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Neurobiology of Disease

GluA2 Trafficking Is Involved in Apoptosis of Retinal
Ganglion Cells Induced by Activation of EphB/EphrinB
Reverse Signaling in a Rat Chronic Ocular Hypertension
Model
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EphB1, expressed in Miiller cells, and ephrinB2, expressed in both Miiller cells and retinal ganglion cells (RGCs), constitute an EphB/
ephrinB reverse signaling in RGCs. Whether and how this reverse signaling is involved in RGC apoptosis in a rat chronic ocular hyper-
tension (COH) model was investigated. In the COH model, both EphB1 and ephrinB2 were significantly increased and the reverse
signaling was activated, which was accompanied by increased protein levels of phosphorylated (p) src, GluA2, and p-GluA2. Intravitreal
injection of EphB2-Fc, an activator of ephrinB2, induced an increase in TUNEL-positive signals in normal retinae. A coimmunoprecipi-
tation assay demonstrated direct interactions among ephrinB2, p-src, and GluA2. Moreover, in COH rats the expression of GluA2 proteins
on the surface of retinal cells was decreased. Such GluA2 endocytosis could be prevented by preoperational intravitreal injection of
4-amino-3-(4-chlorophenyl)-1-(#-butyl)-1H-pyrazolo [3,4-d] pyrimidine (PP2), an inhibitor of src family tyrosine kinases, and possibly
involved the protein interacting with Ckinase 1 and phosphorylation of GluA2. In normal rats, intravitreal injection of EphB2-Fc caused
changes in these protein levels similar to those observed in COH rats, which all could be avoided by preinjection of PP2. Patch-clamp
experiments further showed that the current-voltage relationship of AMPA receptor-mediated EPSCs of RGCs exhibited stronger inward
rectification in EphB2-Fc-injected rats. Furthermore, preinjection of PP2 or N-[3-[[4-[(3-aminopropyl)amino]butyl]amino]propyl]-1-
naphthaleneacetamide trihydrochloride) (Naspm), a Ca**-permeable GluA2-lacking AMPA receptor inhibitor, remarkably inhibited
RGC apoptosis in either EphB2-Fc-injected or COH rats. Together, elevated GluA2 trafficking induced by activated EphB2/ephrinB2
reverse signaling likely contributes to RGC apoptosis in COH rats.
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Introduction

Erythropoietin-producing hepatocyte receptors (Ephs), which
consist of 16 structurally related transmembrane receptor ty-
rosine kinases (EphA1-A10 and EphB1-B6), are activated by
their corresponding ligands, ephrinA (A1-A5) and ephrinB (B1—
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B3; Pasquale, 2008). Ephs and ephrins exist in two neighboring
cells respectively, showing a reciprocal expression pattern. The
ephrin/Eph signaling system is characterized by generating bidi-
rectional signals that exert actions on both receptor-expressing
cells (forward signaling) and ephrin-expressing cells (reverse sig-
naling; Murai and Pasquale, 2004; Pasquale, 2008). Both types of
signaling play important roles in modulating a variety of physio-
logical and pathological processes (Kullander and Klein, 2002;
Yamaguchi et al., 2004; Pasquale, 2005, 2008; Egea and Klein,
2007; Himanen et al., 2007; Klein, 2009; Lai and Ip, 2009; Chen et
al., 2012; Hruska and Dalva, 2012). In the CNS, there is much
evidence indicating that ephrinB/EphB signaling may be in-
volved in excitotoxic neuronal death by directly interacting with
NMDA receptors and/or metabotropic glutamate receptors
(mGluR1; Dalva et al., 2000; Takasu et al., 2002; Grunwald et al.,
2004; Calo et al., 2005a,b). In rat cultured cortical neurons, for
instance, the treatment with EphB1-Fc, an activator of ephrinB
reverse signaling, amplified the potentiation of NMDA toxicity
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mediated by mGlul receptors (Calo et al., 2005a), thus contrib-
uting to excitotoxic neuronal death (Grunwald et al., 2004; Calo
et al., 2006).

Ephrin/Eph signaling is also implicated in retinal activity. Spe-
cifically, in experimental glaucomatous animals, EphB2, EphB3,
and ephrinB3 mRNAs are upregulated at the optic nerve head
(ONH), as demonstrated by in situ hybridization and RT-PCR
techniques (Du et al., 2007; Fu et al., 2010). This result is consis-
tent with observations in monkeys and human glaucomatous
patients (Schmidt et al., 2007). Furthermore, the application of
EphB2-Fc, an activator of ephrinB2, to the ONHs of spontaneous
glaucomatous DBA/2] mice caused an elevation in intracellular
Ca** concentrations in single retinal ganglion cell (RGC) axons,
suggesting that EphB/ephrinB reverse signaling may contribute
to the axon loss in these animals (Du et al., 2007; Fu et al., 2010).
More recently, it has been reported that more serious degenera-
tion was found in optic neuronal axons in an experimental glau-
comatous model conducted in EphB2 '~ and EphB3 ~/~ mice,
and the application of EphB2-Fc enhanced axonal survival in
EphB2 /™ and EphB3 '~ glaucomatous mice (Fu and Sretavan,
2012). All of these results suggest that the activation of ephrinB/
EphB signaling, both forward and reverse, is closely related to
RGC axon survival in glaucoma. The present study was under-
taken with the aim of exploring whether and how EphB/ephrinB
signaling contributes to RGC apoptosis in experimental glauco-
matous animals. We show that EphB/ephrinB reverse signaling is
activated in a chronic ocular hypertension (COH) rat model,
which leads to a significant increase in RGC apoptosis. We fur-
ther demonstrate that elevated trafficking of Ca*" -impermeable
GluA2-containing AMPA receptors in RGCs, induced by the ac-
tivation of EphB/ephrinB reverse signaling, contributes to RGC
apoptosis in COH rats.

Materials and Methods

Animals and rat COH model. All experimental procedures described here
were performed in accordance with the National Institutes of Health
Guide for the Care and Use of Laboratory Animals and the guidelines of
Fudan University on the ethical use of animals. During this study, all
efforts were made to minimize the number of animals used and their
suffering. Male Sprague Dawley rats, weighing 100—250 g, obtained from
Shanghai Laboratory Animal Center Laboratory Animal Co., Ltd., were
housed on a 12 h light/dark schedule, with standard food and water
provided ad libitum.

COH rats were reproduced following the procedure previously de-
scribed in detail (Wu et al., 2010; Chen et al., 2011; Jietal., 2012). Briefly,
in anesthetized rats three episcleral veins of the left eyes were ligated or
cauterized. A sham operation, following a similar procedure (except for
not occluding the vines), was conventionally performed on the eyes of
other rats. Intraocular pressure (IOP) was measured using a handheld
digital tonometer (Tonolab, TioLat) under general and local anesthesia
as described above. The average value of five consecutive measurements
with a deviation of <5% was accepted. All measurements were per-
formed in the morning to avoid possible circadian differences. The IOPs
of both eyes were measured before surgery (baseline), immediately after
surgery (day 0), the day after surgery (day 1), the third and seventh days
after surgery (day 3 and 1 week), and weekly afterward.

Intravitreal injection. The procedure for intravitreal injection refers to
a previous study (Ji et al., 2012). When the pupil of the anesthetized eye
was dilated with tropicamide drops, 4-amino-3-(4-chlorophenyl)-1-(¢-
butyl)-1H-pyrazolo [3,4-d] pyrimidine (PP2; 100 um), EphB2-Fc (2 ug),
or N-[3-[[4-[(3-aminopropyl)amino]butyl]amino]propyl]-1-naphtha-
leneacetamide trihydrochloride (Naspm; 10 um) dispersed in 2 ul of
0.9% saline was injected into the vitreous space through a postlimbus
spot using a microinjector (Hamilton) under a stereoscopic microscope
(Carl Zeiss). A 30-gauge needle was inserted 2 mm behind the temporal
limbus and directed toward the optic nerve. Eyes that received only an
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injection of saline or human Ig-Fc in the same manner served as a vehicle
or negative control (Ctr).

Retrograde labeling of RGCs. Retrograde labeling of RGCs was previ-
ously described in detail (Zhao et al., 20105 Ji et al., 2011). Briefly, 1%
cholera toxin B subunit (CTB; List Biological Laboratories) was injected
into the superior colliculus bilaterally (6.0 mm posterior and 2.0 mm
lateral to the bregma, and 4—-5 mm deep from the cortical surface).

Immunohistochemistry. As described in previous studies (Chen et al.,
2011;Jietal, 2011,2012), with some modifications, retinal sections were
immunohistochemically examined. Rats were anesthetized and transcar-
dially perfused with 4% paraformaldehyde (PFA; in 0.1 M PB, pH 7.4).
The eyeballs were post-fixed in 4% PFA for 2—4 h and then dehydrated
with graded sucrose solutions at 4°C (4 h in 20% and overnight in 30%
solutions). The retinae were vertically sectioned at a thickness of 14 wm
(Leica), and the sections were mounted on chrome-alum-gelatin-coated
slides (Fisher Scientific). The sections were blocked for 2 h in 6% normal
donkey serum, 1% bovine serum (for EphBl immunostaining, adding
0.2% Triton X-100), dissolved in PBS at room temperature, and then
incubated with the following primary antibodies at 4°C for 48 h: mono-
clonal mouse anti-EphB1 (1:50 dilution; R&D Systems), polyclonal goat
anti-EphB2 (1:50 dilution; R&D Systems) or polyclonal rabbit anti-
EphB2 (1:300 dilution; Santa Cruz Biotechnology), polyclonal goat anti-
ephrinB1 (1:50 dilution; R&D Systems), polyclonal goat anti-ephrinB2
(1:50 dilution; R&D Systems), polyclonal rabbit anti-glutamine synthe-
tase (GS; 1:2000 dilution; Abcam), polyclonal goat anti-CTB (1:2000
dilution; List Biological Laboratories), monoclonal mouse anti-GFAP
(1:400 dilution; Sigma-Aldrich), monoclonal mouse anti-Brn-3a (1:100
dilution; Santa Cruz Biotechnology), and polyclonal rabbit anti-GluA2
(1:200 dilution; Alomone Labs). Binding sites of the primary antibodies
were visualized by incubating with Cy3/Alexa Fluor 488-conjugated don-
key anti-rabbit, anti-mouse, or anti-goat IgG (1:400 dilution; Sigma-
Aldrich) for 2 h at room temperature. The sections were visualized and
photographed with a Leica SP2 confocal laser-scanning microscope. To
avoid any possible reconstruction stacking artifact, double labeling was
precisely evaluated by sequential scanning on single-layer optical sec-
tions at intervals of 1.0 wm.

Western blot analysis. Western blot analysis was conducted as previ-
ously described with some modifications (Chen etal., 2011; Jietal,, 2011,
2012; Miao et al., 2012). For whole-cell protein extraction, retinae were
homogenized in RIPA lysis buffer supplemented with protease and phos-
phatase inhibitor cocktail (Roche). For retinal plasma membrane protein
extraction, we followed the protocol provided for the Plasma Membrane
Protein Extraction Kit (BioVision). The concentration of total proteins
was measured using a standard bicinchoninic acid assay kit (Pierce Bio-
technology). The extracted whole protein samples (50 ug) or membrane
protein samples (10 ug) were resolved by 8% SDS-PAGE gel and
electroblotted onto PVDF membranes (Immobilon-P, Millipore) us-
ing Mini-PROTEAN 3 Electrophoresis System and Mini Trans-Blot
Electrophoretic Transfer System (Bio-Rad). After blocking in 5% nonfat
milk (for a nonphosphorylated antibody) or 5% bovine serum albumin
(for a phosphorylated antibody) at room temperature for 1.5 h, the
membranes were incubated overnight at 4°C with the following primary
antibodies: monoclonal mouse anti-B-actin (1:3000 dilution; Sigma-
Aldrich), monoclonal mouse anti-EphB1 (1:300 dilution; R&D Sys-
tems), polyclonal goat anti-EphB2 (1:500 dilution; R&D Systems),
polyclonal goat anti-ephrinB1 (1:500 dilution; R&D Systems), poly-
clonal goat anti-ephrinB2 (1:500 dilution; R&D Systems), polyclonal
rabbit anti-phospho-ephrinB (Tyr 314; 1:1000 dilution; R&D Systems),
polyclonal rabbit anti-src (1:1000 dilution; Cell Signaling Technology),
polyclonal rabbit anti-phospho-src (Tyr 418; Sigma-Aldrich), polyclonal
rabbit anti-GluA2 (1:200 dilution; Alomone Labs), polyclonal rabbit
anti-phospho-GluA2 (Tyr 876; 1:200 dilution; Cell Signaling Technol-
ogy). After washing in Tris-buffered saline-Tween 20, the membranes
were incubated with IRDye 700CW donkey anti-mouse IgG and IRDye
800CW Donkey anti-goat or rabbit IgG (1:10,000; LI-COR Biosciences)
for 1.5 h at room temperature, and then scanned using an Odyssey near-
infrared imaging scanner (Gene Company).

Coimmunoprecipitation. To test the possible interactions among eph-
rinB2, src, and GluA2, coimmunoprecipitation (co-IP) experiments
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were performed using a co-IP kit (catalog #23600, Pierce Biotechnology)
following the manufacturer instructions. Briefly, ephrinB2-Fc (R&D Sys-
tems), monoclonal mouse anti-phospho-tyrosine (4G10) antibody (Mil-
lipore), polyclonal rabbit anti-GluA2 antibody, and the normal mouse or
rabbit IgG (negative control) was added to rat retinal sample superna-
tants [lysis buffer containing the following (in mm): Tris-HCI 50, pH 8.0,
1% (w/v) NP-40, EDTA 20, sodium orthovanadate 1, NaF 1, 10 mg/ml
leupeptin, and 10 mg/ml aprotinin], which was incubated overnight at 4°C.
Then the binding beads washed in IP buffer (50 mm Tris 7.5, 150 mm NaCl)
were added to the antibody-antigen complex and incubated for 4 h at 4°C.
After washing with the IP buffer, the immunoprecipitated complexes were
recovered in 20 ul 2X sample buffer and boiled for 5 min, followed by an
analysis of immunoblotting probed with polyclonal rabbit anti-phospho-src
(Tyr 418), polyclonal goat anti-ephrinB2, polyclonal rabbit anti-GluA2, and
monoclonal mouse anti-phospho-tyrosine.

Assay of cell apoptosis. To detect cell apoptosis, terminal deoxynucleo-
tidyl transferase-mediated biotinylated UTP nick end labeling (TUNEL)
assay (Gavrieli et al., 1992; Chen et al., 2011) was performed on whole
flat-mounted retinae, using the DeadEnd Fluorometric TUNEL System
G3250 kit (Promega) and following the manufacturer instructions.
TUNEL signals were visualized with a confocal laser scanning micro-
scope through a 20X objective (FluoView 1000, Olympus). The retina
was mounted with the ganglion cell layer (GCL) upturned, and serial
deep scanning was performed only in the GCL according to the DAPI
staining results. All TUNEL-positive signals that merged well with DAPI
in each retina were counted.

Preparation of retinal slices. Eyes were quickly enucleated in deeply
anesthetized and decapitated rats, and immersed in ice-cold, oxygenated
sucrose cutting solution (0—4°C) containing the following (in mm): 124
sucrose, 3 KCl, 26 NaHCO;, 1.25 NaH,PO,, 3 sodium pyruvate, 10 glu-
cose, 0.2 CaCl,, and 3.8 MgCl,, pH 7.4. Isolated retinae were embedded
in low-melting agarose [4% in artificial CSF (ACSF)], and slices (200
um) were made using a vibrotome (VT1000s, Leica) and transferred to a
holding chamber where they were completely submerged in ACSF con-
taining (in mm) 125 NaCl, 3 KCI, 26 NaHCO;, 1.25 NaH,PO,, 2 CaCl,, 1
MgCl,, and 15 glucose, pH 7.4; were bubbled continuously with 95% O,
and 5% CO,; and were maintained at room temperature (21-23°C) for
40 min before recording.

Whole-cell recording. Whole-cell voltage-clamp recordings were per-
formed using standard techniques, as described previously (Yang et al.,
2011). Individual slices were transferred to a chamber, which was con-
tinuously superfused with oxygenated ACSF at a rate of 1-2 ml/min at
room temperature. RGCs in retinal slices were identified by their location
and morphology with the help of an infrared-differential interference
contrast video microscopy (Olympus), and were further identified by
intracellular injection of Lucifer yellow dye. Patch pipettes were made by
pulling BF150-86-10 glass (Sutter Instrument) on a P-97 Flaming/Brown
micropipette puller (Sutter Instrument) and fire polished (model MF-
830, Narishige) before recording. The pipette resistance was typically
4—8 M) after being filled with the following internal solution (in mm):
120 CsMeSOs;, 5 NaCl, 0.1 spermine, 3 QX-314, 5 phosphocreatine, 5
HEPES, 2 EGTA, 0.6 GTP-Na, and 2 ATP-Mg, pH 7.2 adjusted with
CsOH, 280-290 mOsm/L. For evoked AMPA receptor-mediated current
recordings, the test stimuli were delivered at a frequency of 0.05 Hz
through a patch pipette filled with ACSF placed on the inner nuclear layer
(INL) or the inner plexiform layer (IPL), and the slices were continuously
perfused with ACSF containing b-APV (50 um), bicuculline (10 um), and
strychnine (5 um) to block NMDA, GABA,, and glycine receptors, re-
spectively. Whole-cell membrane currents were recorded from the RGCs
voltage clamped at —60 to +40 mV (adjusted liquid junction potential)
using a patch amplifier (Axopatch 700B, Molecular Devices) with Digi-
data 1440A data acquisition board and pClamp version 10.0 software.
Analog signals were sampled at 10 kHz, filtered at 1 kHz, and stored for
further analysis.

Data analysis. Data analysis was performed using Clampfit version 8.0
(Molecular Devices) and Igor version 4.0 (WaveMetrics). For Western
blot experiments, the level of a protein was first normalized to its corre-
sponding actin for each sample, and the relative levels were then averaged
for all the samples; and the averaged data, obtained at different postop-
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Figure 1. Changes in protein levels of EphB1, EphB2, ephrinB1, and ephrinB2 in retinae of
rats with COH. 4, Representative immunoblots showing the changes in EphB1, EphB2, eph-
rinB1, and ephrinB2 expression in sham-operated (Ctr) and COH retinal extracts at different
postoperational times (G1d, G3d, G1w, G2w, G3w, G4w, and G6w). B, C, Bar charts summarizing
the average densitometric quantification of immunoreactive bands of EphB1 (B) and ephrinB2
(€) expression at different postoperational times. All the data are normalized to control.n = 6
for all groups. *p << 0.05, **p << 0.01, and ***p < 0.001 vs Ctr.

erational times, were normalized to the averaged one obtained under the
control condition. Data are presented as the means = SEM. A one-way
ANOVA with Bonferroni’s post hoc test (multiple comparisons), Mann—
Whitney test (comparisons between two groups), or ¢ test (paired data)
was used as appropriate. A p value of <0.05 was considered significant.

Results

Changes in EphB/ephrinB expression in retinae with COH
The rat COH model was successfully reproduced with the IOP
changes of operated eyes being similar to those reported previ-
ously (Chen et al., 2011; Ji et al.,, 2012). The average IOP of oper-
ated eyes was kept at higher levels (25.3 = 0.1 to 30.0 = 0.2
mmHg, n = 15-119), which were significantly higher than that of
unoperated eyes (19.6 = 0.3 mmHg, n = 15-119) and sham-
operated eyes (19.4 = 0.1 mmHg, n = 50; all p < 0.001).

We first examined whether protein levels of EphB1 and B2,
and ephrinB1 and B2 may be changed as a function of time in
retinae of rats with COH, using Western blot analysis. As shown
in the summary data (Fig. 1B,C), the average densities of both
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ephrinB2/DAPI

Figure 2.

EphB1 and ephrinB2 expression in Miiller cells and RGCs of COH rats. A, Inmunofluorescence labeling showing EphB1 expression profiles in rat retinal vertical slices taken from

sham-operated retinae (Ctr; a7) and those obtained at different postoperational times (G1w, G2w, G3w, G4w, and G6w; a2—a6 ). B, Immunofluorescence labeling showing ephrinB2 expression
profiles in rat retinal vertical slices taken from Ctr (b7) and those obtained at different postoperational times (b2— b6 ). C, Double-immunofluorescence labeling showing the expression of EphB1 in
a COH retinalslicein G2w (c7) and GS (c2) labeling. ¢3, Merged image of ¢7 and ¢2. ¢4 and ¢5 show EphB1and CTB labeling of COH retinal slice in G2w. 6, Merged image of ¢4 and ¢5. Note that EphB1
is colocalized with GS, but not with CTB. D, Double-immunofluorescence labeling showing the expression of ephrinB2 in a COH retinal slice in G2w (d7) and a GFAP-labeled slice (d2). d3, Merged
image of d7 and d2. d4 and d5 show ephrinB2- and Brn-3a-labeled COH retinal slices in G2w. d6, Merged image of d4 and d5. Note that ephrinB2 s colocalized with both GFAP (d3) and Brn-3a (d6;

arrows). Scale bar, 20 m. OPL, Outer plexiform layer; ONL, outer nuclear layer.

EphB1 and ephrinB2 were increased with postoperational time,
but in different time courses. That is, the protein level of EphB1,
as shown in Figure 1B, was increased to 159.8 = 6.1% of control
even on day 1 (Gld; n = 6, p = 0.029), and further to 202.3 =
3.8% of control on G3d (n = 6, p < 0.001). The EphBI level
thereafter remained at this higher level until week 4 (G4w) and
then declined slightly to 135.5 * 0.9% of control in G6w (1 = 6,
p <<0.001). The ephrinB2 level did not change in the initial period
of time (before G2w) and started increasing in G2w (143.2 =
9.4%;n = 6, p = 0.008; Fig. 1C). This higher level of ephrinB2 was
maintained until G6w. In contrast, the levels of EphB2 and eph-
rinB1 showed no significant change during the whole postopera-
tional period (Fig. 1A).

The increased expression of EphB1 and ephrinB2 in COH rats
was further demonstrated by immunohistochemistry. Figure
2Aal shows that the expression of EphB1 was weak and appeared
to be restricted in the end feet of Miiller cells in the sham-
operated retinal section (Ctr). The EphB1 expression exhibited a
remarkable increase in the COH rat retinal section even just on
G1d, which is consistent with the result yielded by Western blot-
ting (Fig. 1A). Again, this higher expression level was maintained
thereafter throughout the 6 weeks after the operation (Glw to
G6w; Fig. 2Aa2—Aa6). The expression of ephrinB2 in the control
section (Fig. 2BbI) was mainly localized to the end feet of Miiller
cells and cells in the GCL. A significant increase in ephrinB2
expression was detected in the COH retinal section in G2w, and
the increased ephrinB2 expression level remained thereafter. This
result is reminiscent of that observed in the Western blot exper-
iments (Fig. 1 A, C).

Double labeling was performed to determine the cellular lo-
calization of EphB1 and ephrinB2 in COH rats in G2w, given the
elevated expression levels of these two proteins at this time point.
As shown in Figure 2C, EphB1-labeled cells (Fig. 2CcI,c4) were
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Figure3. |0P elevation induces an increase in p-ephrinB levels. 4, Representative immuno-

blots showing the changes in p-ephrinB and ephrinB2 levels in sham-operated (Ctr) and COH
retinal extracts at different postoperational times (G1d, G3d, Gw, G2w, G3w, G4w, and G6w).
B, Bar chart summarizing the average p-ephrinB/ephrinB2 ratios at different postoperational
times. All of the data are normalized to Ctr. n = 5 for all groups. *p << 0.05 and **p << 0.01 vs
(tr. The dashed line shows the ratios for different postoperational times, which were modified
by a correction factor derived on the basis of the assumption that the ephrinB2 levels at these
times were not different from the control level.
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Figure4. Activation of EphB/ephrinB reverse signaling induces RGC apoptosis. 4, Immuno-
fluorescence labeling showing the binding of EphB2-Fc on RGCs in retinal sections obtained
from Ctr-Fc-injected (a7) and EphB2-Fc-injected (a4) retinae on day 7 after the injections. a2,
a5, DAPI images. a3, a6, Merged images of a7 and a2 (a3) and a4 and a5 (a6). Note that no
positive signals in the GCL were detected in the Ctr-Fc-injected retinal section (a3), while strong
immunofluorescent signals were seen in cells localized in the GCL in the EphB2-Fc-injected
retinal section (a6 ). B, Representative immunoblots showing the changes in p-ephrinB and
ephrinB2 levels in Ctr-Fc- and EphB2-Fc-injected retinae. €, Bar chart summarizing the average
ratios (p-ephrinB/ephrinB2) in Ctr-Fc- and EphB2-Fc-injected retinae. n = 6 for each group.
*¥%p <0.001 vs Ctr-Fc. D, TUNEL staining detection of RGCapoptosis in Ctr-Fc-injected (d7) and
EphB2-Fc-injected (d4) retinae on day 7 after the injections in the regions at angle 0° taken
from whole flat-mounted retinal preparations. d2, d5, Counterstained images with DAPI (blue).
d3, d6, Merged images of corresponding TUNEL and DAPI images. Note that only sparse TUNEL-
positive signals were detected in the Ctr-Fc-injected retinae, but the signals became numerous
in the EphB2-Fc-injected retinae. Scale bar, 50 wm.
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Figure 5.  Changes in protein levels of p-src and src in COH rat retinae. A, Representative

immunoblots showing the changes in p-src and src protein expression in sham-operated (Ctr)
and COH retinal extracts at different postoperational times (G1d, G3d, G1w, G2w, G3w, G4w,
and G6w). B, Bar chart summarizing the average ratios (p-src/src) at different postoperational
times. All of the data are normalized to Ctr. n = 6 for all groups. *p << 0.05, **p << 0.01, and
*¥%1) <0.001 vs Ctr. ¢, Co-IP analysis of ephrinB2 and p-src using normal retinae. A band of
p-src at the location corresponding to 65 kDa was detected in the immunoprecipitates derived
using the antibody against ephrinB2.

well double labeled by anti-GS (Fig. 2Cc2), a Miiller cell marker,
in the retinal section (also see Fig. 2Cc3). EphB1 labeling (Fig.
2Cc4 ) was not colocalized to RGCs (Fig. 2Cc5) retrogradely la-
beled by CTB (also see Fig. 2Cc6). Labeling for ephrinB2 was
found in Miiller cells (Fig. 2Cd2,d3) stained by GFAP, another
Miiller cell marker, and in RGCs stained by anti-Brn-3a (Fig.
2Cd5,d6), another RGC marker. In mice, Brn-3a is expressed in
RGCs projecting to superior colliculus, but not in RGCs of the
accessory optic, pretectal, and hypothalamic pathways (Quina et
al., 2005). It is known, however, that a large part of the RGC
population (>95%) projects to the superior colliculus contralat-
erally in rodents (Dridger and Olsen, 1980; Linden and Perry,
1983; Dreher et al., 1985; Hofbauer and Dréger, 1985; Salinas-
Navarro et al., 2009a,b). Since almost all of the RGCs labeled
retrogradely by Fluoro-Gold are Brn-3a positive (Nadal-Nicolds
etal., 2009, 2012), it is reasonable to deduce that the vast majority
of RGCs (>95%) are Brn-3a positive. In other words, increased
ephrinB2 expression actually occurred in almost all RGCs.

Activation of EphB/ephrinB reverse signaling in retinae

with COH

Since EphB1 and ephrinB2 were respectively expressed in Miiller
cells and RGCs, we then tested whether EphB1/ephrinB2 reverse
signaling may be activated in retinae of COH rats so as to affect
RGCs. Because phosphorylation of ephrinB increases the enzy-
matic activity of ephrinB (Palmer et al., 2002; Lim et al., 2008),
increased phosphorylated ephrinB (p-ephrinB) is often regarded
as a sign of ephrinB activation. As illustrated in the representative
Western blot results in Figure 3A, the p-ephrinB level was in-
creased with postoperational time, and the increased extent was
clearly larger than that for the ephrinB2 level. Figure 3B shows the
changes in the average p-ephrinB/ephrinB2 ratio as a function of
postoperational time. The ratio was considerably increased to
194.2 *+ 18.2% of control (n = 5, p = 0.046) on G1d, further to
245.5 = 19.2% (n = 5, p = 0.006) on G3d, but showed a decline
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thereafter. The reason for the decline of A
the ratio during the period from G2w to
G6w was obviously due to the increased
ephrinB2 levels during that period (Fig.
1C). When corrections were made for
all the data obtained at different postop-
erational times, the absolute p-ephrinB
amounts, obtained during the period
from G3d to G6w, were actually main-

tained at a higher level (dashed line). ©

>
& o

cluA2 TS

: GluA2
These results suggest that EphB/ephrinB N
reverse signaling was indeed activated in o &&Q’
retinae of rats with COH. P @ N

Activation of EphB2/ephrinB2 reverse
signaling induces RGC apoptosis in
normal retinae
Before further exploring how activated
EphB/ephrinB reverse signaling could af-
fect the survival of RGCs in retinae with
COH, we examined whether activation of
this signaling by intravitreal injection of
EphB2-Fc induces RGC apoptosis in nor-
mal rats. The reason for choosing EphB2-
Fc, instead of EphBI1-Fc, was twofold.
First, EphB2-Fc not only activates eph-
rinB reverse signaling, but also suppresses
EphB2 forward signaling simultaneously
(Ethell et al., 2001). Second, EphB1 and
EphB2 share the same ligand ephrinBs
(Grunwald et al., 2001; Liebl et al., 2003;
Limetal., 2008). In Figure 4A, the binding of EphB2-Fc on RGCs,
observed on day 7 after the injection (2 ul, 1 ug/ul), is compared
with that obtained in Ctr-Fc-injected retinae, using the anti-
human Fc antibody. While no detectable positive signals in the
GCL were found in the Ctr-Fc-injected retinal section (Fig.
4Aal-a3), strong immunofluorescent signals were seen in many
cells in the GCL in the EphB2-Fc-injected section (Fig. 4Aa4—
a6). Western blot experiments revealed a significant increase in
p-ephrinB levels in the EphB2-Fc-injected retinae (Fig. 4B), with
the average ratio p-ephrinB/ephrinB2 being 153.3 * 2.8% of that
in the Ctr-Fc-injected retinae (n = 6, p < 0.001; Fig. 4C). This
result demonstrates that EphB2/ephrinB2 reverse signaling is
indeed activated by injecting EphB2-Fc. Figure 4D shows repre-
sentative results, illustrating RGC apoptosis states seen in flat-
mounted retinae at the same angle (0% Chen et al., 2011) under
different experimental conditions. Sparse TUNEL-positive sig-
nals were detected on day 7 after Ctr-Fc injection [Fig. 4Dd1,d2
(corresponding DAPI images of d1 and d3: merged image of d1I
and d2)], which was in sharp contrast with numerous TUNEL-
positive signals seen in the EphB2-Fc-injected retinae [Fig.
4Dd4,d5 (corresponding DAPI images of d4 and d6: merged im-
age of d4 and d5)]. On average, the total number of TUNEL-
positive cells in whole EphB2-Fc-injected retinae was 517.4 =
21.7 (n = 12), which is much higher than the number in Ctr-Fc-
injected retinae (8.8 £ 1.7,n =6, p < 0.001). For comparison, we
also determined the average number of TUNEL-positive cells in
retinae with COH in G2w, which (366.0 = 8.2, n = 6) was com-
parable to that reported in our previous work (Chen et al., 2011).
These results suggest that the activation of EphB2/ephrinB2 re-
verse signaling indeed induces RGC apoptosis.

There is evidence that EphB2-Fc may promote phospho-
tyrosine-mediated reverse signaling by causing the activation of

Figure6.

D-GIUAZ wae e o= b e o &5 &5

&= 65KD p-src

-
m 55KD heavy chain

TITT 370 ephring2
SR ;3D iight chain

Dong, Gao et al.  EphB/EphrinB Reverse Signaling in Glaucomatous Retina

D

RO SR R
S & ot ot B

o © . p-GluA2/GIUA2 .
.‘5 . *k kkk
{ =
(0]
T TR SR E=< C
(0]
=
©
g
X\ o Y
c’e'\o SRS
D
tyrosine
N
“
N
S & &

m.- 110KD GluA2

- 37KD ephrinB2

Increase in p-GluA2 protein levels in COH rat retinae. A, Representative immunoblots showing the changes in p-GluA2
and GluA2 protein expression in sham-operated (Ctr) and COH retinal extracts at different postoperational times (G1d, G3d, GTw,
G2w, G3w, G4w, and G6w). B, Bar chart shows that the average p-GluA2/GluA2 ratio steadily increased with postoperational time.
All of the data are normalized to Ctr. n = 6 for all groups. *p << 0.05, **p << 0.01, and ***p << 0.001 vs Ctr. , Co-IP experiments
showing the interactions between GluA2 and p-src, GluA2 and ephrinB2 in normal retinae and retinae with COH. Bands of p-srcat
the location corresponding to 65 kDa (top) and bands of ephrinB2 at 37 kDa (bottom) were detected in the immunoprecipitates
derived using the antibody against GluA2 both in normal and COH retinal extracts (G2w). D, Co-IP experiments showing the
interactions of phosphorylated tyrosine with GluA2, and with ephrinB2 in normal retinae and retinae with COH. A band of GluA2 at
110 kDa (top) and of ephrinB2 at 37 kDa (bottom) were detected in the immunoprecipitates derived using a phosphorylated
antibody directly against tyrosine in both normal and COH retinal extracts.

src family kinases (SFKs; Palmer et al., 2002). The involvement of
several SFK members in cell apoptosis has been demonstrated
(Simon et al., 1998; Szabo et al., 1998; Reinehr et al., 2004, 2005).
Since phosphorylation of src (p-src) at the site of tyrosine 418
increases the enzymatic activity of src (Osusky et al., 1995; Stover
etal., 1996), we studied changes in the p-src/src ratio as a function
of postoperational time in retinae with COH. As shown in Figure
5, A and B, the ratio immediately jumped to 142.1 * 4.9% of
control (n = 6, p < 0.001) on G1d and then it steadily increased
to ~170% of control in the first 2 weeks. The data obtained
during the next 4 weeks fluctuated around this higher level. Co-IP
experiments further showed no binding between the antibody
against p-src and the immunoprecipitate derived using the anti-
body against IgG, but revealed a band at the location correspond-
ing to p-src (65 kDa) in the immunoprecipitate derived using the
antibody against ephrinB2 (Fig. 5C). It is likely that p-src may
directly cause the phosphorylation of ephrinB2.

The effects of inhibiting the activity of tyrosine kinases by PP2,
a selective inhibitor of src family tyrosine kinases, on RGC apo-
ptosis induced by EphB2-Fc injection/IOP elevation were also
studied. PP2 (100 M, 2 ul) was injected intravitreally 3 d before
the operation or EphB2-Fc injection (2 ul, 1 pg/ul), which re-
markably reduced the average number of TUNEL-positive cells
t0 82.5 = 6.3 (n=5,p <0.001) from 517.4 * 21.7 (n = 12; for
EphB2-Fc-injected rats), and to 50.0 = 4.4 (n = 5, p < 0.001)
from 366.0 = 8.2 (n = 5) in rats with COH, respectively.

Activation of EphB2/ephrinB2 reverse signaling modulates
trafficking of AMPA receptors

It is known that ephrin/Eph signaling may interact with gluta-
mate receptors, thus contributing to the pathophysiology of neu-
ronal degeneration (Dalva et al.,, 2000; Takasu et al., 2002;
Grunwald et al., 2004; Calo et al., 2005a, b; Pasquale, 2008). We
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Figure7. Intravitreal injection of PP2 reduces p-srcand p-GluA2 levels in EphB2-Fc-injected

retinae and retinae with COH. A, Representative immunoblots showing the changes in protein
levels of p-src, src, and p-GluA2; and in levels of GIluA2 in Ctr-Fc-injected retinae, EphB2-Fc-
injected retinae, and retinae with COH (G2w), with or without the addition of PP2. B, Bar chart
summarizing the average ratios of p-src/src and p-GluA2/GluA2 under different conditions. All
of the data are normalized to control (Ctr-Fc). n = 6 for all the groups.

therefore tried to explore whether AMPA receptors may be in-
volved in EphB/ephrinB reverse signaling-induced RGC apopto-
sis. Actually, Ca“—permeable, GluA2-lacking AMPA receptors
have been implicated in ischemia-induced neuronal excitotoxic
injury (Liu et al., 2006; Liu and Zukin, 2007). There is increasing
evidence indicating that neuronal insults may induce a long-
lasting switch from GluA2-containing AMPA receptors to
GluA2-lacking receptors (Pellegrini-Giampietro et al., 1992;
Gorter etal., 1997; Opitz et al., 2000; Calderone et al., 2003; Liu et
al., 2004; Noh et al., 2005). This could be caused by GluA2-
containing AMPA receptor endocytosis, which is induced by ty-
rosine phosphorylation of the GluA2 subunit (Ahmadian et al.,
2004; Fox et al., 2007). We therefore speculated whether the
increased activity of tyrosine kinases in rats with COH or EphB2-
Fc-injected rats may promote the phosphorylation of GluA2-
containing AMPA receptors, thereby increasing Ca®" influx
through GluA2-lacking AMPA receptors that are redistributed
on the cell membrane. Figure 6, A and B, shows that the protein
level of phosphorylated GluA2 at the site of tyrosine 876 (p-
GluA2), represented as the p-GluA2/GluA2 ratio, steadily in-
creased from 153.3 £ 11.5% of control on G1d (n = 6, p = 0.05)
to 288.9 = 22.6% on G6w (n = 6, p = 0.003) in rats with COH.
Direct interactions among p-src, ephrinB, and GluA2 were fur-
ther examined by co-IP assay. As shown in Figure 6C, p-src was
detected in the immunoprecipitates of the anti-GluA2 antibody
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Figure8.  Changesin membrane GluA2 protein expression in retinae with COH. A, Represen-

tative immunoblots showing the changes in GluA2 protein levels in the cell membrane compo-
nent (m-GluA2) in sham-operated (Ctr) and COH retinal extracts at different postoperational
times (G1d, G3d, G1w, G2w, G3w, G4w, and G6w). B, Bar chart summarizing the average
densitometric quantification of immunoreactive bands of m-GluA2 at different times. All of the
data are normalized to Ctr. n = 6. *p << 0.05 and **p << 0.01 vs Ctr.

in retinal extracts from both normal and COH rats in G2w. Sim-
ilar results were obtained when the antibody against ephrinB2
was used instead. In addition, GluA2 and ephrinB2 were also
detected in the immunoprecipitates in retinal extracts from both
normal rats and those with COH, which were derived using the
phosphorylated antibody against tyrosine (Fig. 6D). The reason
for using anti-phosphotyrosine antibody, instead of p-ephrinB
antibody, was that the p-ephrinB antibody did not work for co-IP
experiments. The phosphotyrosine antibody could pull down
both GluA2 and ephrinB2 from retinal extracts of either normal
rats or those with COH, suggesting that GluA2 and ephrinB2
could be phosphorylated by the phosphotyrosine antibody. This
result, together with the result that the anti-GluA2 antibody
could pull down ephrinB2 in normal and COH retinal extracts
(Fig. 6C), suggests that GluA2 could be directly phosphorylated
by p-ephrinB2 and p-src. Similarly, the p-src/src and p-GluA2/
GluA2 ratios were also increased in normal retinae when intrav-
itreal injection of EphB2-Fc (2 ul, 1 ug/pl) was made. The ratios
obtained from 2 weeks after the injection were respectively
165.9 = 8.7% of control (n = 6, p = 0.02, for p-src/src ratio) and
158.5 = 5.7% of control (n = 6, p = 0.02, for p-GluA2/GluA2
ratio).

Whether the changes in GluA2 levels might be a consequence
of activated EphB/ephrinB signaling was tested by blocking the
phosphorylation of ephrinB. There is no specific blocker for eph-
rinB phosphorylation now available. While ephrinB-Fc is com-
monly used to block the phosphorylation of ephrinB, we did not
use it because ephrinB-Fc may also activate ephrinB/EphB for-
ward signaling in RGCs by binding to EphB2 that is abundantly
expressed in these cells. Therefore, we used PP2 as an EphB/
ephrinB reverse signaling blocker. Preinjection of PP2 (2 ul, 100
uM), 3 d before the injection of EphB2-Fc, prevented the eleva-
tion of the ratios (96.0 = 1.7% of control for p-src/src ratio, n =
6; 110.1 = 4.2% of control for p-GluA2/GluA2 ratio, n = 6).
Similarly, no increase in p-src/src and p-GluA2/GluA2 ratios was
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found in G2w in rats with COH when PP2
was preinjected (89.5 = 3.9% of control

Ctr-Fc

PP2+
EphB2-Fc

EphB2-Fc G2w PP2+G2w

for p-src/src ratio, n = 6; 103.6 £ 9.2% of
control for p-GluA2/GluA2 ratio, n = 6;
p > 0.05; Fig. 7A, B). All of these results
suggest that the activation of EphB/eph-
rinB reverse signaling resulted in changes
in GluA2 levels. Since there are direct
interactions among ephrinB2, p-src,
and GluA2 (Figs. 5C, 6C), it seems likely
that PP2 may directly inhibit src activ-
ity, which in turn attenuates ephrinB
phosphorylation and tyrosine phospho-
rylation-dependent signaling, thus re-
ducing the phosphorylation of GluA2.
In addition, p-src may also directly
phosphorylate GluA2.

We then examined whether IOP eleva-
tion may induce changes in GluA2 protein
levels in the membrane component
(m-GluA2) of rats with COH. As shown in
Figure 8A, m-GluA2 protein levels, as-
sayed by Western blotting, were indeed
reduced in retinal extracts from COH rats.
On average, the m-GluA2 protein level
was significantly reduced even on Gld
(59.7 = 10.4% of control; n = 6, p =
0.013), followed by a further decrease in
consecutive days with a trough in G3w
(65.8 = 5.8% of control on G3d, n = 6,
p=0.016;57.6 = 7.2% of control in Glw,
n =6, p = 0.008; 51.4 = 8.1% of control
in G2w, n = 6, p = 0.005; 46.3 * 7.4% of
control in G3w, n = 6, p = 0.003). The
expression then maintained at this lower
level until Géw (49.4 = 10.5% of control
on G4w, n = 6,p = 0.008;46.3 * 11.4% of
control on Géw, n = 6, p = 0.007; Fig.
8B). Such changes were comparable to
the changes of p-ephrinB2, p-src, and
p-GluA2 in time courses.

An immunohistochemical assay was
also used to assess changes in GluA2 pro-
tein expression in RGCs in both retinae
with COH and EphB2-Fc-injected reti-
nae, using the antibody against the extra-
cellular domain of GluA2. In these
experiments, the retinal sections were in-
cubated in a blocking solution without
Triton X-100. Therefore, the antibody can
only bind to GluA2 proteins in cell mem-
branes. As shown in Figure 9Aal, GluA2
proteins were abundantly expressed in the
IPL and the GCL in the Ctr-Fc-injected
retinae. The GluA2-positive cells in the
GCL were clearly colabeled by Brn-3a
(Fig. 9Aa2,a3). GluA2 expression showed
a remarkable reduction in retinal sections obtained respectively
from an EphB2-Fc-injected rat 2 weeks after the injection (Fig.
9Bb1-b3) and a COH rat in G2w (Fig. 9Cc1-c3). With intravit-
real injection of PP2 (2 ul, 100 um), made 3 d before EphB2-Fc
injection (2 pl, 1 wg/ul) or the operation, there was no significant
difference in GluA2 expression among Ctr-Fc-injected retinae

Figure 9.
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Changes in membrane GluA2 protein expression in EphB2-Fc-injected retinae and retinae with COH. A-C, Immuno-
fluorescence labeling showing GluA2 expression profiles (green) in rat retinal vertical slices taken from Ctr-Fc-injected (a7) and
EphB2-Fc-injected (b7) retinae 2 weeks after the injection, and from retinae with COH in G2w (c7). a2, b2, and c2, Brn-3a-labeled
images (red). a3, b3, and ¢3, Merged images. D, E, GluA2 expression profiles (green) in rat retinal slices taken from EphB2-Fc-
injected retinae, obtained 2 weeks after the injection (Dd7), and from retinae with COH, obtained in G2w (Ee7), when these
preparations were intravitreally preinjected with PP2 (100 wm, 2 wul) 3 d before the operation or EphB2-Fc injection. d2, e2,
Brn-3a-labeled images (red). d3, e3, Corresponding merged images. Scale bar, 20 wm. F, Representative immunoblots showing
the changes in protein levels of m-GluA2 in retinae obtained under different conditions. G, Bar chart showing the average densi-
tometric quantification of immunoreactive bands of m-GluA2 under different conditions. Note that EphB2-Fc injection/IOP eleva-
tion induced a significant decrease in m-GluA2 protein levels; preinjection of PP2 reversed the changes. All of the data are
normalized to Ctr-Fc. n = 6 for all groups. *p << 0.05 and **p << 0.01 vs Ctr-Fc.

(Fig. 9A), EphB2-Fc-injected retinae (Fig. 9D), and retinae with
COH (Fig. 9E). Consistent with this result, total m-GluA2 pro-
teins extracted from EphB2-Fc-injected retinae and retinae with
COH (in G2w), as evaluated by Western blotting, were also re-
duced to 68.8 = 6.2% (n = 5, p = 0.005) and 76.7 = 5.0% of
control (n = 5, p = 0.010), respectively (Fig. 9F, G). Again, the
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Figure 10.  Changes in protein levels of GRIP and PICK1 in retinae with COH. A, Representa-

tive immunoblots showing the changes in GRIP and PICK1 protein levels in sham-operated (Ctr)
and COH retinal extracts at different postoperational times (G1d, G3d, G1w, G2w, G3w, G4w,
and G6w). B, Bar chart summarizing the average densitometric quantification of immunoreac-
tive bands of PICK1 at different times. All of the data are normalized to Ctr.n = 4.*p << 0.05vs
(tr.

changes in m-GluA2 levels were prevented by preinjection of PP2
(2 pl, 1 g/ ul) in both EphB2-Fc-injected retinae (101.4 = 10.3%
of control, n = 4, p = 0.993) and retinae with COH (106.9 =
7.4% of control, n = 5, p = 0.589; Fig. 9F, G).

Glutamate receptor-interacting protein 1 (GRIP1) and pro-
tein interacting with C kinase 1 (PICK1) may interact with GluA2
and other AMPA receptor subunits, thus influencing AMPA re-
ceptor expression on the cell surface (Perez et al., 2001; Lu and
Ziff, 2005; Guo and Wang, 2007; Dixon et al., 2009). Since EphB/
ephrinB proteins could also interact with the PDZ domains of
GRIP1 and PICK1 (Dong et al., 1997, 1999; Torres et al., 1998;
Briickner etal., 1999), we tested a possibility that the activation of
EphB/ephrinB reverse signaling-induced GluA2 endocytosis in
retinae with COH may be mediated by GRIP1 and/or PICKI.
Western blot experiments (Fig. 10A) showed that PICK1, but not
GRIP1, protein levels steadily increased during the period from
G2w to G6w (Fig. 10B).

Decreased m-GluA2 expression implies a reduction in the
number of functional GluA2-containing AMPA receptors in
RGCs. This was supported by results obtained using whole-
cell patch clamping. A series of evoked EPSCs (eEPSCs), me-
diated by AMPA receptors, were recorded at different holding
potentials (—60 to +40 mV) from RGCs in retinal slices ob-
tained from Ctr-Fc-injected and EphB2-Fc-injected rats 5-7 d
after the injections. As shown in Figure 11A, the peak outward
current of the cell recorded at +40 mV in EphB2-Fc-injected
retinae was significantly smaller in amplitude than that in
Ctr-Fc-injected retinae, but the inward currents of the two
cells were comparable. Thus, the reduced ratio I (+40/—60
mV) was found in EphB2-Fc-injected retinae (vs that in Ctr-
Fc-injected retinae; Fig. 11C). As a negative control, we re-
corded eEPSCs using an internal solution without spermine
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Figure 11.  Activation of EphB2/ephrinB2 reverse signaling induces GluA2-containing

AMPA receptor trafficking. A, B, Representative traces showing the changes in amplitude
of evoked EPSCs, mediated by AMPA receptors, recorded from four different RGCs in retinal
slices at holding potentials of +40 and —60 mV with (4) or without (B) spermine in the
pipette solution. The eyes were intravitreally injected respectively with control-Fc (Ctr-Fc)
and EphB2-Fc (2 wl, 1 g/ wl), and the recordings were made 5-7 d after the injections.
The current amplitudes were all normalized to that of Ctr-Fc at —60 mV. C, Bar chart
showing the average ratios of current amplitudes at +40/— 60 mV in RGCs obtained from
Ctr-Fc- and EphB2-Fc-injected retinae with or without spermine in the pipette solution.
*p < 0.05 vs Ctr-Fc.

(Fig. 11B). Ratio I (+40/—60 mV) was 0.46 = 0.04 (n = 5) in
EphB2-Fc-injected retinae, which was not significantly differ-
ent from that in Ctr-Fc-injected retinae (0.49 * 0.05, n = 6,
p = 0.738; Fig. 11C).

Finally, we studied the effects of blocking Ca*"-permeable
AMPA receptors on RGC apoptosis induced by EphB2-Fc injec-
tion. RGC apoptosis was detected by a using TUNEL staining
technique in whole flat-mounted retinae obtained from rats 7 d
after EphB2-Fc injection. Naspm (2 ul,10 um), a selective antag-
onist of Ca®"-permeable AMPA receptors, was injected intravit-
really 3 d before the EphB2-Fc injection (2 ul, 1 ug/ul).
Preinjection of Naspm remarkably reduced the TUNEL-positive
signals (Fig. 12A-C), with the average number of TUNEL-
positive cells being reduced to 235.7 = 43.8 (n = 7, p < 0.001)
from a value of 517.4 = 21.7 (n = 12) in EphB2-Fc-injected rats
(Fig. 12D).
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Figure 12.  Intravitreal injection of Naspm reduces RGC apoptosis in EphB2-Fc-injected ret-
inae. A-C, TUNEL staining detection of RGC apoptosis in Ctr-Fc-injected (A), EphB2-Fc-injected
(B), and EphB2-Fc plus Nasmp-injected (C) whole flat-mounted retinae on day 7 after the
injectionsin the regionsatangle 0°. Scale bar, 50 ,m. D, Bar chart showing the average number
of TUNEL-positive cells in whole flat-mounted retinae under different conditions. Naspm (10
M, 2 ul) was preinjected 3 d before control-Fc and EphB2-Fc injections (2 wl, 1 wg/uil).
**%p < 0.001 vs Ctr-Fc; ###p << 0.001 vs EphB2-Fc.

Discussion

Activation of EphB1/ephrinB2 reverse signaling contributes
to RGC apoptosis in retinae of rats with COH

There is much evidence that demonstrates the expression of
various members of the ephrin/Eph system, such as eph-
rinB1/B2 and EphB1/B2, in glial and neuronal elements in the
retina. In the present work, we showed, using an immunohis-
tochemical assay, that EphB1 is localized to Miiller cells, and
ephrinB2 is abundantly expressed in RGCs (in addition to
Miiller cells) in rat retinae, thus revealing the existence of a
EphB1/ephrinB2 reverse signaling in RGCs. The expression of
both EphB1 in Miiller cells and ephrinB2 in RGCs was upregu-
lated, though with somewhat different time courses, in our
COH rat model. While the EphB1 level in Miiller cells was
elevated on G1d, the elevation of the ephrinB2 level in RGCs
(and Miiller cells) occurred with much delay, and the level was
almost unchanged until G2w. Upregulated expression of eph-
rinB/EphB signaling at the ONH was also found in laser-
induced experimental glaucomatous mice, which were
localized to glial cells, including astrocytes, microglia, and
NG2* cells, but not RGC axons (Du et al., 2007, Fu et al.,
2010). In monkey, there is an increase in ephrinB1 and EphB1
expression in mild-to-moderate glaucoma (Schmidt et al.,
2007). Moreover, in cultured ONH astrocytes obtained from
human glaucomatous patients, ephrinB1 and EphB1 are up-
regulated (Schmidt et al., 2007). Therefore, the upregulation
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of ephrinB/EphB signaling in the retina may be common in
experimental and clinical glaucoma. It is of interest that in
glaucomatous DBA/2] mice the expression of EphB2 and eph-
rinB2 is upregulated at the ONH beginning at 9—10 months of
age. Considering the fact that progressive IOP elevation starts
from 6 months of age in these mice, the upregulation of eph-
rinB/EphB signaling seems to be closely related to the IOP
elevation.

A major finding in the present work is that the reverse EphB1/
ephrinB2 signaling is activated in COH rat retinae, as evidenced
by a significant steady increase in p-ephrinB/ephrinB2 during the
whole period of elevated IOP. There was a possibility that EphB/
ephrinB activation in RGCs, which is known to be related to
neuronal survival (Calo et al., 2006; Du et al., 2007; Pasquale,
2008; Klein, 2009; Hruska and Dalva, 2012), may be one of the
factors causing RGC apoptosis in retinae with COH. This possi-
bility was strengthened by the result that considerable RGC apo-
ptosis was induced by intravitreal injection of EphB2-Fc, which
greatly increased the p-ephrinB/ephrinB2 ratio. In DBA/2] glau-
comatous mice, the upregulation of EphB2/ephrinB2 expression
at the ONH was restricted to the areas of RGC axon damage,
which was coincident with the onset of RGC axon loss, and
EphB2-Fc protein induced an elevation of intracellular Ca**
transient in single RGC axons (Du et al.,, 2007). Furthermore, a
transient increase of p-ephrinB reverse signaling was observed in
RGC axons, microglia, and astrocytes at the ONH, coinciding
with the initial morphological signs of RGC axon damage (Fu et
al., 2010). It is therefore reasonable to deduce that EphB2/eph-
rinB2 reverse signaling activation could contribute to RGC apo-
ptosis and axon loss in glaucoma, and that attenuation of the
strength of EphB/ephrinB reverse signaling in an appropriate
manner may be an effective way for preventing the loss of RGCs
in glaucoma. However, it should be indicated that there are other
studies (Schmidt et al., 2007) claiming that EphB/ephrinB may
contribute to RGC axon survival at the ONH, and that the up-
regulated Eph/ephrin pathway may play a protective role by lim-
iting axonal damage and inflammatory cell invasion due to the
activation of Eph/ephrin signaling in astrocytes. This apparent
inconsistency may be, at least in part, due to the dependence of
actions of EphB/ephrinB signaling on the stage of glaucoma. In-
deed, stronger expression of ephrinB1/EphB1 was found at the
ONH in monkey eyes with mild-to-moderate glaucomatous
damage, but these proteins were barely detectable in eyes with
advanced glaucoma (Schmidt et al., 2007).

Since the antibody against p-ephrinB2 is not available,
we examined the change in p-ephrinB levels, instead of
p-ephrinB2 levels, to evaluate the activation of ephrinB2/
EphB2 reverse signaling. Changes in p-ephrinB may largely
reflect the activation of ephrinB2/EphB2 reverse signaling for
three reasons. First, the expression of ephrinB2, but not eph-
rinB1, was significantly increased in retinae with COH, and
the expression of ephrinB1 was barely detectable in the GCL in
retinal sections from either sham-operated rats or rats with
COH. Second, intravitreal injection of EphB2-Fc induced a
significant increase in p-ephrinB levels, and strong immuno-
fluorescent signals were seen in lots of cells in the GCL. Third,
ephrinB2 was detected in immunoprecipitates in retinal ex-
tracts from both normal rats and rats with COH, using the
phosphorylated antibody against tyrosine (Fig. 6D). Certainly,
we cannot exclude the possibility that the change in p-ephrinB
could partially occur in p-ephrinBl1.
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RGC apoptosis induced by EphB/ephrinB reverse signaling
activation may be mediated by GluA2-containing AMPA
receptor trafficking

Activated EphB2/ephrinB2 reverse signaling may result in a re-
duction in number of functional GluA2-containing AMPA re-
ceptors expressed on RGC membranes in retinae with COH. The
evidence for supporting this deduction is threefold. First, co-IP
experiments revealed that there was a direct interaction among
p-ephrinB2, p-src, and GluA2 (Figs. 5, 6), which caused an ele-
vation of GluA2 tyrosine phosphorylation. Second, both immu-
nohistochemical assay and Western blotting demonstrated that
either IOP elevation (in retinae with COH) or injection of
EphB2-Fc (in normal retinae) attenuated GluA2 expression on
cell membranes in the GCL (Figs. 8, 9). Such changes in GluA2
expression were a consequence of the activation of EphB2/eph-
rinB2 reverse signaling because they could be prevented by pre-
injection of PP2. It has been reported that mutations in GluA2
tyrosine phosphorylation sites result in impaired processes of
GluA2 endocytosis (Ahmadian et al., 2004; Irie et al., 2005).
Third, electrophysiological recordings of eEPSCs of RGCs in nor-
mal retinae confirmed that the number of functional GluA2-
containing AMPA receptors in these cells was reduced by
EphB2-Fc injection. Even though the involvement of ephrin/Eph
signaling in neuronal injury in other central regions by directly
interacting with glutamate receptors (NMDA receptors and
mGluR1; Calo et al., 2005a, 2006; Pasquale, 2008), this is the first
work, to our knowledge, that links EphB/ephrinB reverse signal-
ing with AMPA receptors in glaucoma. The subunit composition
and Ca®" permeability of AMPA receptors are dynamically re-
modeled in response to neuronal insults (Pellegrini-Giampietro
et al., 1992; Gorter et al., 1997; Takuma et al., 1999; Opitz et al.,
2000; Calderone et al., 2003; Liu et al., 2004; Kwak and Kawahara,
2005; Noh et al., 2005; Liu et al., 2006; Liu and Zukin, 2007). It
was reported, for instance, that ischemic insults could result in a
switch from GluA2-containing to GluA2-lacking AMPA recep-
tors that are Ca*" permeable. It is therefore possible that more
GluA2-lacking AMPA receptors are distributed on RGC cell
membranes, thus contributing to RGC apoptosis in experimental
glaucoma due to the high Ca®" permeability of their receptors
(Liu and Zukin, 2007). This possibility is supported by the result
that Naspm significantly reduced the number of TUNEL-positive
cells in EphB2-Fc-injected retinae.

It is noteworthy that the injection of Naspm only partially (54%)
reduced TUNEL-positive signals induced by EphB2-Fc injection,
suggesting that, in addition to reducing Ca®"-impermeable,
GluA2-containing AMPA receptors, the activation of EphB2/
ephrinB2 reverse signaling may also contribute to RGC apoptosis
through other pathways in experimental glaucoma. For instance,
activated EphB2/ephrinB2 reverse signaling may cause RGC ap-
optosis by modulating NMDA receptors and mGluRs, as demon-
strated in cultured cortical neurons (Grunwald et al., 2004; Calo
etal., 2005a,b, 2006). It has been reported that ephrinB2 binding
to EphB induces a direct interaction between the extracellular
domain of both the EphB and NR1 subunit of NMDA receptors
(Dalva et al., 2000), promoting clustering of NMDA receptors at
synapses (Yamaguchi and Pasquale, 2004). Moreover, activation
of src family kinases, downstream of ephrinB2/EphB2 signaling,
causes the phosphorylation of NMDA receptors, which results in
an increase in Ca®™ influx (Takasu et al., 2002).

It seems unlikely that GRIP1, which facilitates the surface ac-
cumulation of AMPA receptors by association with the GluA2
subunit (Dong et al., 1997; Osten et al., 2000; Setou et al., 2002),
could be involved in GluA2-containing AMPA receptor endocy-
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tosis caused by tyrosine phosphorylation of GluA2, because
GRIP1 expression was hardly changed in retinae with COH (Fig.
10). On the other hand, PICK1 expression was remarkably in-
creased even though the change was at a slower rate compared
with that of m-GluA2 expression (Fig. 8). This is suggestive of the
involvement of PICK1, as PICK1 is known to decrease the surface
expression of GluA2 by promoting receptor internalization
(Perez et al., 2001; Song and Huganir, 2002), and in the heterol-
ogous expression system it was further shown that PICK1 induces
coclustering of EphB/ephrinB and undergoes tyrosine phosphor-
ylation when complexed with EphB2 receptors (Torres et al.,
1998). It should be noted that the increase of PICK1 levels started
in G2w, while the decrease of m-GluA2 occurred as early as on
G1d. A possible explanation for this inconsistency is that GluA2
internalization following IOP elevation may be primarily in-
duced by the phosphorylation of GluA2, which is lately further
promoted by increased PICK1 levels.
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