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Administration
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Glutathione (GSH) plays a critical role in cellular defense
against unregulated oxidative stress in mammalian cells
including neurons. We previously demonstrated that GSH
decrease using [D, L]-buthionine sulphoximine (BSO) in-
duces retinal cell death, but the underlying mechanisms of
this are still unclear. Here, we demonstrated that retinal
GSH level is closely related to retinal cell death as well as
expression of an anti-apoptotic molecule, Bcl-2, in the
retina. We induced differential expression of retinal GSH
by single and multiple administrations of BSO, and exam-
ined retinal GSH levels and retinal cell death in vivo. Single
BSO administration showed a transient decrease in the
retinal GSH level, whereas multiple BSO administration
showed a persistent decrease in the retinal GSH level.
Retinal cell death also showed similar patterns: transient
increase of retinal cell death was observed after single
BSO administration, whereas persistent increase of retinal
cell death was observed after multiple BSO administration.
Changes in the retinal GSH level affected Bcl-2 expression
in the retina. Inmunoblot and immunohistochemical ana-
lyses showed that single and multiple administration of
BSO induced differential expressions of Bcl-2 in the retina.
Taken together, the results of our study suggest that the
retinal GSH is important for the survival of retinal cells,
and retinal GSH appears to be deeply related to Bcl-2 ex-
pression in the retina. Thus, alteration of Bcl-2 expression
may provide a therapeutic tool for retinal degenerative
diseases caused by retinal oxidative stress such as glau-
coma or retinopathy.

INTRODUCTION

Glutathione (GSH), a tripeptide (L-y-glutamyl-L-cysteinyl gly-
cine) thiol, exists in most mammal cells and plays an important

role in various biological processes (Dalle-Donne et al., 2007).
GSH is a critical component of the antioxidant defense system.
It also plays a role in cysteine transport and storage, maintains
cellular redox status, and fulfills other important cellular func-
tions (Anderson, 1998). Recent studies suggest that a de-
crease in retinal GSH below a threshold level may constitute a
signal that initiates death receptor activation (Franco and
Cidlowski, 2009) or mitochondria-dependent apoptotic signaling
(Armstrong and Jones, 2002). In addition, y-glutamylcysteine
synthetase knockout mice in which GSH synthesis was inhib-
ited and GSH was depleted displayed significant apoptotic cell
death in multiple tissues (Dalton et al., 2004). Therefore, main-
tenance of retinal GSH level appears to be an important media-
tor of signal transduction in cell survival.

A member of the Bcl-2 (B-cell CLL/lymphoma 2) family, Bcl-2
is known to play a critical role in cellular defense against un-
regulated oxidative stress and apoptosis in neurons (Holm and
Isacson, 1999; Reed et al., 2004). Also, expression of Bcl-2
prevents neuronal death in vitro (Allsopp et al., 1993; Zhong et
al., 1993). The effect of Bcl-2 in neuronal survival in vivo has
been reported using transgenic mice over-expressing the bcl-2
gene in neurons (Martinou et al., 1994). Two months after the
transection of the optic nerve, the bcl-2 transgenic mice dis-
played 13-fold higher retinal ganglion cell survival. An increas-
ing body of evidence about the connection between GSH and
Bcl-2 has been established. Expression of GSH is much higher
in cells expressing Bcl-2, suggesting that Bcl-2 may promote
GSH retention, stability, or synthesis (Voehringer, 1999). In
addition, over-expression of Bcl-2 leads to an increase in the
cellular content of GSH (Ellerby et al., 1996; Voehringer and
Meyn, 2000). In contrast, bcl-2 knockout mice show reduced
GSH levels and GSH peroxidase activity in brain tissues and
demonstrate enhanced susceptibility to mitochondrial oxidative
stress-induced neuronal cell death (Hochman et al., 1998).

Retina is a part of the central nervous system (CNS) and it is
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the primary interest of vision. It is one of the most vascularized
tissues in the body and has one of the highest oxidative meta-
bolic rates per tissue weight (Martinou et al., 1994). Therefore,
the retina is highly susceptible to oxidation, and may contain
cellular defensive mechanisms against ROS elevation (Chen
and Kadlubar, 2003; Ferreira et al., 2004; Gherghel et al., 2005;
Moreno et al., 2004; Sternberg et al., 1993; Unal et al., 2007;
Yang et al., 2001; Yildirim et al., 2004). The retina may contain
a cellular defense system, such as GSH, against uncontrolled
elevation of oxidative stress (Ganea and Harding, 2006). Sev-
eral ROS scavengers, including Bcl-2 proteins, also have been
implicated in such functions (Ellerby et al., 1996; Voehringer
and Meyn, 2000).

We previously demonstrated that GSH decreases by applica-
tion of BSO, an inhibitor of the first step in GSH synthesis,
causing retinal cell death (Roh et al., 2007) and accompanying
reduced gene expression of bcl-2 family members in the retina
(Song et al., 2008). However, the mechanisms of cell death
induced by decreased GSH and connections between retinal
GSH and Bcl-2 in the retina have not been thoroughly studied.
Thus, we here examined the effects of retinal GSH level altera-
tion after single or multiple administration of BSO and changes
of cell survival and Bcl-2 expression in the retina.

MATERIALS AND METHODS

Animals

Adult male mice (C57BL/6J, 6-8 week old) were purchased
from KOATECH (Korea). The animals were housed in a tem-
perature-controlled environment with free access to food and
water under a 12-h light-dark cycle. All animal experimental
protocols were approved by Kyungpook National University
Institutional Animal Care and Use Committees. All applicable
guidelines from the National Institute of Health Guide for the
care and use of laboratory animals were followed.

Administration of BSO and preparation of total retinal
samples

Mice were intraperitoneally injected with BSO (Sigma-Aldrich
Corp., USA) at 1.5 mg/kg once single administration or multiple
administrations (once every consecutive day). Control mice
were injected with phosphate buffered saline (PBS, pH 7.4). At
least three animals were used for each condition. After 0, 1, 4,
and 7 days of BSO injection, the animals were sacrificed under
anesthesia with 5 mg/kg ketamine hydrochloride with xylazen
(Yuhan Co., Korea) for tissue preparation.

Immunoblot analysis

Immunoblot analysis was performed using retinal extract prepa-
rations to assess expression levels of Bcl-2 as previously re-
ported with some modifications (Moon et al., 1998). Retinal
extracts were prepared by homogenizing a single retina in 100
ul of PBS. Sample buffer was added to each 60 ug protein
sample, and the protein samples were subjected to sodium do-
decyl sulfate-polyacrylamide gel electrophoresis (SDS-PAGE)
using 12% Tris-HCI acrylamide gels. Proteins were transferred
to a PVDF membrane. After blocking with 1% skimmed milk
(SM)-TBS for 1 h, the membrane was incubated with anti-Bcl-2
antibody (1:500, StressGen, Canada) in 3% bovine serum al-
bumin (BSA) overnight at 4°C. The membrane was then rinsed
three times with 1x TBST (50 mM Tris buffer, 150 mM NaCl,
0.1% Tween-20) over approximately a total period of 30 min.
The membrane was incubated with horseradish peroxide con-
jugated secondary antibody diluted at 1:10,000 in 1% SM-TBS
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for 1 h at room temperature. After incubation, the membrane was
washed with TBST and developed using an enhanced chemilu-
minescence western blot analysis system (Pierce Chemical Co.,
USA). Antibody against GAPDH (glyce-raldehyde 3-phosphate
dehydrogenase, 1:1,000, StressGen, Canada) was used for
normalizing total proteins.

Immunohistochemical analysis

Mouse retina tissues were separated, post-fixed in 4% para-
formaldehyde (PFA) for 2 h on ice, soaked in 30% sucrose for 1
day, and agar-embedded as previously described with some
modifications (Lim et al., 2007). The retina tissues were cut to
50 um thickness using a vibratome (Leica, Germany). After
rinsing with 0.01 M PBS, the retina sections were incubated
with 0.3% Triton X-100 in PBS. After rinsing with 0.01 M PBS
the retina sections were incubated with a blocking solution con-
taining 10% normal donkey serum (Jackson Laboratory, USA)
for 1 h at room temperature. The tissues were incubated with
the anti-Bcl-2 antibody (1:500, StressGen, Canada) overnight
at 4°C. The next day, the tissues were washed three times with
0.01 M PBS and incubated for 1 h in PBS containing bioti-
nylated secondary antibody. Bcl-2 immunoreactivity was visual-
ized using a 3.3' diaminibezidine (DAB) detection system (Vec-
tor Laboratories, USA). Immunoreactivities were analyzed mi-
croscopically and quantitatively using NIH Image J (version
1.46).

Glutathione assay

Retinal GSH in retinal tissues was determined as instructed in
the protocol from a commercial GSH assay kit (Calbiochem,
USA). Briefly, the mice were perfused with PBS (pH 7.4), and
retinal tissues were removed. The retinal tissues were ho-
mogenized in a MES buffer [0.4 M 2-(N-morpholino)ethanesul-
phonic acid, 0.1 M phosphate, 2 MM EDTA, pH 6.0], and centri-
fuged at 10,000 x g for 15 min at 4°C. The supernatants were
deproteinated and subjected to a GSH assay.

Terminal uridine deoxynucleotidyl nick end labeling
(TUNEL)

For monitoring apoptotic cells in the retina, TUNEL was per-
formed. Retinal tissue sections were air dried, rehydrated with
PBS for 10 min, and permeabilized in 0.1% Triton-100 in PBS
(pH 8.0) for 10 min. The tissue sections were then incubated in
5 ug/ml protease K, and rinsed twice in TDT buffer (30 mM
Tris-HCI, 140 mM sodium cacodylate. 1 mM cobalt chloride, pH
7.2) for 5 min for each rinse at room temperature. End-labeling
of DNA fragments with biotylated dUTP was performed after
incubating in 100 pl of the reaction mixture (40 uM biotinylated
dUTP and 0.3 unit/ml terminal transferase in TDT buffer) for 1 h
at 37°C. The reaction was terminated by rinsing with Tris buffer
for 15 min. Biotinylated DNA was visualized with an ABC kit
(Vector Labs).

Data analysis

For a statistical analysis, a one-way ANOVA followed by a Tur-
key’s post hoc test for unbalanced sample numbers was per-
formed. *p < 0.05, **p < 0.01, or **p < 0.001 was regarded as
statistical significance.

RESULTS
BSO decreased retinal glutathione levels and induced

differential patterns of retinal cell death
We sought to examine the effects of either acute or chronic
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oxidative stress in the retina. To this end, BSO, which inhibits y-
glutamylcysteine synthetase and results in lowered retinal GSH
level (de Bernardo et al., 2004), was used. We decreased the
retinal GSH level by BSO administration in two distinct man-
ners: transient retinal GSH decrease by single administration of
BSO and persistent retinal GSH decrease by multiple admini-
stration of BSO (Fig. 1A).

After single administration with BSO on day 0, retinal GSH
levels were determined on days 0, 1, 4, and 7. We found that
single BSO administration significantly lowered the retinal GSH
level post one day of administration (Fig. 1B). The retinal GSH
level then returned to the basal level after 4 days. In contrast,
multiple BSO administration sustained the lowered retinal GSH
level until day 7 (Fig. 1C). Taken together, the results show that
distinct BSO administration schemes may expose retinal cells
to oxidative stress in distinct manners, i.e. mimicking acute and
chronic oxidative stress insults.

Distinct BSO administrations induced differential patterns
of cell death in the retina
Next, we examined how differential GSH decreases would
affect the retinal cell viability. Apoptotic cells were visualized
using a TUNEL assay. In the case of single BSO administration,
the number of TUNEL-positive cells in the retina was not signifi-
cantly changed (Fig. 2A) one day after BSO administration. On
day 4 after BSO administration, the number of TUNEL-positive
cells significantly increased in the retina (**p < 0.01, one-way
ANOVA), and then returned to the basal level by day 7 (Fig. 2A).
In the case of multiple BSO administration, the number of
TUNEL-positive cells in the retina was not significantly changed
(Fig. 2B) one day after BSO administration, as also found for
the case of single BSO administration. On day 4 after BSO
administration, the number of TUNEL-positive cells significantly
increased in the retina (**p < 0.01, one-way ANOVA), and further
increased on day 7 (***p < 0.01, one-way ANOVA) (Fig. 2B).
We examined cell types in the retina that were mostly af-
fected by single BSO treatment. To this end, we counted the
TUNEL-positive cells in the outer nuclear, inner nuclear, and
the ganglion cell layers. In the outer nuclear layer, the number
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Fig. 1. Changes in glutathione level
after BSO administration in mouse retina.
(A) Experimental scheme of BSO ad-
ministration. Black boxes represent the
days of BSO administration, whereas
gray boxes indicate the days when
retina tissue were collected. White boxes
represent days of normal nurture. (B)
Retinal GSH changes under single
BSO administration condition. (C) Reti-
nal GSH changes under multiple BSO
administration condition. Retinal GSH
levels were determined from retina

* * tissues of six eyeballs (3 mice). Statisti-
** cal significances are indicated as *p <
0.05 and **p < 0.01 (one-way ANOVA).
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Fig. 2. Effects of differential glutathione level changes on cell death
of mouse retina. (A) Changes in apoptotic cell numbers in mouse
retina under single BSO administration condition. (B) Changes in
apoptotic cell numbers in mouse retina under multiple BSO admini-
stration condition. TUNEL(+) cell numbers were counted from retina
tissues of six eyeballs (3 mice). Statistical significances are indi-
cated as **p < 0.01 and ***p < 0.001 (one-way ANOVA).

Mol. Cells 237



GSH Promotes Retinal Cell Survival and Bcl-2 Expression
Myoung Hee Park et al.

Table 1. Summary of quantitative analysis of TUNEL(+) cells in the
retina after single BSO administration

Table 2. Summary of quantitative analysis of TUNEL(+) cells in the
retina after multiple BSO administration

Days Days
Layer Layer
0 1 4 7 0 1 4 7

GCL 100.00 + 94.14 + 130.00 + 91.36 £ GCL 100.00 + 10625+  174.34*+ 22237+

29.21 17.92 31.91 2457 6.41 7.96 12.24 14.01

INL 100.00 + 9787+ 17730+ 8129+ INL 100.00 + 98.20 + 165.57+  183.23*+

18.99 9.71 9.32 17.20 6.68 11.14 12.84 21.98
ONL 100.00 + 12250+ 236.70**+ 177.80+ ONL 100.00 + 10827+ 133.57**+ 155.56™ +

14.03 6.67 13.76 11.90 2.55 4.59 10.38 4.61

TUNEL(+) cell were counted in mm? of retina after BSO administration
(mean + standard error mean). Cell numbers are normalized to the value
of day 0. Statistical significances are indicated (one-way ANOVA, **p <
0.01). GCL, INL, and ONL indicate ganglion cell layer, inner nuclear
layer, and outer nuclear layer, respectively.

of TUNEL-positive cells was not significantly changed on day 1
after BSO administration (Table 1). The number of TUNEL-
positive cells significantly increased on day 4 after BSO admini-
stration (**p < 0.01, Table 1). On day 7, the number of TUNEL-
positive cells was not significantly different from that on day 0
(Table 1). The effect of BSO on the inner nuclear layer showed
a similar pattern: the number of TUNEL-positive cells signifi-
cantly increased 4 days after BSO administration (**p < 0.01,
Table 1). In contrast with the other layers, the number of TUNEL-
positive cells in the ganglion cell layer was not statistically sig-
nificant, although the number slightly increased 4 days after
BSO administration (Table 1).

We next examined cell types in the retina that were mostly
affected by multiple BSO treatment. In the outer nuclear layer,
the number of TUNEL-positive cells was not significantly changed
on day 1 after BSO administration (Table 2). The number of
TUNEL-positive cells significantly increased on days 4 and 7
after multiple BSO administration (**p < 0.01, Table 2). In the

TUNEL(+) cell were counted in mm? of retina after BSO administration
(mean + standard error mean). Cell numbers are normalized to the value
of day 0. Statistical significances are indicated (one-way ANOVA, *p <
0.05, **p < 0.01, ***p < 0.001). GCL, INL, and ONL indicate ganglion cell
layer, inner nuclear layer, and outer nuclear layer, respectively.

inner nuclear layer, the number of TUNEL-positive cells signifi-
cantly increased on 7 days after BSO administration (*p < 0.05,
Table 2). In the ganglion cell layer, the number of TUNEL-
positive cells significantly increased on days 4 (*p < 0.05) and 7
(**p < 0.01) after multiple BSO administration (Table 2).

Differential expression of Bcl-2 by single and multiple
administration of BSO

The level of anti-apoptotic protein Bcl-2 was determined using
an immunoblot analysis of retinal tissues after BSO administra-
tion. The basal level of Bcl-2 expression was found in the con-
trol retinal tissues (Figs. 3A and 3B). However, Bcl-2 showed
differential expression after single or multiple BSO administra-
tion (Figs. 3A and 3B). By one day after single administration of
BSO, the amount of Bcl-2 had greatly decreased by 33% from
the basal level (Fig. 3C) and returned to the basal level (to
139.2 % of the value on day 0, Fig. 3C) on day 4, and the effect
was maintained until day 7 (to 138.5% of the value on day O,

A Single BSO Administration B  Multiple BSO Administration Fig. 3. Effects of differential glutathione
level changes on Bcl-2 expression in
mouse retina. (A) Immunoblot analysis

— > e o # Bel2 PN e Bel-2 of Bcl-2 in mouse retina under single
P " S BSO administration condition. (B) Im-

S s 4  GAPDH GAPDH  munoblot analysis of Bcl-2 in mouse
retina under multiple BSO administra-

0 1 4 7 0 1 4 7 tion condition. (C) Quantitative analysis
Retina tissue preparation (day) Retina tissue preparation (day) of Bcl-2 expression changes in mouse
retina under single BSO administration

C Single BSO Administration D Multiple BSO Administration (?ondltlon. Egual loadings Wer.e an-
firmed by immunoblot analysis with

- 175+ - 175 - GAPDH. (I;)) Ouantitativg analysis of Bpl-
S _ 1504 S = 1504 2 expression changes in mouse retina
8 > 1254 8 > o5 under multiple BSO administration con-
E 3 1004 52 100+ dition. Apparent intensity of Bcl-2 im-
3% 75 3 ‘: 75 munoreactivites was determined by
¥R as comparison with intensity of GAPDH

@ 50 @ 501 immunoreactivities. Apparent changes

2;' 25+ of immunoreactivities were determined
= 0 - . . .
H 1 H 7 0 1 A 7 from retina tissues of six eyeballs (3

Retina tissue preparation (day)
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animals). Statistical significances are
indicated as *p < 0.05 and ***p < 0.001
(one-way ANOVA).
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Fig. 4. Differential Bcl-2 expression in mouse
retina after single BSO administration. (A)
Immunohistochemical analysis of Bcl-2 ex-
pression in mouse retina under single BSO
administration condition. Immunoreactivity in-
tensities were determined by NIH Imaged.
Scale bar represents 1 mm. (B) Immunohis-
tochemical analysis of Bcl-2 expression in
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Fig. 3C). Multiple BSO administration also caused a decrease
in Bcl-2 expression (to 69.1% of the value on day 0, Fig. 3D)
one day after administration of BSO. In contrast with the case of
single administration, the decreased expression of Bcl-2 was
maintained until day 7 (to 41.0% of the value on day O, Fig. 3D).
Equal loading was confirmed by GAPDH.

Differential expression of Bcl-2 in the region of the mouse
retina by single and multiple administration of BSO

We next determined which cell types were most affected in
terms of Bcl-2 expression after administration of BSO. We
quantified Bcl-2 expression using NIH Image J (version 1.46).
Bcl-2 immunoreactivity in the control retina was observed in the
majority of the photoreceptor cell layer and in a few cells of the
inner nuclear layer (Figs. 4A and 5A). Gross changes in thick-
ness and morphology of the retina after administration of BSO
were not observed within the 7 day window of our observation
(Figs. 4A and 5A). One day after single BSO administration,
Bcl-2 immunoreactivity significantly decreased in the photore-
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GCL

day 7 mouse retina layers under single BSO ad-
ministration condition. Intensity of immunore-
activities was determined from at least 12
retina tissue sections of 8 eyeballs (4 ani-
mals). PCL, ONL, OPL, INL, IPL, and GCL
represent photoreceptor cell layer, outer nu-
clear layer, outer plexiform layer, inner nu-
clear layer, inner plexiform layer, and gan-
glion cell layer, respectively. Statistical signifi-
cances are indicated as *p < 0.05, **p < 0.01

4 7 and ***p < 0.001 (one-way ANOVA).

Retina tissue preparation (day)

4 7
Retina tissue preparation (day)

4 7

Retina tissue preparation (day)

ceptor cell layer (to 81.2% of the value on day 0, Fig. 4B, PCL,
p < 0.001) and ganglion cell layer (to 82.0% of the value on day
0, Fig. 4B, GCL, p < 0.05), but was not changed in the inner
nuclear layer, outer nuclear layer, outer plexiform layer, and
inner plexiform layer (Fig. 4B). The decreases were recovered
to the basal level on day 4, and the effect was maintained until
day 7 (Figs. 4A and 4B). On the other hand, multiple BSO ad-
ministration also caused a significant decrease in Bcl-2 expres-
sion one day after administration of BSO in the photoreceptor
cell layer (to 78.3% of the value on day 0, Fig. 5B, PCL, p <
0.05). Different from the case of single administration, the de-
crease in Bcl-2 expression was maintained until day 7 in the
photoreceptor cell layer (to 74.2% of the value on day 0, Fig. 5B,
PCL, p < 0.05), outer nuclear layer (to 79.9% of the value on
day 0, Fig. 5B, ONL, p < 0.05), and ganglion cell layer (to 81.2%
of the value on day 0, Fig. 5B, GCL, p < 0.05) (Figs. 5A and 5B).
Bcl-2 immunoreactivity was observed mostly in the photorecep-
tor cell layer and plexiform layer of the control retina (Figs. 4A
and 5A).
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Fig. 5. Differential Bcl-2 expression in mouse
retina after multiple BSO administration. (A)
Immunohistochemical analysis of Bcl-2 ex-
pression in mouse retina under multiple BSO
administration condition. Immunoreactivity in-
tensities were determined by NIH Imaged.
Scale bar represents 1 mm. (B) Immunohis-
tochemical analysis of Bcl-2 expression in

mouse retina layers under multiple BSO ad-
ministration condition. Immunoreactivities were
determined from at least 10 retina tissue
sections of 6 eyeballs (3 animals). PCL, ONL,
OPL, INL, IPL, and GCL represent photore-
ceptor cell layer, outer nuclear layer, outer
plexiform layer, inner nuclear layer, inner
plexiform layer, and ganglion cell layer, re-
spectively. Statistical significances are indi-
cated as *p < 0.05, **p < 0.01 and ***p <
0.001 (one-way ANOVA).
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DISCUSSION

In our study, we induced a roughly 25% decrease of retinal
GSH level. Retinal GSH is maintained by three major pathways,
de novo synthesis, regeneration from glutathione disulfide
(GSSG), and extracellular GSH uptake (Circu and Aw, 2012).
BSO used for our study may affect de novo synthesis of GSH in
the retina. Muller cells, intra-retinal glial cells, have a large pool
of GSH in normal conditions. Once stressful stimuli trigger,
Muller cells redistribute GSH to retinal ganglion cells and pro-
tect them (Schutte and Werner, 1998). We found retinal cell
apoptosis 4 days after single BSO injection and 4 and 7 days
after multiple BSO injection. Apoptotic cells were found in the
outer and inner nuclear layers after single BSO injection. But by
multiple BSO injection (chronic oxidative damage), apoptotic
cells also were found in the ganglion cell layers. This difference
may be caused by the GSH derived from Muller cells. Transient
decrease of de novo GSH synthesis may be compensated by
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extracellular GSH uptake. Because GSH in the Muller cells is
redistributed selectively to ganglion cells, ganglion cells may be
less susceptible to oxidative damage than photoreceptor cells
are. However, when GSH de novo synthesis in Muller cells is
sustained by multiple BSO treatment, Muller cells may not pro-
tect ganglion cells any longer.

We demonstrated that retinal GSH decrease altered Bcl-2
expression in the retina. And again the pattern of Bcl-2 expres-
sion change in each retinal layer almost precisely coincided
with that of apoptosis. Our previous report demonstrated al-
tered bcl-2 mRNA expression 1 day after single administration
of BSO (Song et al., 2008) and we showed here that Bcl-2
expression decreased 1 day after single or multiple administra-
tion of BSO. Bcl-2 has been reported to play a critical role in
tolerance to oxidative stress (Hockenbery et al., 1990). From a
study using Bcl-2 deficient mice, the depletion of endogenous
Bcl-2 expression can lead to apoptosis in retina (Kotulska et al.,
2003). Transgenic mice over-expressing the bcl-2 gene dis-
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played 13-fold higher retinal ganglion cell survival after 2
months of optic nerve transaction (Martinou et al., 1994). Thus
cell death induced by GSH decrease could be closely related to
decreased Bcl-2 expression.

Our experiment demonstrated that normal retina has high
basal Bcl-2 expression under conditions with daily photo-
oxidation or physiologic intracellular stress. Unlike other parts of
the central nervous system, the retina is directly exposed to
ionizing radiation accompanied with high levels of oxidative
stress, which causes various degenerative diseases, because
the retina’s role is to perceive environmental information in the
form of light. Since the retina has one of the highest oxidative
metabolic rates per tissue weight (Martinou et al., 1994), the
roughly 30% decrease of Bcl-2 expression after GSH decrease
under our experimental scheme could be sufficient to affect
retinal cell viability. Moreover, an approximately 30% decrease
of Bcl-2 expression combined with a 25% decrease of retinal
GSH may be enough to alter the sensitivity to apoptosis in nor-
mal mouse retina.

The decrease in Bcl-2 expression in the retina after BSO sin-
gle and multiple administrations is very intriguing, because Bcl-
2 is also related with retinal GSH homeostasis. BSO-induced
neuronal cell death was prevented in cells with Bcl-2 over-
expression by decreasing the net cellular generation of reactive
oxygen species (Kane et al., 1993). Over-expression of Bcl-2
increases the cellular content of GSH and inhibits neuronal cell
death induced by GSH-depleting reagents (Ellerby et al., 1996;
Voehringer and Meyn, 2000). Bcl-2 also regulates the mito-
chondrial GSH pool by interacting with 2-oxoglutarate carrier,
which carries cytosolic GSH into the mitochondria (Wilkins et al.,
2012). Thus, the ability to regulate cellular GSH status accounts
for the major part of the antioxidant-like function of Bcl-2. The
decrease in Bcl-2 expression in the retina after BSO-induced
GSH decrease may further affect the ability of Bcl-2 to regulate
retinal GSH redox status, and thus may initiate a vicious cycle.
Since the ratio of Bcl-2/Bax is known to be critical in cell survival
in neurons (Song et al., 2008), further study on the expression
of Bax in the retina and regulation of cellular GSH by the ratio of
Bcl-2/Bax would be worthwhile.

In our study, the highest expression of Bcl-2 was observed in
the photoreceptor outer segment, followed by the outer plexi-
form layer and the inner plexiform layer (Figs. 4 and 5). We
could not compare our findings to other studies, because most
studies on Bcl-2 expression in the retina have been performed
by means of immunoblot or reverse transcription polymerase
chain reaction analyses. Since photoreceptor outer segments
display the highest oxygen exhaustion rate of the retina and
contain a high content of polyunsaturated fatty acids (Martinou
et al.,, 1994), strong protective mechanisms against oxidative
damage are necessary in this layer, and Bcl-2 is one of such
mechanisms.

The correlation between cell death and Bcl-2 expression im-
plies that Bcl-2 may play a critical role in maintaining retinal cell
survival. In the case of single BSO administration, Bcl-2 ex-
pression in photocell and ganglion cell layers significantly de-
creased on day 1 after BSO administration (Fig. 4B). In the
photocell layer, rod and cone cells exist, and ganglion cells are
present in ganglion cell layers. Retinal cell death increased in
the inner and outer nuclear layers on day 1 after BSO admini-
stration (Table 1). Decreases in Bcl-2 expression in the cone
and rode cells may affect the viability of these cells, and in turn
cell death in the outer nuclear layer may increase. Retinal cell
death increase in the inner nuclear layer may be caused by
GSH decrease. Similarly, Bcl-2 expression decreased in the
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photocell, outer nuclear, and ganglion cell layers by multiple
BSO administration from day 1 after BSO administration (Fig.
5B), and consequently retinal cell death in most layers in-
creased from day 4 (Table 2). These results suggest that intra-
cellular GSH and GSH related Bcl-2 expression in retinal cells
may be critical for maintaining retinal cell survival.

In summary, GSH depletion alters cell survival and Bcl-2 ex-
pression in the retina. This finding indicates that the retina may
alter Bcl-2 expression to defend against unregulated oxidative
stress and that GSH may play a critical role in this process. It
would be intriguing to determine if over-expression of Bcl-2 can
indeed provide protection to the retinal cells against oxidative
stress linked retinal degenerative diseases such as glaucoma
and retinopathy.
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