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Previous studies demonstrated the substantial protective role of 17β-estradiol (E2) in sever-
al types of neuron, although its mechanism of action remains to be elucidated. In this study,
we found that the levels of 14-3-3 zeta mRNA and phosphorylated and total 14-3-3 zeta pro-
teins were significantly decreased in the rat retina after intravitreal injection of N-methyl-D-
aspartate (NMDA). 17β-E2 implantation significantly inhibited NMDA-induced decreases in
phosphorylated but not in total 14-3-3 zeta protein levels in the retina. There was a decrease
in both phosphorylated and total 14-3-3 protein levels in RGC-5 cells, a retinal ganglion cell
line, after glutamate and buthionine sulfoximine (BSO) exposure, and 17β-E2 treatment sig-
nificantly inhibited only the decrease in phosphorylated but not in total 14-3-3 zeta protein
levels. The cell viability assay showed substantial cell death after glutamate and BSO expo-
sure and that 17β-E2 treatment significantly protects against this cell death. 17β-E2 treat-
ment also significantly increased the level of phosphorylated 14-3-3 protein in RGC-5 cells
without other treatments. These results suggest that a decrease in 14-3-3 zeta expression
may be associated with retinal neurotoxicity induced by NMDA or the combination of glu-
tamate and BSO. The regulation of 14-3-3 zeta phosphorylation is one possible mechanism
of the protective effect of 17β-E2 in the retina.

© 2011 Elsevier B.V. All rights reserved.
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1. Introduction

17β-Estradiol (E2) is a steroid hormone synthesized enzymati-
cally from cholesterol and testosterone and has been reported
to have crucial neuroprotective effects against some disease
models or injuries in the central nervous system (Morissette et
al., 2008;Numakawaet al., 2007; Yi andSimpkins, 2008). Thepro-
tective effects of estrogen may be associated with the reduction
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of oxidative stress, regulation of transcription factors, and inhi-
bition of inflammatory cytokines such as tumor necrosis factor
(Behl et al., 1997; Liao et al., 2002; Sawada and Shimohama,
2000). In the eye, the protective effect of 17β-E2 against gluta-
mate cytotoxicity has been demonstrated in a retinal ganglion
cell line (RGC-5) without involvement of the classical estrogen
receptors (Kumar et al., 2005). We previously demonstrated
that pretreatment with 17β-E2 in a silastic implant, which
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allows maintenance of a high level of 17β-E2 in serum, exerts
substantial protective effects on RGC survival after the intravi-
treal injection of N-methyl-D-aspartate (NMDA) (Hayashi et al.,
2007). This 17β-E2-mediated protection is involved in the
extracellular signal-regulated kinase (ERK) signaling pathway
(Hayashi et al., 2007). However, the detail mechanisms of E2-
mediated protection remain to be elucidated.

14-3-3 proteins exist in several types of neuron (Baxter et
al., 2002; Watanabe et al., 1993) and are important mediators
of anti-apoptotic signals (Masters and Fu, 2001). They are
required for a presynaptic form of long-term potentiation in
the cerebellum (Simsek-Duran et al., 2004). Among their
seven isoforms (β: beta, γ: gamma, ε: epsilon, ς: zeta, η: eta,
τ: tau, σ: sigma), zeta has been demonstrated to be a putative
modulator of neurite growth dependent on L1, a cell adhesion
molecule, in hippocampal neurons (Ramser et al., 2010). In
addition, a recent study has demonstrated that depletion of
14-3-3 zeta levels using siRNA induces the expression of endo-
plasmic reticulum stress proteins, and that 14-3-3 zeta siRNA
increases vulnerability to kainite-induced neuronal cell death
(Murphy et al., 2008). Although high levels of 14-3-3 zeta have
been found in the retina (Ivanov et al., 2006; Roseboom et al.,
1994), its role in retinal cell survival or death remains to be
elucidated.

Reports on 14-3-3 zeta focused on its phosphorylation
mediated by several kinases, including protein kinases A
and D, Akt, mitogen-activated protein kinase-activated ki-
nase 2 (MK2), and sphingosine-dependent protein kinase 1
(Hamaguchi et al., 2003; Megidish et al., 1995, 1998; Powell et
al., 2002, 2003). Phosphorylated 14-3-3 binds to multiple pro-
tein ligands, and phosphorylation-dependent binding with
14-3-3 modulates the subcellular localization, phosphoryla-
tionstate, and molecular interactions of many target proteins,
thereby implicating 14-3-3 proteins as key regulators in diverse
intracellular signal transduction pathways (Masters and Fu,
2001; Muslin et al., 1996; Yaffe et al., 1997). Although 17β-E2
alters the interaction with pBad and 14-3-3 binding in middle
cerebral artery occlusion, it is not clear which specific kinases
andmoleculesmediate phosphorylation under specific circum-
stances, nor are the biological consequences clear (Won et al.,
2006).

The purpose of the present study was to examine whether
changes occur in 14-3-3 zeta expression in retinal neurotoxicity
in an in vivo and in vitro systemand to investigate the effects of
17β-E2 on 14-3-3 zeta expression and its phosphorylation in
both systems.
2. Results

2.1. Changes in 14-3-3 zeta expression after NMDA injec-
tion in the retina

To examine the expression of 14-3-3 zeta, we performed the
real-time PCR using retinal samples. Real-time PCR showed
that there was a substantial decrease in 14-3-3 zeta mRNA
in rat retinal samples 24 h after NMDA injection compared
with that after PBS injection (Fig. 1A). The products from com-
pleted real-time PCR runs were confirmed to be the specific
amplification of 14-3-3 zeta cDNA showing the corresponding
specific band upon agarose gel electrophoresis with ethidium
bromide staining and UV transillumination (Fig. 1B). Immu-
nohistochemical study showed abundant total 14-3-3 zeta
immunoreactivity in the RGC layer in PBS-treated eyes
(Fig. 1C). NMDA induced a decrease in total 14-3-3 zeta immu-
noreactivity in the RGC layer 24 h after injection (Fig. 1C).

2.2. Effects of 17β-E2 on NMDA-induced changes in phos-
phorylated and total 14-3-3 zeta protein in the retina

Next, we examined the changes in phosphorylated (at serine 58
of 14-3-3 zeta protein) and total 14-3-3 zeta protein in retina.
Western blot analysis showed that NMDA induced a significant
decrease in phosphorylated 14-3-3 zeta protein levels in the ret-
ina 24 h after injection (Fig. 2A). 17β-E2 implantation signifi-
cantly prevented the decreases in phosphorylated 14-3-3 zeta
protein levels induced by NMDA (Fig. 2A). On the other hand,
total 14-3-3 zeta protein levels were significantly decreased
24 h after NMDA injection (Fig. 2B). NMDA affected the phos-
phorylation much more than the synthesis of 14-3-3 zeta in
the retina (62.98% of phosphorylated 14-3-3 zeta reduction and
33.13% of total 14-3-3 zeta reduction). However, 17β-E2 implan-
tation did not alter this decrease in total 14-3-3 zeta protein
levels (Fig. 2B).

2.3. Effects of 17β-E2 on cell viability in glutamate and
buthionine sulfoximine-induced RGC-5 cell death

To examine the effect of 17β-E2 in vitro, we conducted the cell
viability assay using RGC-5 cells. The combination of glutamate
and buthionine sulfoximine (BSO) resulted in substantial RGC-5
cell death (Fig. 3B) compared with the control (Fig. 3A), in agree-
ment with the findings of our previous studies (Munemasa et
al., 2008). Pretreatment of RGC-5 cells with 17β-E2 at concentra-
tion of 10 μM resulted in better-preserved cells (Fig. 3C). The
results of the water-soluble tetrazolium salt (WST) assay
showed that the combination of glutamate and BSO caused
approximately 60% loss of cell viability, and this decreased cell
viability was significantly prevented by pretreatment with 17β-
E2 (Fig. 3D). According to our data and those from a previous
study, 17β-E2 showed protective effects against not only gluta-
mate but also glutamate and BSO treatment, which has greater
oxidative impact, compared with glutamate alone (Kumar et al.,
2005).

2.4. Changes in phosphorylated and total 14-3-3 zeta pro-
tein in RGC-5 cells treated with glutamate and BSO with or
without 17β-E2

Changes in phosphorylated (at serine 58 of 14-3-3 zeta pro-
tein) and total 14-3-3 zeta protein were evaluated in RGC-5
cells. Western blot analysis showed that the combination of
glutamate and BSO induced a significant decrease in phos-
phorylated 14-3-3 zeta protein levels in RGC-5 cells 24 h after
exposure (Fig. 4A). Pretreatment with 17β-E2 significantly pre-
vented the decreases in phosphorylated 14-3-3 zeta protein
levels induced by glutamate and BSO (Fig. 4A). Although the
combination of glutamate and BSO induced a significant de-
crease in total 14-3-3 zeta protein levels in RGC-5 cells 24 h



Fig. 1 – NMDA induces a decrease in 14-3-3 zeta expression in rat retinas. (A) 14-3-3 zeta mRNA levels in retinas 24 h after
intravitreal injection of PBS or NMDA, as evaluated using quantitative real-time PCR. Each column represents mean±SEM
(n=7 per group; **P<0.005). (B) Electrophoretic analysis of real-time PCR products amplified from retinas with primers specific
for 14-3-3 zeta or 18S. (C) Immunohistochemistry of total 14-3-3 zeta using the DAB detection method in retinas 24 h after
intravitreal injection of PBS or NMDA (n=3). Arrows indicate total 14-3-3 zeta positive cells in the retinal ganglion cell layer.
Scale bar=50 μm.
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after exposure, pretreatment with 17β-E2 did not alter this de-
crease (Fig. 4B). Thus, the combination of glutamate and BSO
decreased both phosphorylated and total 14-3-3 zeta protein
levels in RGC-5 cells (55.11% of phosphorylated 14-3-3 zeta
reduction and 58.15% of total 14-3-3 zeta reduction). In addi-
tion, 17β-E2 alone induced a significant increase in phosphor-
ylated 14-3-3 zeta protein levels (Fig. 4C), but did not alter total
14-3-3 zeta protein levels (Fig. 4D). Immunocytochemical
study showed abundant total 14-3-3 zeta immunoreactivity
in RGC-5 cells (Fig. 4E).
3. Discussion

The present study demonstrated a substantial depletion of 14-
3-3 zeta expression in the rat retina after NMDA injection.
We showed a reduction in 14-3-3 zeta mRNA levels and
significant decreases in phosphorylated and total 14-3-3 zeta
protein levels in the retina after NMDA injection. A critical
role for 14-3-3 beta/zeta proteins in preserving RGC homeosta-
sis has been suggested in the rat retina (Ivanov et al., 2006).
Consistent with that suggestion, our current immunohisto-
chemical studies showed the presence of 14-3-3 zeta in the
RGC layer and a decrease in its expression after NMDA injec-
tion. Since the excitotoxic effects of glutamate have been
linked to RGC death in diabetic retinopathy (Ambati et al.,
1997), it is interesting to note that significant reductions in
14-3-3 zeta mRNA levels and protein levels were observed in
the rat retina in diabetes (Kim et al., 2005). Thus, it is possible
that a reduction in 14-3-3 zeta expression may be one of the
main manifestations of retinal neurotoxicity.

Consistent with the results from in vivo studies, our pre-
sent data showed the presence of 14-3-3 zeta in RGC-5 cells
and significant reductions in both phosphorylated and total



Fig. 2 – Phosphorylated and total 14-3-3 zeta protein levels in rat retinas. (A) Phosphorylated 14-3-3 zeta protein levels in
retinas 24 h after intravitreal injection. Data are normalized to β-actin levels in the same sample. All data are expressed as a
percentage of control. Each column represents mean±SEM (n=11–12 per group; *P<0.05). (B) Total 14-3-3 zeta protein levels in
retinas 24 h after intravitreal injection. Data are normalized to β-actin levels in the same sample. All data are expressed as a
percentage of control. Each column represents mean±SEM (n=5 per group; *P<0.05).
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14-3-3 zeta protein levels in RGC-5 cells after glutamate and
BSO exposure compared with the control, although NMDA af-
fects the phosphorylation much more than the synthesis of
14-3-3 zeta in the retina. These results are in agreement with
the results of a previous study showing that staurosporine, a
cytotoxic compound, induced significant decreases in both
Fig. 3 – 17β-E2 ameliorates glutamate and BSO-induced RGC-5
cell death. Light microscopic findings of RGC-5 cells 24 h after
(A) experimental agents (control), (B) 5 mMglutamate+0.5 mM
BSO, or (C) glutamate+BSO+10μM17β-E2 pretreatment. Scale
bar=50μm. (D) Effect of 17β-E2 onRGC-5 cell death induced by
glutamate and BSO. All data are expressed as a percentage of
control. Each column represents mean±SEM (n=6 per group;
***P<0.0005).
phosphorylated and total 14-3-3 protein levels (although not
specified as zeta) in RGC-5 cells (Surgucheva et al., 2008).
Moreover, it has been demonstrated that decreased expres-
sion of two forms of 14-3-3, 14-3-3 eta and 14-3-3 zeta, was
caused by toxic concentrations of NMDA in the AF5 rat mes-
encephalic cell line and that overexpression of 14-3-3 zeta
decreased NMDA-induced cell death (Chen et al., 2007). Fur-
thermore, it has been reported that a reduction of 14-3-3
zeta to approximately 50% of control levels causes the death
of dentate granule cells in hippocampal cultures (Murphy et
al., 2008). Taken together, these in vitro results suggest a
prosurvival role of 14-3-3 zeta in neurotoxic cell death. Previ-
ous reports implicated downstream molecules of 14-3-3 zeta,
such as p38, JNK, BAD, and BAX, in the apoptotic pathway
(Porter et al., 2006). Suppression of the release of pro-
apoptotic molecules by 14-3-3 zeta contributes to cell survival
after apoptotic stimulus (Porter et al., 2006). In contrast, Zhou
et al. (2009) reported that an increase in 14-3-3 zeta and
phosphorylation of 14-3-3 zeta at serine 53 (S53) is due to
dissolution of the 14-3-3 zeta/ASK-1 complex resulting from
interactions with activated SOK-1 in H2O2-induced oxidative
fibroblast cell death. Consequently, 14-3-3 zeta phosphoryla-
tion contributes to the release of ASK-1 and subsequently
activates the JNK and p-38 apoptotic pathways, indicating
the involvement of 14-3-3 zeta in the apoptotic pathway.
Therefore, our Western blot analysis and previous reports
imply that various changes in 14-3-3 zeta depend on the cell
type (fibroblast, retina, etc.) and stimulus. In addition, we
cannot exclude the possibility that other isoforms, such as
beta and gamma, may be involved in retinal neurotoxicity be-
cause of their similarity of sequences. In fact, a previous study
demonstrated that 14-3-3 beta, gamma, and eta are also in-
volved in glaucomatous RGC death (Yang et al., 2008). We
didn't prove the role of 14-3-3 zeta in NMDA or glutamate/
BSO induced apoptotic pathway in our current experiment.
To define the role of 14-3-3 zeta in apoptotic pathway,
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knockdown of 14-3-3 zeta with siRNA experiment would be
helpful to resolve this issue in the future.

In the present study, 17β-E2 implantation significantly
prevented the decrease in phosphorylated 14-3-3 zeta pro-
tein levels but did not prevent the decrease in total 14-3-3
Fig. 4 – Phosphorylated and total 14-3-3 zeta protein levels in RGC-
cells 24 h after glutamate and BSO treatment. Cells were incubated
Data are normalized toβ-actin levels in the same sample. All data a
mean±SEM (n=7 per group; *P<0.05; **P<0.005). (B) Total 14-3-3 ze
treatment. Cells were incubated for 6 h with 10 μM 17β-E2 before g
levels in the same sample. All data are expressedas a percentage of
*P<0.05). (C) Phosphorylated 14-3-3 zeta protein levels in RGC-5 cel
β-actin levels in the same sample. All data are expressed as a perce
group; *P<0.05). (D) Total 14-3-3 zeta protein levels in RGC-5 cells 24
levels in the same sample. All data are expressed as a percentage
(E) Immunocytochemistry of total 14-3-3 zeta in RGC-5 cells. Scale b
zeta protein levels in the retina. Won et al. (2005) reported
that 17β-E2 prevents the ischemia-induced decline in the
binding of phospho-Bad and 14-3-3 along with the protective
effects of 17β-E2 in ischemic brain injury. Taken together
with our previous finding that 17β-E2 implantation exerts
5 cells. (A) Phosphorylated 14-3-3 zeta protein levels in RGC-5
for 6 hwith 10 μM17β-E2 before glutamate and BSO treatment.
re expressed as a percentage of control. Each column represents
ta protein levels in RGC-5 cells 24 h after glutamate and BSO
lutamate and BSO treatment. Data are normalized to β-actin
control. Each column representsmean±SEM (n=4–5 per group;
ls 24 h after 10 μM 17β-E2 treatment. Data are normalized to
ntage of control. Each column represents mean±SEM (n=6 per
h after 10 μM17β-E2 treatment. Data are normalized toβ-actin
of control. Each column represents mean±SEM (n=4).
ar=50 μm.
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substantial protective effects onRGC survival afterNMDA injec-
tion (Hayashi et al., 2007), phosphorylated 14-3-3 zeta may play
an important role in the effects of 17β-E2 in retinal
neurotoxicity.

In the present study, glutamate and BSO were used to
evaluate RGC-5 cell viability, because no significant cell loss
was induced by glutamate alone (Kitaoka et al., 2011; Maher
and Hanneken, 2005). The ameliorated RGC-5 cell loss with
17β-E2 after glutamate and BSO exposure observed in this
study is consistent with previous results demonstrating
that 17β-E2 protects RGC-5 cells against glutamate exposure
(Kumar et al., 2005). Decreases in phosphorylated 14-3-3 pro-
tein levels in RGC-5 cells induced by glutamate and BSO were
significantly prevented by 17β-E2 treatment. Consistent with
our in vivo findings, decreases in total 14-3-3 protein levels in
RGC-5 cells induced by glutamate and BSO were not pre-
vented by 17β-E2 treatment. In addition, 17β-E2 also in-
creases phosphorylated 14-3-3 zeta protein levels at basal
levels in RGC-5 cells. However, 17β-E2 did not alter total 14-
3-3 zeta protein levels at basal levels in RGC-5 cells. Taken
together, these results indicate that the effects of 17β-E2 ob-
served in this study may be nongenomic effects instead of
genomic effects because it did not upregulate 14-3-3 synthe-
sis. These nongenomic effects may be associated with phos-
phorylation of several proteins, including ERK (Marino et al.,
2002), Akt, and cAMP response element binding protein
(Honda et al., 2001). Although upregulation of 14-3-3 sigma
induced by 17β-E2 and progesterone treatment has been
demonstrated in intact mammary tissue (Lu et al., 2008),
the relationship between 14-3-3 and 17β-E2 remains largely
unknown in neuronal tissues. Thus, based on our current re-
sults, we propose phosphorylated 14-3-3 zeta as a novel can-
didate in the downstream pathway of 17β-E2 in retinal
neuronal cells.

In summary, our findings suggest that the decrease in 14-
3-3 zeta expression may be associated with retinal neurotox-
icity. The regulation of 14-3-3 zeta phosphorylation is one
possible mechanism of the protective effect of 17β-E2 in the
retina.
4. Experimental procedures

4.1. Animals

Experiments were performed on 50- to 55-day-old female
Wistar rats. All studies were conducted in accordance with
the Association for Research in Vision and Ophthalmology
(ARVO) statement for the Use of Animals in Ophthalmic and
Vision Research and were approved by the Ethics Committee
of the Institute of Experimental Animals of St. Marianna
University Graduate School of Medicine. The animals were
housed in controlled conditions, with temperature at 23±
1°C, humidity at 55±5%, and light from 06:00 to 18:00.

4.2. Silastic implant

Fifty-five female rats were anesthetized with intramuscular
injections of a mixture of ketamine-xylazine (10 and 4 mg/
kg, respectively), bilaterally ovariectomized (OVX), and sub-
cutaneously implanted with a 15-mm silastic implant (1.57-
mm I.D., 3.18-mm O.D.; Dow Corning Midland, MI) in the
abdomen. In one group of animals, the hollow space in the
center of the implant was filled with 30 μg of 17β-E2 (Calbio-
chem, La Jolla, CA) dissolved in a small volume of absolute
ethanol and mixed with sesame oil to give a mixture of 90%
sesame oil and 10% ethanol. Each end of the implant was
sealedwith silicon sealant. A second group received implants
containing solvent vehicle alone. Two weeks after the opera-
tion, rats in both groups received an intravitreal injection of
NMDA.

4.3. Administration of NMDA

Intravitreal injection of NMDA (Sigma-Aldrich, St. Louis, MO)
was performed as described previously (Kitaoka et al., 2007).
Briefly, rats were anesthetized by intraperitoneal injection of
sodiumpentobarbital (35 mg/kg), and their pupils were dilated
with tropicamide. A 2-μl injection of 10 mM NMDA (total
amount 20 nmol) in 0.01 M PBS (pH 7.4) was administered
intravitreally into one eye of each animal under microscopy
to avoid lens injury. PBS was administered into the contralat-
eral eye as a control.

4.4. Immunohistochemistry

Eyes collected 24 h after intravitreal injection were fixed by im-
mersion in 4%paraformaldehyde (PFA) in 0.1 Mphosphate buff-
er for 24 h, dehydrated, embedded in paraffin, and sectioned
(4 μm thick) through the optic disk. Deparaffinized sections
were incubated with 1% bovine serum and then reacted with
primary antibodies against total 14-3-3 zeta (1:100; a target
immunogen sequence is VGARRSSWRVVSS; Cat # ab51129,
Abcam, Cambridge, MA) diluted in 1% BSA overnight at 4 °C.
The diaminobenzidine (DAB) detection method with anti-
rabbit antibody (EnVision System; DakoCytomation Corp) was
performed. Negative controls were performed by replacing the
primary antibody with PBS or serum.

4.5. Cell culture

RGC-5 cells were maintained in Dulbecco's modified Eagle's
medium (Mediatech, Herndon, VA) containing 10% fetal bo-
vine serum (Invitrogen, Carlsbad, CA), 100 U/mL penicillin,
and 100 μg/mL streptomycin (Sigma-Aldrich) in a humidified
atmosphere of 95% air and 5% CO2 at 37 °C, as described previ-
ously (Munemasa et al., 2008). In all experiments using RGC-5
cells, heat-inactivated fetal bovine serum was treated with
charcoal before use to reduce the levels of serum factors. In
this case, 2% (weight/volume) charcoal (Sigma-Aldrich) was
added to sera and stirred overnight at 4 °C. The charcoal was
then removed by centrifugation, and the sera were sterilized
by filtering. Cells were seeded on the plate 24 h before the ad-
dition of 5 mM glutamate (Fisher Scientific, Chino, CA) and
0.5 mM BSO (Sigma-Aldrich). For E2 treatment, 10 μM 17β-E2
(Calbiochem) was incubated for 6 h before glutamate and
BSO treatment. The results of incubation with 17β-E2 alone
were also examined. Twenty-four hour after treatment, cells
were collected and used for Western blot analysis.
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4.6. Immunocytochemistry

RGC-5 cells were seeded onto 12-mm glass coverslips and fixed
with 4% PFA in 0.1 M phosphate buffer for 30min. Cells were
first reacted with anti-total-14-3-3 zeta (1:100; Cat # ab51129,
Abcam) in Tris-buffered saline (TBS) and then exposed to
FITC-labeled anti-rabbit antibody (1:200; Cappel). Negative con-
trols were performed by replacing the primary antibody with
PBS or serum.

4.7. Quantitative real-time reverse-transcription PCR

Seven rats were used for the quantitative reverse-transcription
PCR (RT-PCR) with a real-time PCR system (Light-Cycler, Roche
Diagnostics, Tokyo, Japan) as described previously, with a slight
modification (Kitaoka et al., 2009). Briefly, 24 h after intravitreal
injection, retinas were collected, and total RNA was isolated
using acid guanidinium phenol-chloroform extraction (Pro-
mega Corporation, Madison, WI). The first strand cDNA from
5 μg of the total RNA was reversely transcribed with oligo-dT
primer and Moloney murine leukemia virus reverse transcrip-
tase (M-MLV, Ambion, Austin, TX). The cDNA was amplified by
PCR with primers specific to the target sequence. The primers
for 14-3-3 zeta were 5′-GCCTGCTCTCTTGCAAAAAC-3′ (sense)
and 5′-GGTATCCGATGTCCACAATG-3′ (antisense), with a 135-
bp amplicon. The primers for 18S ribosomal RNA were 5′-
AAGTTTCAGCACATCCTGCGAGTA-3′ (sense) and 5′-TTGGTG
AGGTCAATGTCTGCTTTC-3′ (antisense), with a 140-bp ampli-
con. The expression of 18S ribosomal RNA was used for the
normalization of variation between the levels of total cDNA
template among different samples. Serial dilutions of the stan-
dard templates from normal rat retina were also used for paral-
lel amplifications. The threshold cycles (Ct) were calculated
with LightCycler software (version 5.32, Roche Diagnostics).
Standard curves were plotted with Ct-versus-log template
quantities.

4.8. Western blot analysis

Sixty-eight retinas and RGC-5 cell cultures were used for West-
ern blot analysis as described previously (Kitaoka et al., 2006).
Briefly, 24 h after intravitreal injection, retinas were collected,
homogenized, and then centrifuged at 15,000×g for 15 min at
4 °C. Protein concentrations were determined using the Bio-
Rad Protein Assay kit (Bio-Rad, Hercules, CA). Protein samples
(5 μg per lane for retina or 20 μg per lane for RGC-5 cells) were
subjected to SDS-PAGE on 10% polyacrylamide gels and trans-
ferred to polyvinylidene membranes (Millipore, Bedford, MA).
Membranes were blocked with TBS–0.1% Tween-20 containing
5% skim milk. Membranes were first reacted with anti-p-14-3-
3 zeta antibody (phosphorylated at serine 58 of 14-3-3 zeta pro-
tein; 1:1000; rabbit polyclonal antibody; Cat # ab51109, Abcam),
anti-total-14-3-3 zeta antibody (1:1000; rabbit polyclonal anti-
body; Cat # ab51129, Abcam) or anti-β-actin antibody (1:1000;
mouse monoclonal antibody; Sigma-Aldrich) in TBS containing
5% skim milk. Membranes were then exposed to peroxidase-
labeled anti-rabbit IgG antibody (Cappel) or peroxidase-labeled
anti-mouse IgG antibody (Cappel) diluted 1:5000 in Tween-20
in TBS. Western blots were visualized with an ECL detection
system (ECL Plus Western Blotting Detection Reagents,
Amersham Pharmacia Biotech, Buckinghamshire). Densitome-
try of the bands was performed with NIH Image J software (Na-
tional Institutes of Health, Bethesda, MD, USA).

4.9. Cell viability assay

Cell viability was determined in the WST assay (Cell Viability
Assay Kit; BioVision, Mountain View, CA). Cells were seeded
on a 96-well plate (1×104 cells/well) and treated with 5 mM glu-
tamate (Fisher Scientific) and 0.5 mM BSO (Sigma-Aldrich). For
E2 treatment, 10 μM 17β-E2 (Calbiochem) was incubated 6 h
before glutamate and BSO treatment. Twenty-four hours after
glutamate and BSO treatment, cells were incubated with 10 μl
of WST-1/electrocoupling solution for 3 h, and absorbance was
measured at 450 nm with a microplate reader (Multiskan JX;
Thermo Labsystems, Tokyo, Japan). Wells without cells and
cells without treatment with experimental agents were used
as the blank and the control, respectively.

4.10. Statistical analysis

Data are presented as mean±SEM. Differences among groups
were analyzed using one-way ANOVA, followed by Scheffe's
method or Mann–Whitney's method. A P value of less than
0.05 was considered to represent a statistically significant
difference.
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