 kDa) were measured.

2.4 | Immunohistochemistry and
immunocytochemistry

Immunohistochemistry and immunocytochemistry experiments were

done as described previously in detail (Ji et al., 2012; Liu et al., 2018).

Briefly, the eyeballs dissected from the anesthetized rats were fixed

with 4% paraformaldehyde (PFA) for 2–4 h. After dehydrated in gradi-

ent sucrose solutions (10% for 2 h, 20% for 2 h and 30% overnight) at

4�C, retinal vertical slices were cut in the thickness of 14 μm (Leica,

Nussloch, Germany), and mounted on the slides coated with chrome

alum gelatin (Thermo-Fisher Scientific, Pittsburgh, PA). As for the cul-

tured cells grown on cover slips, 4% PFA was used for fixation. After

being washed several times in PBS, retinal sections or culture cells

were blocked in 10% donkey serum, 3% BSA and 0.1% Triton X-100

for 1.5 h, and then incubated with primary antibodies at 4�C over-

night. The primary antibodies used in this study included anti-GFAP

(G6171, 1:400, Sigma-Aldrich), anti-EAAT1 (ab416, 1:500, Abcam),

anti-EphrinA3 (sc-393727, 1:200, Santa Cruz Biotechnology),

and anti-glutamine synthetase (GS) (A5437, 1:100, ABclonal

Biotechnology Co., Ltd, Hubei, China). The secondary antibodies

included anti-mouse or rabbit IgG conjugated with cy3 or 488 (1:400,

Sigma-Aldrich, St. Louis, MO). After washing, sections or cover slips

were mounted with anti-fade mounting medium with DAPI (Vector

Laboratories, Burlingame, CA) and photographed through a Leica SP2

confocal laser-scanning microscope. All immunohistochemistry or

immunocytochemistry images in each figure were captured under the

same excitation/detection conditions and acquired during the same

imaging session. The images in each figure were presented using iden-

tical brightness/contrast levels. For immunohistochemistry, the exper-

iments were repeated at least in 3 retinas; for immunocytochemistry,

the experiments were repeated 3 � 5 biological replicates � 3 techni-

cal replicates.

2.5 | Whole-cell patch-clamp recordings

Müller cells were dissociated from rat retinas as previously described

(Ji et al., 2012), with minor adjustments. Briefly, the detached retinas

were incubated at 37�C with 5.2 mg/ml papain (Worthington Bio-

chemical) for 33 min in the oxygenated Hank's solution containing

(in mM): NaCl 137, NaHCO3 0.5, NaH2PO4 1, KCl 3, CaCl2 2, MgSO4

1, HEPES 20, sodium pyruvate 1, and glucose 16, adjusted to pH 7.4

with NaOH, and then further digested in the Hank's solution supple-

mented with DNase I (200 U/ml; Sigma, Deisenhofen, Germany) for

4 min. Retinal cells were mechanically dissociated using fire-polished

Pasteur pipettes. The cell suspension was plated onto the poly-D-

lysine pre-coated culture dish (Corning) mounted on the Eclipse Ti

Nikon microscope (NIKON Corporation, Tokyo, Japan). Müller cells

were distinguished according to their morphological features and used

for recordings (Ji et al., 2012; Pannicke et al., 2016) within 2 h after

the dissection. All recordings were performed at room temperature

(20–25�C).

Whole-cell voltage-clamp recordings were performed on isolated

Müller cells using a patch-clamp amplifier (Axopatch 700B, Molecular

Devices, Foster City, CA), with a Digidata 1440A data acquisition

board and pClamp version 10.2 software (Molecular Devices). Patch

pipettes were made from BF150-86-10 glass (Sutter Instrument Co.,

Novato, CA) on a P-97 Flaming/Brown micropipette puller (Sutter

Instrument), fire-polished (Model MF-830, Narishige, Japan) to a

722 ZHOU ET AL.
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resistance of 5–8 MΩ, and filled with internal solution containing

(mM): KCl 130, NaCl 10, MgCl2 2, CaCl2 1, EGTA 10, HEPES-Tris

10, adjusted to pH 7.1 with KOH and osmolality to 290–300 mOsm/L

with sucrose. The bath solution of dissociated cells consisted of

(in mM): NaCl 110, KCl 3, CaCl2 2, MgCl2 1, Na2HPO4 1, glucose

11, HEPES-Tris 10, and NaHCO3 25, equilibrated to pH 7.4 with

NaOH and osmolality of 300–310 mOsm/L with sucrose. Membrane

capacitance was calculated through the Membrane Test program in

Clampex software, based on the current response to continuous volt-

age commands under the voltage-clamp mode.

2.6 | Primary Müller cell culture

Primary Müller cell cultures were prepared as described previously

(Gao et al., 2017). Simply speaking, retinas isolated from newborn

(5-day-old) Sprague–Dawley rats were incubated with 0.25% tryp-

sin in a Ca2+ and Mg2+-free D-Hank's solution at 37�C for 15 min,

and then mechanically dispersed into cell suspensions by using Pas-

teur pipettes. The cells were cultured in the Dulbecco's modified

eagle medium (DMEM/F12, Gibco, Life Technologies, Rockville,

MD), added with 10% fetal bovine serum (FBS), 100 U/ml penicillin

and 100 μg/ml streptomycin in a humidified 5% CO2 circumstance

at 37�C. To remove non-attached cells and microglia, T75 flasks

(Thermo Fisher Scientific) containing the cells of second generation

were patted on the bottom repeatedly before changing the culture

medium every 3 days until only Müller cells were observable

through the microscope. The purity of cultured Müller cells was

determined (Gao et al., 2017). The cultured cells were passaged until

the third generation for experiments. All experiments were accom-

plished on three different batches of cultures and repeated for at

least 3 times.

F IGURE 1 Changes in GLAST protein levels in COH retinas. (a) Changes of IOP in sham-operated (unoperated) and COH (operated) rats.
***P < .001 versus 0d, and ###P < .001 versus unoperated eyes at the same time point. Unpaired t test (two-tailed). (b) Representative
immunoblots showing the changes in GLAST protein levels in retinal extracts obtained from sham-operational rat (Ctr) and COH rats at a series of

post-operational time (G1d, G3d, G1w, G2w, G3w, G4w, and G6w). (c) Bar chart summarizing the average densitometric quantification of
immunoreactive bands of GLAST expression at different post-operational time. The data are first normalized to their corresponding β-actin and
then to controls. n = 6 for all groups. *P < .05 and **P < .01 versus Ctr. One-way ANOVA (Dunnett's multiple comparison, P < .0001).
(d) Representative immunoblots showing the changes in GLAST expression in retinal membrane extracts obtained from Ctr and COH rats at a
series of post-operational time (G1d, G3d, G1w, G2w, G3w, G4w, and G6w). (e) Bar chart summarizing the average densitometric quantification
of immunoreactive bands of GLAST expression at different post-operational time. The data are first normalized to their corresponding Na-K
ATPase and then to controls. n = 6 for all groups. *P < .05 versus Ctr. One-way ANOVA (Dunnett's multiple comparison, P = .0005).

ZHOU ET AL. 723
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2.7 | Quantitative real-time PCR

Total RNA was purified from primary cultured Müller cells with the

application of TaKaRa MiniBEST Universal RNA Extraction Kit

(#9767, Takara, Kusatsu, Japan) according to instructions provided by

the manufacturer. cDNA was reverse-transcribed from RNA using the

Prime-Script™RT reagent Kit and gDNA Eraser (#RR047A, Takara) in

order of 42, 37, and 85�C water bath heating. After being mixed with

TB Green® Premix Ex Taq™ II (#RR820A, Takara) and respective for-

ward and backward primers, cDNAs were amplified by using the

QuantStudio 3 Real-Time PCR system (Thermo Fisher Scientific).

Quantitative real-time polymerase chain reaction (qPCR) was oper-

ated under the thermal cycling conditions as follows: 95�C for 30 s,

and 40 cycles of 5 s at 95�C, 40 s at 60�C and 30 s at 72�C. Data

exported from the system were further analyzed by means of 2�ΔΔct

calculation method. Primer sequences used in this study were shown

in Supplementary Table S1.

2.8 | Small-interfering RNA transfection

Cultured Müller cells were transfected with ephrinA3 small-interfering

RNA (siRNA) or negative control RNA vectors (NC) (purchased from

RiboBio Co., Ltd, Guangzhou, China), encapsulated with lipofectamine

3000 transfection reagent (Invitrogen, Thermo Fisher Scientific) fol-

lowing the manufacturer's instructions. After 24 or 36 h transfection,

the efficiency of RNA interference on mRNA or protein level was

tested by qPCR or Western blotting respectively.

2.9 | Subretinal injection

Chemically modified EphrinA3 siRNA or NC (1 nmol/μl, purchased

from RiboBio Co., Ltd, Guangzhou, China) was dissolved in 0.9% saline

(5 μl per eye) and delivered into the subretinal space by using a micro-

injector (Hamilton, Reno, NV). Normal saline was used as an additional

negative control. Knockdown efficiency on protein level was exam-

ined by Western blotting at 1 w after the injections.

2.10 | TUNEL assay

Terminal deoxynucleotidyl transferase-mediated dUTP nick end label-

ing (TUNEL) assay was performed for the detection of cell apoptosis,

using the DeadEnd Fluorometric TUNEL System G3250 kit (Promega,

Madison, WI). As mentioned earlier (Dong et al., 2015), TUNEL-

F IGURE 2 Changes in GLAST expression in Müller cells of COH retinas. (a, b) Immunofluorescence labeling showing GLAST (a) and GFAP
(b) expression profiles in rat retinal slices taken from sham-operational rat (Ctr; a1 and b1) and COH rats at different post-operational time (G1d,
G3d, G1w, G2w, G3w, G4w, and G6w) (a2–8 and b2–8). (c) Merged images of panel a and b with DAPI nuclear stains, showing the expression of
GLAST in GFAP-labeled Müller cells. Scale bar: 20 μm for all images. GCL, ganglion cell layer; IPL, inner plexiform layer; INL, inner nuclear layer;
OPL, outer plexiform layer; ONL, outer nuclear layer.
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positive signals of whole-mounted retinas were measured through

10� objective by a confocal laser scanning microscope (FluoView

1000, Olympus, Monolith, Tokyo, Japan). All TUNEL-positive signals

sharing a perfect merge with DAPI were counted in each retina.

2.11 | Statistical analysis

For electrophysiological recordings, data were analyzed by Clampfit

version 10.2 (Molecular Devices) and Igor version 4.0 (WaveMetrics,

Lake Oswego, OR). For Western blot experiments, the immunoblot

bands in each lane were firstly normalized to their corresponding

internal references (β-actin or Na-K ATPase) (except for the calcula-

tion of p-Akt/Akt1 ratio), and all the data of the same lanes were

respectively averaged. Then the averaged values in other lanes were

normalized to controls. All experiments in cultured cells were per-

formed on 3–5 biological replicates and repeated at least 3 times.

Data were shown in the form of mean ± SEM and analyzed using

GraphPad Prism software V 8.02 (GraphPad software, Inc., La Jolla,

CA). Before doing the significance tests, Kolmogorov–Smirnov's test

or Brown–Forsythe's test was used to evaluate the normality or the

homogeneity of variance. A one-way ANOVA with Dunnett's test

(multiple comparisons), Kruskal–Wallis test (nonparametric test for

multiple comparisons), or t-test (unpaired or paired data) was properly

utilized. P values less than .05 were considered as significant in this

study.

3 | RESULTS

3.1 | Dynamic changes of GLAST expression and
electrogenic activities in COH retinas

Rat COH model was produced. The changes of average IOPs of oper-

ated eyes were similar to our previous reports (Figure 1a) (Chen

et al., 2011; Cheng et al., 2021). We first identified whether GLAST

protein expression may be altered in response to elevated IOPs in our

glaucomatous model by Western blotting. As shown in Figure 1b,c,

total protein levels of GLAST showed a decreased tendency at G1d

(79.9 ± 3.7% of control, n = 6, P = .2079). Significant reduction of

GLAST levels was observed at G3d (62.9 ± 6.5% of control, n = 6,

P = .0029) and G1w (66.9 ± 6.6% of control, n = 6, P = .0091), and

then the protein levels were returned to the control from G2w to

G6w (Figure 1b,c). Since functional GLAST was expressed in the cell

membrane, we examined GLAST protein levels in cell membrane com-

ponents. Similar results were observed. IOP elevation significantly

reduced the GLAST protein levels (m-GLAST) to 64.7 ± 12.8% of con-

trol (n = 6, P = .0211) and 63.0 ± 4.3% of control (n = 6, P = .0143)

at G3d and G1w, respectively (Figure 1d,e). Consistently, Immunohis-

tochemistry further showed that immunofluorescent signals of GLAST

were observed in Müller cell-like cells, including the somata in the

inner nuclear layer (INL) and the processes of cells, especially in the

endfeet (Figure 2a,a1). Additionally, IOP elevation induced Müller cell

activation, as evidenced by progressive increase of GFAP expression

F IGURE 3 Changes in GLAST-mediated

currents in Müller cells of COH retinas.
(a) Identification of GLAST-mediated currents
recorded in Müller cells isolated from normal
retina. Glutamate (Glu)-induced current was
almost completely blocked by the excitatory
amino acid transporter subtype 1 (EAAT1, GLAST)
inhibitor UCPH-101 (UCPH). (b) Bar charts
summarizing the changes of GLAST-mediated
currents under different conditions as shown in
panel a. n = 10 for all groups. ***P < .001 versus
Glu group. Paired t test (two-tailed).
(c) Representative traces showing GLAST-
mediated currents induced by 1 mM Glu in Müller
cells isolated from control (Ctr, sham-operation)
and COH retinas at different post-operational
time (G1d, G2d, G3d, G1w, and G2w). (d, e) Bar
charts summarizing the changes in membrane
capacity (d) and GLAST-mediated current density
(e) of Müller cells under different conditions as
shown in panel c. n = 10–14. *P < .05 and
***P < .001 versus Ctr. Nonparametric test
(Kruskal-Wallis test, P = .0014) (for d) and
nonparametric test (Kruskal-Wallis test, P < .0001)
(for e).
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extending to the outer nuclear layer (Figure 2b,b1–b8), similar to our

previous reports (Ji et al., 2012). Double immunofluorescent staining

showed that GLAST was co-localized with GFAP (Figure 2c,c1–c8).

We then examine whether the activity of GLAST may be altered

in COH retinas by whole-cell patch-clamp recordings. As shown in

Figure 3a,b, extracellular application of glutamate (1 mM) induced a

persistent inward current in Müller cells isolated from normal retinas

when the cells were held at �80 mV, and the currents could be

blocked by co-application of UCPH-101, a selective EAAT1 (GLAST)

inhibitor (Abrahamsen et al., 2013), indicating that the currents were

mediated by GLAST activity. In Müller cells isolated from COH retinas

at different post-operational times, GLAST-mediated currents were

slightly reduced at G1d, and significant reduction was observed at

G2d and G3d, then the currents were returned to the control level

(Figure 3c). Considering the probable variation of membrane area in

different Müller cells, especially in the activated cells (Figure 3d), we

calculated the current density (current amplitude/membrane capacity,

pA/pF) of each cell. On average, the current density slightly reduced

to 0.91 ± 0.15 pA/pF (n = 13, P = .5121) from the control value of

1.16 ± 0.16 pA/pF, and further to 0.60 ± 0.07 pA/pF (n = 14,

P = .0121) and 0.67 ± 0.06 pA/pF (n = 14, P = .0194) at G2d and

G3d, respectively. The current density was returned to control level at

G1w (0.88 ± 0.08pA/pF, n = 13, P > .9999) and G2w (1.38 ± 0.15

pA/pF, n = 13, P > .9999) (Figure 3e). Similar results were obtained

when the concentration of glutamate was reduced to 0.1 mM

(Supplementary Figure S1).

3.2 | EphA4/ephrinA3 reverse signaling mediates
downregulation of GLAST

Previous studies have shown that there was a direct interaction of

EphA4 and ephrinA3, which played critical roles on the regulation of

neuronal dendritic spine morphology and synaptic plasticity through

glial glutamate transporters (Carmona et al., 2009; Filosa et al., 2009;

Xu et al., 2020; Yang et al., 2014). We tested the effects of activation

of EphA4/ephrinA3 reverse signaling on GLAST expression by intravi-

treal injection of clustered EphA4-Fc (2 μl, 1 μg/μl), an agonist of

ephrinA3, in normal rats. As shown in Figure 4a,b, significant decrease

in GLAST protein expression was detected at 3 d (46.2 ± 3.9% of con-

trol, n = 5, P < .0001) and 1 w (80.2 ± 5.9% of control, n = 5,

P = .0403) after the injections. In agreement with the Western blot

results, in EphA4-Fc-injected rats, immunofluorescent signals of

GLAST (cyan) in retinal vertical slices were became weaker at 3 d and

1 w, especially at 3 d after the injection (Figure 4c,c4 and c7). Notably,

F IGURE 4 Activation of EphA4/ephrinA3 reverse signaling
induces downregulation of GLAST expression in Müller cells of normal
rats. (a) Representative immunoblots showing changes in GLAST
protein levels in retinal extracts obtained from normal saline-injected
(Ctr) rat and EphA4-Fc-injected rats at 3 d, 1 w, and 2 w after the
injections. (b) Bar chart summarizing the average densitometric
quantification of immunoreactive bands of GLAST expression under
the conditions as shown in panel a. All the data are normalized to
their corresponding β-actin and then to controls. n = 5 for all groups.
*P < .05 and ***P < .001 versus Ctr. One-way ANOVA (Dunnett's
multiple comparison, P < .0001). (c) Immunofluorescence labeling
showing changes in GLAST and GFAP expression in rat retinal slices
taken from Ctr (c1–3) and those obtained 3 days (c4–6), 1 week
(c7–9) and 2 weeks (c10–12) after EphA4-Fc injections. Scale bar:
20 μm for all images.
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GFAP expression (red) in EphA4-Fc-injected retinas was constantly

increased (Figure 4c,c5,c8 and c11), and GLAST was co-localized with

GFAP (Figure 4c,c3,c6,c9 and c12), indicative of the Müller cell gliosis,

which is consistent with our previous report (Xu et al., 2020).

Activation of EphA4/ephrinA3 reverse signaling increases activity

of receptor tyrosine kinase (Xu et al., 2020). We tested whether inhi-

bition of tyrosine kinase may affect the GLAST expression and

GLAST-mediated currents by intravitreal pre-injection of PP2, an

inhibitor of tyrosine kinase. As shown in Figure 5a,b, reduced expres-

sion of GLAST both in COH and EphA4-Fc-injected retinas was

reversed by PP2. In addition, in Müller cells isolated from EphA4-Fc

intravitreally injected retinas, GLAST-mediated current density was

reduced to 0.51 ± 0.05 pA/pF (n = 11, P = .0002) from the control

value of 1.00 ± 0.14 pA/pF (n = 10), which could be reversed by PP2

(0.70 ± 0.03 pA/pF, n = 13, P = .2441 vs. control, and P = .0234

F IGURE 5 EphA4/ephrinA3 reverse signaling mediates
downregulation of GLAST in Müller cells both in COH and EphA4-Fc-
injected retinas. (a) Representative immunoblots showing GLAST
expression in retinal extracts obtained from normal saline-injected
(Ctr), COH (G3d), EphA4-Fc-injected (3 d), PP2 + G3d and PP2
+ EphA4-Fc-injected (3 d) rats, respectively. PP2 (100 μM, 2 μl) was
intravitreally injected 1 d before the COH operation or EphA4-Fc
injections. (b) Bar chart summarizing the average densitometric
quantification of immunoreactive bands of GLAST proteins under
different conditions as shown in panel a. All the data are normalized
to their corresponding β-actin and then to controls. n = 5 for all
groups. *P < .05 and **P < .01 versus Ctr. One-way ANOVA
(Dunnett's multiple comparison, P < .0001). (c) Representative traces
showing GLAST-mediated currents induced by 1 mM glutamate (Glu)
in Müller cells isolated from normal (Ctr), EphA4-Fc-injected (3d) and

PP2 + EphA4-injected (3d) retinas, respectively. (d, e) Bar charts
summarizing the changes of membrane capacity (d) and GLAST-
mediated current density (e) in Müller cells obtained from EphA4-Fc-
injected retinas with or without the pre-injection of PP2. n = 10–13.
*P < .05, **P < .01 and ***P < .001 versus Ctr; #P < .05 versus EphA4
(3d). One-way ANOVA (Dunnett's multiple comparison, P = .0041)
(for d) and nonparametric test (Kruskal-Wallis test, P = .0005) (for e). F IGURE 6 Legend on next page.
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vs. EphA4-Fc alone) (Figure 5c,e). It is noted that in EphA4-Fc injected

retinas, membrane capacity of Müller cells was increased (Figure 5d).

Besides, GLAST currents in response to 0.1 mM glutamate showed

similar changes (Supplementary Figure S2).

We then investigated how activation of EphA4/ephrinA3 reverse

signaling induces downregulation of GLAST in purified cultured Müller

cells. Figure 6a shows that the mRNA levels of GLAST were signifi-

cantly decreased (73.0 ± 5.3% of control, n = 4, P = .0342) at 3 h after

EphA4-Fc (1 μg/ml) treatment, and then returned to control levels. The

protein levels of GLAST were reduced to 45.6 ± 2.7% of control (n = 4,

P = .0019) and 51.6 ± 11.6% of control (n = 4, P = .0055) at 3 and 6 h

after EphA4-Fc treatment, and then gradually returned to the control

levels (Figure 6b,c). Pre-incubating the cells with PP2 for 30 min

blocked the EphA4-Fc-induced reduction of GLAST at 3 h after

EphA4-Fc treatment (Figure 6d,e). In parallel with Western blotting

results, immunofluorescent signals of GLAST were obviously decreased

in cultured Müller cells treated with EphA4-Fc for 3 and 6 h (Figure 7a,

a3 and a4). It is worth noting that increased expression of GFAP was

also detected after the EphA4-Fc treatment (Figure 7b), consistent with

the observations in EphA4-Fc-injected retinas (Figure 4c).

We further confirm effects of EphA4/ephrinA3 reverse signaling

activation on GLAST expression when ephrinA3 was knocked down

by transfecting cultured Müller cells with ephrinA3 siRNA. As shown

in Figure 8a–c, transfection of 50 nM ephrinA3 siRNA (Si-EFNA3) sig-

nificantly reduced the mRNA levels of ephrinA3 to 22.9 ± 5.3% of

control (transfected with NC) (n = 3, P = .0002) at 24 h after the

transfection, and a significant decrease of ephrinA3 protein levels

were observed (45.6 ± 4.4% of control, n = 3, P = .0063) at 36 h after

the transfection. Consistently, immunocytochemical staining showed

reduced expression of ephrinA3 proteins in cultured Müller

cells after the transfection (Figure 8d). Furthermore, in Müller cells

with Si-EFNA3 transfection, EphA4-Fc treatment (for 3 h) hardly induce

the decrease in both mRNA and protein levels of GLAST (Figure 8e–g).

Specially, the mRNA levels were rescued from 63.5 ± 3.3% of NC in

EphA4 + NC group (n = 5) to 83.7 ± 5.5% of NC in EphA4 + Si-EFNA3

(n = 5, P = .0414 vs. EphA4 + NC, and P = .0883 vs. NC) (Figure 8e).

Si-EFNA3 transfection also effectively rescued the EphA4 treatment

induced decrease in GLAST protein levels from 55.8 ± 5.9% of NC in

EphA4 + NC group (n = 5) to 83.7 ± 5.5% of NC (n = 5, P = .0285

vs. EphA4 + NC, and P = .2261 vs. NC) (Figure 8f,g).

3.3 | PI3K/Akt/NF-κB signaling pathways mediate
downregulation of GLAST

It is well established that the transcription factor nuclear factor-kappa

B (NF-κB) acts as an important positive regulator of glutamate trans-

porter in the CNS (Ghosh et al., 2011; Karki et al., 2015; Olivares-

Banuelos et al., 2019; Tai et al., 2008). A previous study has also

shown that activation of EphA4 signaling inhibited NF-κB pathway in

the traumatic brain injury (Kowalski et al., 2019). Akt is an upstream

molecule of NF-κB (Li et al., 2006; Ozes et al., 1999), and elevation of

Akt phosphorylation (p-Akt) increases Akt activity (Holen et al., 2008;

Koeberle & Bahr, 2008). Whether Akt/NF-κB signaling plays as an

intermediary in the downregulation of GLAST was further investi-

gated in cultured Müller cells. Western blotting showed that the ratio

of p-Akt/Akt started to decrease at 1 h after EphA4-Fc treatment

(65.9 ± 9.0% of control, n = 3, P = .0015), further to 43.5 ± 3.2% of

control (n = 3, P < .0001) and 45.0 ± 4.0% of control (n = 3,

P < .0001) at 3 and 6 h, respectively, and then gradually returned to

the control levels, but still lower than controls at 9 h (54.2 ± 3.4% of

control, n = 3, P = .0001) and 12 h (70.2 ± 4.9% of control, n = 3,

P = .0042) (Figure 9a,b). Changes in NF-κB p65 expression showed a

similar tendency. The protein levels of NF-κB p65 were decreased at

1 h after EphA4-Fc treatment (61.2 ± 1.6% of control, n = 3,

P = .0426), further reduced to 42.4 ± 4.0% of control (n = 3,

P = .0034) at 3 h, and slightly recovered to 49.4 ± 11.8% of control

(n = 3, P = .0086) at 6 h, and then returned to control levels at 9 and

12 h (Figure 9c,d). In cultured Müller cells with ephrinA3 knockdown,

EphA4-Fc treatment (for 3 h)-induced reductions of the ratio of p-

Akt/Akt and NF-κB p65 expression were fully abolished (for p-Akt/

Akt: 87.4 ± 10.9% of control (NC), n = 3, P = .4846; for NF-κB p65:

87.4 ± 12.0% of control (NC), n = 3, P = .5946) (Figure 9e–h). Simi-

larly, pre-treatment of Müller cells with PP2 also reversed EphA4-Fc

treatment (for 3 h)-induced decrease of p-Akt/Akt ratio (103.0 ± 7.5%

of control, n = 4, P = .0032 vs. EphA4 alone and P = .9341

vs. control) (Figure 9i,j). Phosphatidylinositol 3-kinases (PI3K) is an

upstream molecule of Akt (Chang et al., 2003; Lin et al., 2014;

Nakazawa et al., 2002; Qi et al., 2013). We tested whether inhibition

of PI3K affects EphA4-Fc treatment-induced changes in expression of

NF-κB p65 and GLAST when ephrinA3 was knocked down in cultured

Müller cells. As shown in Figure 9k,l, application of the PI3K inhibitor

LY294002 (10 μM) still decreased the protein levels of NF-κB p65 in

the presence of EphA4-Fc in Müller cells with ephrinA3 knockdown

F IGURE 6 EphA4/ephrinA3 reverse signaling mediates
downregulation of GLAST in cultured Müller cells. (a) Bar chart
summarizing the relative mRNA levels of GLAST in cultured Müller
cells treated by EphA4-Fc (1 μg/ml) for different time (1, 3, 6, 9,
12, and 24 h). n = 4–5. *P < .05 versus Ctr. One-way ANOVA
(Dunnett's multiple comparison, P = .0084). (b) Representative
immunoblots showing the changes in GLAST expression in cultured
Müller cells in control (Ctr) or treated with EphA4-Fc for different
periods of time (1, 3, 6, 9, 12, and 24 h). (c) Bar chart summarizing the
average densitometric quantification of immunoreactive bands of
GLAST expression under different conditions as shown in panel b. All
the data are normalized to their corresponding β-actin and then to
controls. n = 4 for all groups. **P < .01 versus Ctr. One-way ANOVA
(Dunnett's multiple comparison, P = .0018). (d) Representative
immunoblots showing GLAST expression in Ctr, EphA4-Fc-treated
(3 h) and PP2 + EphA4-Fc-treated (3 h) groups, respectively. PP2

(10 μM) was added to the medium 30 min before a 3 h EphA4-Fc
treatment. (e) Bar chart summarizing the average densitometric
quantification of immunoreactive bands of GLAST expression under
the conditions as shown in panel d. n = 4 for all groups. All the data
are normalized to their corresponding β-actin and then to controls.
**P < .01 versus Ctr. One-way ANOVA (Dunnett's multiple
comparison, P = .0080).
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(63.7 ± 1.1% of control, n = 3, P = .0316 vs. EphA4 alone). In addition,

the mRNA levels of GLAST were significantly reduced to 40.8 ± 2.2% of

control (n = 3, P < .0001 vs. EphA4 alone and P < .0001 vs. control) by

applying of LY294002 (Figure 9m). Similarly, application of the NF-κB

inhibitor SN50 (10 μM) also reduced the mRNA levels of GLAST to

45.2 ± 2.7% of control (n = 3, P = .0002 vs. EphA4 alone and P < .0001

vs. control) (Figure 9m). We also assessed whether PI3K/Akt/NF-κB sig-

naling pathways may be involve in GLAST downregulation in COH ret-

ina. As shown in Figure 10a,b, intravitreal pre-injection of 740 Y-P

(100 μM), a PI3K/Akt pathway activator, rescued the decrease in GLAST

protein expression at G3d (95.2 ± 3.4% of control, n = 5, P = .0155

vs. G3d; P = .6512 vs. control). However, the levels of Akt, p-Akt and p-

Akt/Akt ratio, as well as NF-κB, were scarcely changed in retinas of both

G3d and G3d + 740 Y-P groups (Figure 10c–f). Moreover, GLAST-

mediated current densities in Müller cells isolated from COH retinas

with the intravitreal pre-application of 740 Y-P were reversed to control

levels (1.03 ± 0.06 pA/pF, n = 12, P = .8542 vs. control; P = .0002

vs. G3d) (Figure 10g,i). Notably, the membrane capacity was also

increased in Müller cells isolated from COH retinas pre-injected with

740 Y-P (Figure 10h). These results suggest that downregulation of

GLAST induced by activating EphA4/ephrinA3 reverse signaling is medi-

ated through the inhibition of PI3K/Akt/NF-κB signaling pathways.

3.4 | Interfering with EphA4/ephrinA3 reverse
signaling ameliorates Müller cell gliosis and RGC
apoptosis in COH retinas

Finally, we examined whether interfering with EphA4/ephrinA3 reverse

signaling may affect Müller cell gliosis and RGC apoptosis in COH

retinas by injecting chemically modified Si-EFNA3 (1 nmol/μl) into the

subretinal space. As shown in Figure 11a,b, in Si-EFNA3-injected ret-

inas of normal rats, ephrinA3 protein levels were reduced to 47.0

± 2.8% control (NC RNA injection) (n = 4, P = .0002) at 1 w after the

injections, certifying the efficiency of Si-EFNA3 transfection. Impor-

tantly, transfection of Si-EFNA3 managed to rescue GLAST downregu-

lation in COH retinas at G3d. The protein levels of GLAST were

elevated to 97.7 ± 11.0% of control (n = 5, P = .0208 vs. G3d + NC,

and P = .0089 vs. G3d) (Figure 11c,d). Additionally, the mean densities

of GLAST-mediated currents also largely recovered to 0.84 ± 0.06

pA/pF (n = 10, P = .0207 vs. G3d; P = .0353 vs. G3d + NC;

and P > .9999 vs. control) from 0.54 ± 0.06 pA/pF at G3d (n = 11,

P = .0006 vs. control) and 0.57 ± 0.05 pA/pF at G3d + NC (n = 11,

P = .0012 vs. control) (Figure 11e,g). Similarly, there was also an

increase in the membrane capacity in Müller cells isolated from COH

retinas subretinally pre-injected with Si-EFNA3 (Figure 11f).

In COH retinas, GFAP protein levels were increased to 219.0

± 40.6% of control (n = 5, P = .0079) at G1w, similar to our previous

reports (Gao et al., 2017; Ji et al., 2012). Subretinal pre-injection of

Si-EFNA3 drastically decreased the GFAP protein levels to 94.4

± 17.0% of control (n = 5, P = .0056 vs. G1w, and P = .0258

vs. G1w + NC), suggestive of reduced Müller cell gliosis

(Figure 12a,b). In addition, RGC apoptosis was evaluated by TUNEL

staining method. The number of TUNEL-positive signals in whole

flat-mounted retinas from COH rats at G1w was increased to 125.0

± 6.7 (n = 5, P < .0001 vs. control) from control value of 13.4 ± 2.5

(n = 5). Subretinal pre-injection of Si-EFNA3 remarkably decreased

the number of TUNEL-positive signals to 27.0 ± 4.6 (n = 5,

P < .0001 vs. G1w, and P < .0001 vs. G1w + NC) (Figure 12c,d).

These results suggest that RGC apoptosis in COH retinas could be

F IGURE 7 EphA4/ephrinA3 reverse signaling activation-induced changes in GLAST and GFAP expression in cultured Müller cells. (a, b)
Immunofluorescence labeling showing GLAST (a) and GFAP (b) expression profiles in cultured Müller cells of control (Ctr, a1 and b1) and treated
with EphA4-Fc for different periods of time (1, 3, 6, 9, 12, and 24 h) (a2–8 and b2–8). (c) Merged images of panel a and b with DAPI nuclear
stains, showing the expression of GLAST in GFAP-labeled Müller cells. Scale bar: 10 μm for all images.
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F IGURE 8 Transfection of ephrinA3 siRNA reverses EphA4-induced downregulation of GLAST in cultured Müller cells. (a) Bar chart
summarizing the relative mRNA levels of ephrinA3 in cultured Müller cells transfected with negative control RNA vectors (NC) or ephrinA3 siRNA
(Si-EFNA3). n = 3 for all groups. ***P < .001 versus NC. Unpaired t test (two-tailed). (b) Representative immunoblots showing ephrinA3
expression in Müller cells transfected with NC or Si-EFNA3. (c) Bar chart summarizing the average densitometric quantification of
immunoreactive bands of ephrinA3 expression in NC-transfected and Si-EFNA3-transfected cells, respectively. n = 3 for all groups. **P < .01
versus NC. Unpaired t test (two-tailed). (d) Immunofluorescence labeling showing DAPI nuclear stains (d1, d5), ephrinA3 (d2, d6) expression, GS
(d3, d7) expression profiles and merged images (d4, d8) in cultured Müller cells transfected with NC sequence or Si-EFNA3. Scale bar: 20 μm for
all images. (e) Bar chart summarizing the relative mRNA levels of GLAST in cultured Müller cells transfected with NC sequence or Si-EFNA3 (NC,
Si-EFNA3), with or without EphA4-Fc treatment (EphA4 + NC, EphA4 + Si-EFNA3). n = 5 for all groups. **P < .01 versus NC, #P < .05 versus
EphA4 + NC. Brown-Forsythe ANOVA (Dunnett's T3 multiple comparison, P = .0017). (f) Representative immunoblots showing the changes in

GLAST expression in Müller cells transfected with NC sequence or Si-EFNA3 (NC, Si-EFNA3), with or without EphA4-Fc treatment (EphA4 + NC,
EphA4 + Si-EFNA3). (g) Bar chart summarizing the average densitometric quantification of immunoreactive bands of GLAST expression under
different conditions as shown in panel f. All the data are normalized to their corresponding β-actin and then to NC group. n = 5 for each group.
***P < .001 versus NC, #P < .05 versus EphA4 + NC. One-way ANOVA (Dunnett's multiple comparison, P = .0019).
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F IGURE 9 Legend on next page.
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largely ameliorated by interfering with EphA4/ephrinA3 reverse sig-

naling, probably via the inhibition of Müller cell gliosis and the

attenuation of GLAST downregulation.

4 | DISCUSSION

4.1 | Downregulation of GLAST in Müller cells
of COH retinas

Clearance of extracellular excessive glutamate is important for main-

taining microenvironment homeostasis in the health retinas. Previous

studies have shown that glutamate neurotoxicity may be involved in

RGC damage in glaucomatous retinas (Chen et al., 2011; Cueva

Vargas et al., 2015; Dong et al., 2015; Guo et al., 2006; Levin, 2003;

Miao et al., 2012; Nucci et al., 2005; Salt & Cordeiro, 2006). This

was supported by the evidence that the increase in intravitreal glu-

tamate concentrations was observed in patients with glaucoma and

experimental glaucoma animal models (Dreyer et al., 1996; Dreyer &

Grosskreutz, 1997). However, the other reports have shown that no

significant changes in the vitreous glutamate levels were observed in

glaucoma patients and glaucoma monkey model (Carter-Dawson

et al., 2002; Honkanen et al., 2003). The occurrence and development

of RGC neurodegeneration in glaucoma largely depend on the dys-

function of retinal glial cells (Almasieh et al., 2012; Reichenbach &

Bringmann, 2013; Vecino et al., 2016). In this study, we provide evi-

dence showing that both the expression of GLAST (in total retinal

extracts and in membrane components) and GLAST-mediated

currents in Müller cells were downregulated at the early stages of

IOP elevation in COH rat model (Figures 1–3), which may contribute

to the increase of extracellular excessive glutamate and the RGC

neurotoxicity. In line with our work, immunohistochemical and West-

ern blot analyses showed that reduced expression of GLAST and

GLT-1 was observed in retinas of laser-, cauterization and ligation of

episcleral veins-induced rat IOP elevation glaucoma models and

DBA/2J glaucoma mouse (Martin et al., 2002; Park et al., 2009;

Schuettauf et al., 2007; Yang et al., 2015), and in eyes of patients with

glaucoma (Naskar et al., 2000). In addition, in rat acute glaucoma

models, the mRNA and protein levels of GLAST in Müller cells were

significantly decreased (Chen et al., 2018), and in ex vivo rat retinas,

elevated hydrostatic pressure induced a reduction in expression of

mRNA and protein levels of GLAST (Ishikawa et al., 2011). In contrast,

no significant change or increase in GLAST expression was also

reported in the other studies. For example, in cultured Müller cells

obtained from patients (including secondary glaucoma patients),

glutamate-induced high-affinity Na+-dependent GLAST current densi-

ties were significantly increased as compared to the controls obtained

from health organ donors (Reichelt et al., 1997). In rat IOP elevation

glaucoma model induced by laser photocoagulation of episcleral

and limbal veins, a time-dependent increase in GLAST protein expres-

sion was observed by immunohistochemical and Western blot

(Woldemussie et al., 2004). For this inconformity, we speculate that

the reasons may be multiple. The first possibility is that modulation of

GLAST expression and activity in Müller cells may be mediated by dif-

ferent mechanisms in different glaucoma models. The second one is

that the extent and time of IOP elevation in distinct glaucoma models

may affect the modulation of GLAST in Müller cells. Another possibil-

ity may be that there are different modulations of GLAST in Müller

cells in different animal strains. These issues remain to be explored in

the future studies.

It is noteworthy that in COH retinas, Müller cells may undergo

swelling in some extent since the membrane capacities were

F IGURE 9 Inhibition of PI3K/Akt/NF-κB pathways mediates EphA4/ephrinA3 reverse signaling activation induced downregulation of GLAST
in cultured Müller cells. (a, c) Representative immunoblots showing the changes in p-Akt and Akt (a), and NF-κB p65 protein levels (c) in cultured
Müller cells untreated (Ctr) or treated with EphA4-Fc (1 μg/ml) for different periods of time (1, 3, 6, 9, and 12 h). (b, d) Bar chart summarizing the
average densitometric quantification of immunoreactive bands of the average pAkt/Akt ratios (b) or NF-κB p65 protein levels (d) in Müller cells at
different time points after the EphA4-Fc treatment. All the data are normalized to their corresponding β-actin and then to controls. n = 3 for all
groups. *P < .05, **P < .01 and ***P < .001 versus Ctr. One-way ANOVA (Dunnett's multiple comparison, P < .0001 and P = .0053, respectively).
(e, g) Representative immunoblots showing the changes in p-Akt and Akt (e) and NF-κB p65 (g) protein levels in cultured Müller cells pre-
transfected with NC sequence or ephrinA3 siRNA (Si-EFNA3), with or without EphA4-Fc treatment (NC, Si-EFNA3, EphA4 + NC, EphA4 + Si-
EFNA3). (f, h) Bar chart summarizing the average densitometric quantification of immunoreactive bands of the average p-Akt/Akt ratios (f) and
NF-κB p65 protein levels (g) under different conditions as shown in panels e and g. n = 3 for all groups. All the data are normalized to their
corresponding β-actin and then to controls (NC). n = 3 for all groups. *P < .05 versus Ctr. One-way ANOVA (Dunnett's multiple comparison,
P = .0316 and P = .0401, respectively). (i) Representative immunoblots showing p-Akt and Akt protein levels in Ctr, EphA4-Fc-treated and PP2
+ EphA4-Fc-treated cells. PP2 (10 μM) was added to the medium 30 min before a 3 h EphA4-Fc treatment. (j) Bar chart summarizing the average
p-Akt/Akt ratios under different conditions as shown in panel i. n = 4 for all groups. **P < .01 versus Ctr. ##P < .01 versus EphA4 (3 h). One-way
ANOVA (Dunnett's multiple comparison, P = .0028). (k) Representative immunoblots showing the changes in NF-κB p65 expression in Ctr
(transfected with NC sequence), Si-EFNA3 + EphA4-Fc-treated and Si-EFNA3 + LY294002 + EphA4-Fc-treated Müller cells. LY294002 (10 μM)

was added to the medium 30 min before a 3 h EphA4-Fc treatment. (l) Bar chart summarizing the average densitometric quantification of
immunoreactive bands of NF-κB p65 expression under different conditions as shown in panel k. n = 3 for all groups. All the data are normalized
to their corresponding β-actin and then to controls. *P < .05 versus Ctr. and #P < .05 versus Si-EFNA3 + EphA4-Fc-treated (EphA4). One-way
ANOVA (Dunnett's multiple comparison, P = .0055) (m) Bar chart summarizing the average mRNA levels of GLAST in cultured Müller cells treated
with different combinations of NC sequence, Si-EFNA3, LY294002, SN50 and EphA4-Fc. SN50 (10 μM) was added to the medium 1 h before a
3 h EphA4-Fc treatment. n = 3–4. ***P < .001 versus Ctr. and ###P < .001 versus Si-EFNA3 + EphA4-Fc-treated (EphA4). One-way ANOVA
(Dunnett's multiple comparison, P < .0001).
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increased, which may result in a variation of membrane area in differ-

ent Müller cells. Therefore, to avoid probable deviation of membrane

currents in individual cells, we used current density instead of current

amplitude.

4.2 | EphA4/ephrinA3 reverse signaling activation
mediates GLAST downregulation in Müller cells

A major finding in this study is that activation of EphA4/ephrinA3

reverse signaling induces downregulation of GLAST in Müller cells of

COH retinas. This was supported by the following evidence. First,

intravitreal injection of EphA4-Fc mimicked the IOP elevation-induced

downregulation of both GLAST protein expression and GLAST-

mediated current density in Müller cells, which could be blocked by

the tyrosine kinase inhibitor PP2 (Figures 4, 5). In addition, PP2 also

blocked the IOP elevation-induced downregulation of GLAST expres-

sion (Figure 5), which is consistent with our previous work that

EphA4/ephrinA3 reverse signaling may be activated in Müller cells

since the expression of ephrinA3 and EphA4 was upregulated in

Müller cells and RGCs respectively in rat COH model (Xu et al., 2020).

Second, in primary cultured Müller cells, EphA4-Fc treatment induced

the decrease in mRNA and protein levels of GLAST (Figures 6, 7).

Transfection of ephrinA3 siRNA to downregulate ephrinA3 levels

reversed the EphA4-Fc treatment-induced reduction in GLAST mRNA

and protein levels (Figure 8). Third, subretinal transfection of Si-

EFNA3 also rescued the COH-induced downregulation of both

GLAST protein expression and GLAST-mediated current density

(Figure 11). Although EphA4 has been reported to interact with other

ephrinAs (Fiore et al., 2019; Pasquale, 2008; Yu et al., 2013) and

ephrinBs (Aoto et al., 2007; Qin et al., 2010), it is ephrinA3 that may

play an irreplaceable role in the regulation of GLAST expression when

EphA4 activates the receptor tyrosine kinase reverse signaling in

Müller cells. Indeed, previous studies in the CNS have demonstrated

that the interaction of ephrinA3 and EphA4 was involved in the

regulation of hippocampal dendritic spine and synaptic plasticity, and

F IGURE 10 Activation of PI3K/Akt
pathway rescues the IOP elevation-
induced downregulation of GLAST in
COH retinas. (a, c, e) Representative
immunoblots showing the changes in
GLAST (a), p-Akt and Akt (c), and NF-κB
p65 (e) protein levels in control (Ctr) or
COH retinas with or without intravitreal
pre-injection of the PI3K/Akt activator
740 Y-P. (b, d, f) Bar chart summarizing
the average densitometric quantification
of immunoreactive bands of the average
GLAST protein levels (b), p-Akt/Akt ratios
(d) and NF-κB p65 protein levels (f) under

different conditions as shown in panels a,
c and e, respectively. n = 5 for all groups.
All the data are normalized to their
corresponding β-actin and then to
controls. **P < .01 versus Ctr, #P < .05
versus G3d. One-way ANOVA (Dunnett's
multiple comparison, P = .0046,
P = .5522 and P = .5754, respectively).
(g) Representative traces showing GLAST-
mediated currents induced by 1 mM
glutamate (Glu) in Müller cells isolated
from control (Ctr), G3d and 740 Y-P
+ G3d retinas, respectively. (h, i) Bar
charts summarizing the changes of
membrane capacity (h) and GLAST-
mediated current density (i) in Müller cells
obtained from G3d retinas with or
without the pre-injection of 740 Y-P.
n = 11–13. *P < .05, **P < .01 and
***P < .001 versus Ctr; ###P < .001 versus
G3d. One-way ANOVA (Dunnett's
multiple comparison, P = .0002) (for h)
and nonparametric test (Kruskal-Wallis
test, p = .0002) (for i).
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glutamate transporter in astrocytes (Carmona et al., 2009; Filosa

et al., 2009). Modulation of glutamate transporters in astrocytes by

activated EphA4/ephrinA3 reverse signaling may be a crucial mecha-

nism for hippocampal neuronal death in a transient global ischemia

model (Yang et al., 2014).

It should be noted that the reduction of GLAST expression and

GLAST-mediated current density in Müller cells of COH retina was

only observed at the early stages of IOP elevation (G2d-G1w)

(Figures 1–3), while the increase in the expression of EphA4 and

ephrinA3 lasted for a longer time (Xu et al., 2020). We speculate that

the extracellular excessive glutamate due to downregulation of GLAST

may stimulate Müller cells to secrete neurotrophic factors, such as

glial-cell line derived neurotrophic factor (GDNF), nerve growth factor

(NGF), brain-derived neurotrophic factor (BDNF), neurotrophin-3 (NT-

3), neurotrophin-4 (NT-4) (Taylor et al., 2003; Vecino et al., 2016).

These neurotrophins may upregulate GLAST expression in Müller cells

through distinct mechanisms (Delyfer et al., 2005; Koeberle &

Bahr, 2008). Additionally, glutamate may also stimulate NMDA recep-

tors expressed in Müller cells (Liu et al., 2018) to increase GLAST

expression (Furuya et al., 2012). Both of these factors may be intrinsic

neuroprotective mechanism under retinal pathological conditions. The

detailed mechanisms will be explored in the future studies.

Additionally, because of Müller cell swelling and cell surface area

increase at G1w after COH induction, GLAST current densities were

not significantly different from control although the non-normalized

GLAST currents were larger than control. However, Western blot data

F IGURE 11 Transfection of ephrinA3 siRNA
(Si-EFNA3) reverse the downregulation of GLAST
expression and function in COH retinas.
(a) Representative immunoblots showing ephrinA3
expression in retinas that were subretinally
injected with negative control RNA vectors
(NC) or ephrinA3 siRNA (Si-EFNA3). (b) Bar chart
summarizing the average densitometric
quantification of immunoreactive bands of

ephrinA3 expression in NC- and Si-
EFNA3-injected retinas, respectively. n = 4 for all
groups. ***P < .001 vs. NC. Unpaired t test (two-
tailed). (c) Representative immunoblots showing
GLAST protein levels in retinas obtained from
control, G3d, G3d + NC RNA-injected (g3d
+ NC), and G3d + Si-EFNA3-injected (G3d + Si-
EFNA3) rats. NC or Si-EFNA3 was injected into
the subretinal space 1 day before the COH
operation. (d) Bar chart summarizing the average
densitometric quantification of immunoreactive
bands of GLAST expression under different
operations, as shown in panel c. All the data are
normalized to their corresponding β-actin and
then to controls. n = 5 for all groups. *P < .05,
**P < .01 versus Ctr, ##P < .001 versus G3d and
&P < .05 versus G3d + NC. One-way ANOVA
(Dunnett's multiple comparison, P = .0023).
(e) Representative traces showing GLAST-
mediated currents induced by 1 mM glutamate
(Glu) in Müller cells isolated from control (Ctr),
G3d, G3d + NC and G3d + Si-EFNA3 retinas,
respectively. (f, g) Bar charts summarizing the
changes of membrane capacity (f) and GLAST-
mediated current density (g) in Müller cells
obtained from G3d retinas with or without the
pre-injection of NC or Si-EFNA3. n = 10–11.
**P < .01, ***P < .001 versus Ctr; #P < .05 versus
G3d and &P < .05 versus G3d + NC. One-way
ANOVA (Dunnett's multiple comparison,
P = .0004) (for f) and nonparametric test (Kruskal-
Wallis test, P = .0001) (for g).
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F IGURE 12 Legend on next page.
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showed a significant decrease in total and membrane expression of

GLAST at G1w. We do not have an explanation for this discrepancy.

4.3 | Inhibition of PI3K/Akt/NF-κB signaling
pathways mediates the downregulation of GLAST in
Müller cells

In this study, our data showed that inhibition of PI3K/Akt/NF-κB sig-

naling pathway is an intermediate in the EphA4/ephrinA3 activation-

induced downregulation of GLAST in Müller cells (Figure 9). Previous

studies demonstrated that activation of NF-κB increased GLAST

expression by directly binding to the promoter in astrocytes of the

CNS (Ghosh et al., 2011; Karki et al., 2015; 2018; Kim et al., 2003).

Activation of EphA4 has also been reported to inhibit NF-κB pathway

in traumatic brain injury (Kowalski et al., 2019). We showed that

EphA4-Fc treatment of cultured Müller cells significantly reduced the

levels of NF-κB p65 (a crucial functional protein detectable after the

activation of NF-κB), which could be blocked by ephrinA3 siRNA

transfection. These results suggest that activation of EphA4/ephrinA3

reverse signaling suppressed NF-κB, thus reducing GLAST expression.

As an important upstream molecule of NF-κB (Li et al., 2006;

Ozes et al., 1999), our results also showed that EphA4-Fc treatment

of cultured Müller cells decreased the p-Akt levels, similar to that of

NF-κB p65 in time course, which could be blocked by PP2 or

ephrinA3 siRNA transfection (Figure 9), indicating that activation of

EphA4/ephrinA3 reverse signaling indeed inhibited Akt activity,

in turn reduced NF-κB activity and GLAST expression. Actually,

de-phosphorylation effect of ephrinA3 signaling on Akt was reported

in oral squamous cell carcinoma cells (Wang et al., 2020). It should

be mentioned that p-Akt levels could be enhanced by activating of

ephrin/Eph tyrosine kinases under some pathological conditions

(Holen et al., 2008; Liu et al., 2018). We speculate that different

ephrin/Eph signaling may regulate Akt activity through different path-

ways, which will be addressed in the future studies.

PI3K is critically necessary for the phosphorylation of its down-

stream molecule Akt (Chang et al., 2003; Lin et al., 2014; Nakazawa

et al., 2002; Qi et al., 2013). Previous studies have shown that modu-

lation of glutamate transporters in astrocytes was mediated through

PI3K/Akt signaling (Lee et al., 2009; Li et al., 2006; Meyer

et al., 2017). Phosphorylation of PI3K at S668 induced by tyrosine

kinases, such as Src, Lck, and EGF-R, can resist its activation (Chan

et al., 2002). Our present study revealed that EphA4-Fc treatment-

induced inhibition of NF-κB p65 was recreated by pre-incubation of

the PI3K inhibitor LY294002 in ephrinA3 knocked-down Müller cells

(Figure 9), indicating that PI3K participated the modulation of

Akt/NF-κB signaling pathway. In addition, inhibiting PI3K/Akt or NF-

κB pathway by LY294002 and SN50 respectively mimicked the

EphA4-Fc treatment-induced decrease of GLAST at mRNA level in

ephrinA3 knocked-down Müller cells (Figure 9). Activation of PI3K/

Akt pathway by 740 Y-P in intact retinas also reversed the downregu-

lated GLAST expression and function in our rat COH model

(Figure 11). All these results suggest that activation of EphA4/

ephrinA3 reverse signaling reduced GLAST expression in Müller cells

through inhibiting PI3K/Akt/NF-κB signaling pathways although we

cannot rule out other molecular pathways.

It is noted that activation of PI3K/Akt pathway by intravitreal

pre-injection of 740 Y-P had no significant effects on the levels of

Akt, p-Akt, p-Akt/Akt ratio, and NF-κB in COH retinas (Figure 11).

We speculated that IOP elevation may have differential effects on

these molecules in different cellular populations in the retina.

4.4 | EphA4/ephrinA3 reverse signaling activation
contributes to Müller cell gliosis and RGC apoptosis

Downregulation of GLAST in Müller cells may contribute to glutamate

neurotoxicity of RGCs in glaucoma retinas (Bringmann et al., 2009;

Gadea et al., 2004; Harada et al., 1998; 2007; 2010; Honda et al., 2019;

Sarthy et al., 2005; Vorwerk et al., 2000; Yanagisawa et al., 2015). In this

study, we provide evidence demonstrating that knock-down of

ephrinA3 expression in vivo by Si-EFNA3 reduced RGC apoptotic death

in COH retina (Figure 12), suggesting that EphA4/ephrinA3 reverse sig-

naling activation-mediated GLAST downregulation was involved in RGC

damage. It is noteworthy that downregulation of GLAST was only

observed at the early stages in our COH model. It is possible that

GLAST deficiency-induced elevation of glutamate concentration may

have limited neurotoxic effects directly on RGCs. We would rather

believe that the preferential effect of these glutamate is to trigger

Müller cell reactivation since our previous studies have shown that

F IGURE 12 Si-EFNA3 transfection in vivo mitigates Müller cell gliosis and RGC apoptosis in COH retinas. (a) Representative immunoblots
showing GFAP protein levels in retinas obtained from normal saline-injected (Ctr), G1w, G1w + NC RNA-injected (NC), and G1w + Si-
EFNA3-injected (G1w + Si-EFNA3) rats. Normal saline, NC, or Si-EFNA3 was injected into the subretinal space 1 day before the COH operation.
(b) Bar chart summarizing the average densitometric quantification of immunoreactive bands of GFAP expression under different operations, as
shown in panel a. All the data are normalized to their corresponding β-actin and then to controls. n = 5 for all groups. *P < .05, **P < .01 versus
Ctr; ##P < .01 versus G1w and &P < .05 versus G1w + NC. One-way ANOVA (Dunnett's multiple comparison, P = .0030). (c) Representative
images of TUNEL staining taken from Ctr (c1–3), G1w (c4–6), G1w + NC-injected (c7–9) and G1w + Si-EFNA3-injected (c10–12) whole flat-
mounted retinas in the regions at angle 0�. Scale bar: 50 μm for all images. Images inserted in the right corner of c3, c6, c9, and c12 are the
enlarged images of the corresponding fields (rectangles) respectively, showing that the TUNEL signals are well overlapped with the DAPI images.
(d) Bar chart showing the average numbers of TUNEL-positive cells in whole flat-mounted retinas under different operations. n = 5 for all groups.
***P < .001 versus Ctr; ###P < .001 versus G1w and &&&P < .001 versus G1w + NC. One-way ANOVA (Dunnett's multiple comparison,
P < .0001).
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glutamate-stimulated activation of mGluR I led to Müller cell gliosis in

COH rats (Gao et al., 2015; 2017; Ji et al., 2012). Indeed, we observed

that knock-down of ephrinA3 significantly reduced GFAP levels, a

marker of Müller cell gliosis in COH retina (Figure 12). Activated Müller

cells could induce microglia activation and the interaction of Müller cells

and microglia aggravated retinal inflammatory response, which contrib-

uted to RGC injury in COH retina (Hu et al., 2021). Based on the present

results and our previous study (Cheng et al., 2021; Hu et al., 2021; Xu

et al., 2020), we speculate that at the early stage of IOP elevation, inhi-

bition of the reverse signaling could rescue GLAST downregulation and

attenuate Müller cell gliosis, thus relieving the activation of retinal glial

cells and reducing retinal inflammatory response, which indirectly con-

tribute to reduction of RGC apoptosis. On the other hand, inhibition of

the forward signaling in RGCs may directly attenuate RGC apoptosis

(Xu et al., 2020). Therefore, it is possible that decreased reverse signal-

ing in Müller cells may play more important roles in the reduction of

RGC apoptosis in COH retina.

5 | CONCLUSIONS

In this study, we provide robust data demonstrating that expression

and function of GLAST are transiently downregulated in Müller cells of

rat COH retina. Activated EphA4/ephrinA3 reverse signaling induces

the GLAST changes, which is mediated through inhibiting PI3K/Akt/

NF-κB signaling pathways. Interference of EphA4/ephrinA3 reverse

signaling mitigates Müller cell gliosis and RGC loss in COH retinas

(Figure 13). These results, together with our previous study (Xu

et al., 2020), suggest that interrupting the interaction of EphA4 and

ephrinA3 may be a new strategy for attenuating RGC loss in glaucoma.
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F IGURE 13 Schematic diagram
revealing the signaling pathways involved
in downregulation of GLAST of Müller
cells and RGC apoptosis in COH retina.
IOP elevation in experimental glaucoma
induces the activation of EphA4/ephrinA3
reverse signaling, which results in the
downregulation of expression and
function of GLAST in Müller cells through

inhibiting PI3K/Akt/NF-κB signaling
pathways. Following the downregulation
of GLAST, elevated extracellular
glutamate induces Müller cell gliosis by
over-activation of mGluR I, and induces
RGC apoptosis by over-activation of
iGluRs. iGluRs, ionotropic glutamate
receptors; IOP, intraocular pressure;
mGluR I, group I metabotropic glutamate
receptor; NF-κB p65, nuclear factor-
kappa B p65; PI3K, phosphatidylinositol
3-kinases.
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