Retinal Cell Biology

Curcumin Attenuates Staurosporine-Mediated Death of

Retinal Ganglion Cells

Balabbarathi Burugula, Bhagyalaxmi S. Ganesh, and Shravan K. Chintala

PurproOsE. Staurosporine (SS) causes retinal ganglion cell (RGC)
death in vivo, but the underlying mechanisms have been un-
clear. Since previous studies on RGC-5 cells indicated that SS
induces cell death by elevating proteases, this study was un-
dertaken to investigate whether SS induces RGC loss by elevat-
ing proteases in the retina, and curcumin prevents SS-mediated
death of RGCs.

MerHOoDSs. Transformed mouse retinal ganglion-like cells
(RGC-5) were treated with 2.0 uM SS and various doses of
curcumin. Two optimal doses of SS (12.5 and 100 nM) and
curcumin (2.5 and 10 uM) were injected into the vitreous of
C57BL/6 mice. Matrix metalloproteinase (MMP)-9, tissue plas-
minogen activator (tPA), and urokinase plasminogen activator
(uPA) activities were assessed by zymography assays. Viability
of RGC-5 cells was assessed by MTT assays. RGC and amacrine
cell loss in vivo was assessed by immunostaining with Brn3a
and ChAT antibodies, respectively. Frozen retinal cross sec-
tions were immunostained for nuclear factor-«B (NF-kB).

ResuLts. Staurosporine induced uPA and tPA levels in RGC-5
cells, and MMP-9, uPA, and tPA levels in the retinas and pro-
moted the death of RGC-5 cells in vitro and RGCs and amacrine
cells in vivo. In contrast, curcumin attenuated RGC and ama-
crine cell loss, despite elevated levels of proteases. An NF-«B
inhibitory peptide reversed curcumin-mediated protective ef-
fect on RGC-5 cells, but did not inhibit protease levels. Cur-
cumin did not inhibit protease levels in vivo, but attenuated
RGC and amacrine cell loss by restoring NF-«kB expression.

Concrusions. The results show that curcumin attenuates RGC
and amacrine cell death despite elevated levels of proteases
and raises the possibility that it may be used as a plausible
adjuvant therapeutic agent to prevent the loss of these cells in
retinal degenerative conditions. (Invest Ophthalmol Vis Sci.
2011;52:4263-4273) DOI:10.1167/iovs.10-7103

Irreversible loss of retinal ganglion cells (RGCs) is a major
cause of blindness in glaucoma. Although the only proven
risk factor to date is elevated intraocular pressure (IOP), the
events that cause the damage to RGCs in glaucoma are unclear.
Several hypotheses have been proposed and continue to be
investigated to explain the mechanisms underlying RGC death
in glaucoma. These include mechanical damage,'~® insufficient
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retrograde transport of trophic factors such as nerve growth
factor (NGF) and brain-derived neurotrophic factor (BDNF),*
insufficient vascular nutrition,>”” glutamate neurotoxicity,®'°
nitric oxide synthesis,'"'? hypoxia-inducible factor,'? inflam-
matory cytokines,'*1> altered immunity,'® accumulation of
advanced glycation products,’” endothelin-mediated isch-
emia,'®'? glial cell activation,'? B-amyloid neurotoxicity,?**
and autonomous axonal self-destruction.*>"** Despite these
various hypotheses, the mechanisms connecting IOP to RGC
loss in POAG are still unclear.

Recent studies suggest that curcumin, a free radical scaven-
ger and herbal medicine extracted from the Indian yellow
curry spice, Curcuma longa, prevents the damage associated
with several of the triggers mentioned above, including NMDA-
induced excitotoxicity in the retina.>>

By employing some of the animal models related to glau-
coma, such as retinal ischemia®® and excitotoxicity,?” we
found that elevated levels of the three proteases matrix metal-
loproteins (MMP)-9, tissue plasminogen activator (tPA), and
urokinase plasminogen activator (uPA) promotes the death of
RGCs. Furthermore, by employing undifferentiated and trans-
formed retinal ganglion-like cells (RGC-5), and by treating them
with the protein kinase inhibitor staurosporine (SS), we found
that RGC-5 cells differentiated on treatment with SS and pro-
duced elevated levels of tPA and uPA and that elevated levels of
tPA and uPA directly caused the death of the RGC-5 cells.*®**°

Despite recent reports indicating that SS induces significant
loss of RGCs in vivo,>° 32 the downstream mechanisms caus-
ing RGC loss remain unclear. Therefore, in this study, we used
SS to induce loss of RGCs in vivo and loss of RGC-5 cells in
vitro, and investigated whether SS induces elevated levels of
proteases in vivo, and whether curcumin attenuates SS-medi-
ated loss of RGC-5 cells in vitro and RGCs in vivo.

MATERIALS AND METHODS

Materials

The following materials were obtained for use in this study: the RGC-5
cell line from Neeraj Agarwal (University of North Texas Health Sci-
ence Center, Fort Worth, TX), Dulbecco’s modified Eagle’s medium
(DMEM), Dulbecco’s phosphate-buffered saline (DPBS), and penicillin
and streptomycin (Invitrogen, Carlsbad, CA); SS (Alexis Biochemicals;
San Diego, CA); human glu-plasminogen and human fibrinogen (Amer-
ican Diagnostica; Stamford, CT); gelatin (Bio-Rad Laboratories, Hercu-
les, CA); curcumin (extracted from Curcuma longa) and DMSO
(Sigma-Aldrich, St. Louis, MO); cell-permeable NF-«B inhibitor peptide
(SN50) and NF-«kB inactive control peptide (SN50M) (EMD Chemicals,
Inc.; Gibbstown, NJ); antibodies against Brn3a and NF-«B (Santa Cruz
Biotechnology, Santa Cruz, CA); antibodies against Thy-1 from BD
PharMingen (San Jose, CA); antibodies against choline acetyltransferase
(ChAT) (Novus Biologicals, Littleton, CO); secondary antibodies con-
jugated to AlexaFluor 568 and 488 (Invitrogen), and fetal bovine serum
(Atlanta Biologicals, Norcross, GA).

4263



4264 Burugula et al.

Cell Culture

RGC-5 cells were cultured in DMEM containing glucose (1 g/L), fetal
bovine serum (FBS; 10%), penicillin (100 U/mL), and streptomycin
(100 pg/mL). This cell line has been reported to be originated from rat
(Rattus norvegicus), but recent studies have suggested that this cell
line seems to be originated from mouse (Mus musculus). Therefore,
we have performed DNA sequence analysis on RGC-5 cells and found
that this cell line indeed is of mouse origin (data not shown). Cells
were cultured at 37°C in a humidified incubator with circulating 5%
CO,. RGC-5 cells were cultured routinely in 100-mm tissue culture
dishes. For the indicated experiments, RGC-5 cells were trypsinized,
the cell count was determined by a cell counter (Beckman Coulter,
Carlsbad, CA), and the cells were seeded at a density of 4 X 10°
cells/mL in 96-well tissue culture plates (100 pL of cell suspension in
each well). After overnight incubation, the medium was aspirated, and
the cells were washed twice with DPBS to remove any remaining
serum and incubated with SS (2 uM; dissolved in DMSO) in DMEM
containing no FBS. Where indicated, the RGC-5 cells were also treated
with the indicated concentrations of curcumin in DMEM containing no
FBS.

Cell Morphology and Cell Viability

Morphology of the cells was assessed by using an inverted, phase-
contrast, bright-field microscope (Nikon, Tokyo, Japan), and digitized
images were obtained (Nikon). Cell viability was determined by incu-
bating the cells with 1.2 mM MTT (3-[4,5-dimethylthiazol-2-yl]- 2,5-
diphenyltetrazolium bromide) for 2 hours at 37°C. After incubation,
the formazan product formed by the viable cells was dissolved in 0.01
M HCI, and the optical density was read at 570 nm by using an
automated spectrophotometer.

Intravitreal Injections

All experiments on animals were performed under general anesthesia
according to the protocols approved by Oakland University’s Animal
Care and Use Commiittee and according to the ARVO Statement for the
Use of Animals in Ophthalmic and Vision Research. Normal adult
C57BL/6 mice (6-8 week-old; Charles River Breeding Laboratories,
Wilmington, MA) were anesthetized by an intraperitoneal injection of
1.25% Avertin (2,2,2-tribromoethanol in tert-amyl alcohol; 17 uL/g
body weight). After a drop of topical anesthetic agent (proparacaine)
was instilled, SS (12.5 and 100 nM) or curcumin (2.5 and 100 uM) were
injected into the vitreous humor with a syringe (NanoFil; World Pre-
cision Instruments, Sarasota, FL) equipped with a 36-gauge beveled
needle. Unless otherwise indicated, intravitreal injections were per-
formed in a final volume of 2 uL. For control experiments, the eyes
(n = 6 retinas each; three independent experiments) were injected
with 2 uL of DMSO alone, and in the treatment groups, the eyes (n =
6 retinas each; three independent experiments) were injected with SS
(12,5 and 100 nM), with or without curcumin (2.5 and 10 uM)
prepared in DMSO. At various time points after injection, the eyes were
enucleated and processed for protein extraction or embedded in op-
timal temperature cutting (OCT) compound for preparation of retinal
cross sections. In some experiments, whole retinas were dissected and
processed for immunohistochemistry.

Extraction of Total Proteins from Retinas

At 48 and 72 hours after intravitreal injection, the animals were eutha-
natized with an overdose of CO,, and the eyes were enucleated. The
enucleated eyes were cut in half at the equator, and the lenses were
removed. The retinas were carefully peeled off with forceps and
washed three times in PBS (pH 7.4) to remove any vitreous that may
have adhered to the retina. Four retinas each were placed in tubes
(Eppendorf, Fremont, CA) containing 40 uL extraction buffer (1%
Nonidet-P40, 20 mM Tris-HCI, 150 mM NacCl, and 1 mM Na;VO, [pH
7.4]), and the tissues were homogenized. Tissue homogenates were
centrifuged at 10,000 rpm for 5 minutes at 4°C, and supernatants were
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collected. The protein concentration in the supernatants was deter-
mined by using a commercial assay kit (Bio-Rad Laboratories).

Zymography Assays

Proteolytic activity of MMP-9, tPA, and uPA was determined by sub-
strate zymography according to methods described previously.?3334
Briefly, aliquots containing equal amounts of conditioned medium (20
L) or retinal protein extracts (50 ug total protein) were mixed with
4X SDS gelloading buffer and the samples were loaded (without
reduction or heating) onto 10% SDS polyacrylamide gels containing
gelatin (2.6 mg/mL) to detect MMP-9, and fibrinogen (5.5 mg/mL) and
plasminogen (50 ug/mL) to detect uPA and tPA. After electrophoresis,
the gels were washed three times with 2.5% Triton X-100 (15 minutes
each time), placed in 0.1 M glycine buffer (pH 8.0 [for tPA and uPA])
or in 10 mM calcium chloride buffer (pH 7.4 [for MMP-9]), and
incubated overnight at 37°C to allow proteolysis of the substrates in
the gels. After overnight incubation, the gels were stained with 0.2%
Coomassie brilliant blue R250 (4 minutes) and destained with a solu-
tion containing 50% methanol and 10% acetic acid in deionized water.
Samples containing standard recombinant MMP-9, tPA, and uPA were
electrophoresed for comparison (data not shown).

Immunohistochemistry

RGC-5 Cells. RGC-5 cells were seeded at a density of 2 X 10°
cells/mL in eight-well chamber slides (200 pL of cell suspension in
each chamber). After overnight incubation, the medium was aspirated,
the cells were washed twice with PBS to remove any remaining serum
and incubated overnight with SS (2 uM; dissolved in DMSO) in DMEM
containing no FBS. After overnight incubation, the cells were washed
twice with PBS and fixed for 30 minutes with 4% paraformaldehyde.
The cells were washed three times with PBS and permeabilized for 15
minutes with 0.2% Triton X-100. After three washes in PBS, the cells
were incubated in blocking buffer for 1 hour at room temperature (5%
BSA in PBS). After they were blocked, the cells were washed three
times with PBS and incubated for 2 hours at room temperature with
primary antibodies against Brn3a and Thy-1 (1:200 dilution in blocking
buffer). They were washed three times with PBS and then incubated
for 1 hour at room temperature with secondary antibodies conjugated
to AlexaFluor 568 and finally were washed three times with PBS,
mounted with aqueous mounting medium (Gel Mount; Sigma-Aldrich)
and observed by microscope (Nikon) equipped with epifluorescence.
Digitized images were obtained (SPOT digital camera; Diagnostic In-
struments, Sterling, MI) and then processed and compiled (Photoshop,
ver. 5.5 and 7.0; Adobe Systems Inc., San Jose, CA).

Radial Sections. Eyes enucleated at 48 and 72 hours after SS or
curcumin was injected were fixed in 4% paraformaldehyde for 1 hour
at room temperature and embedded in OCT compound (Tissue-Tek;
Sakura Finetek USA, Torrance, CA). Ten-micrometer-thick radial sec-
tions were prepared by using a cryostat and placed onto slides (Super-
Frost Plus; Fisher Scientific, Pittsburgh, PA). The sections were then
immunostained by using antibodies against NF-«kB (1:100 dilution in
PBS) and ChAT (1:100 dilution in PBS). The sections were washed
three times with PBS and incubated with secondary antibodies conju-
gated to AlexaFluor 568 for 1 hour at room temperature, washed three
times with PBS, and mounted with a coverslip. NF-kB-positive immu-
noreactivity was assessed by observing the sections with a microscope
equipped and images obtained as described above. Images for ChAT-
positive immunoreactivity were converted to gray scale and inverted.
For quantitative analysis of ChAT-positive amacrine cells, the total
number of cells was counted both in the GCL and the INL; no attempts
were made to differentiate the location of these cells in the GCL and
the INL during counting. The total number of ChAT-positive amacrine
cells in the retinas, located approximately the same distance from the
optic disc (7200 ;Lmz, 40X magnification), was quantitated (Scion
Image Analysis; Scion Corp., Frederick, MD). For quantitative analysis,
ChAT-positive cells were counted in four to six microscope fields of
identical size (n = 6 retinas, three independent experiments) located
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approximately at the same distance from the optic disc. Statistical
significance was analyzed by using a nonparametric Newman-Keuls
analogue procedure (GB-Stat Software; Dynamic Microsystems, Silver
Spring, MD) and expressed as the mean * SEM.

Flat-mounted Retinas

Eyes enucleated at 48 and 72 hours after injection of SS or curcumin
were fixed in 4% paraformaldehyde for 30 minutes at room tempera-
ture. The corneas and lenses were removed and the remaining eye
cups were incubated in 4% paraformaldehyde for another 30 minutes.
Retinas were peeled off carefully and washed three times with PBS, and
ganglion cells remaining in the retinas were identified according the
methods described by Nadal-Nicolas et al.>> Briefly, whole retinas were
permeabilized in 0.5% Triton X-100 (in PBS) for 15 minutes at room
temperature. The retinas were washed three times with PBS and
incubated overnight at 4°C in polyclonal antibodies against Brn3a
(1:100 dilution in blocking buffer [2% bovine serum albumin, 2%
Triton X-100, and PBS]). After overnight incubation, the retinas were
washed three times with PBS and incubated for 2 hours at temperature
with secondary antibodies conjugated to AlexaFluor 568 (1:200 dilu-
tion in blocking buffer). Subsequently, the retinas were washed three
times with PBS and mounted on slides, vitreous side facing upward.
Brn3a-positive RGCs in whole-mounted retinas were assessed by ob-
serving flat-mounted retinas under a microscope equipped with epi-
fluorescence (Nikon), and digitized images were obtained (SPOT dig-
ital camera; Diagnostic Imaging) and then processed and compiled
(Photoshop, ver. 5.5 and 7.0; Adobe Systems Inc.). The total number of
Brn3a-positive cells in the retinas, located approximately the same
distance from the optic disc (7200 Mmz, 40X magnification) was
quantitated (Scion Image Analysis; Scion Corp.). For quantitative anal-
ysis, the Brn3a-positive cells were counted in four to six microscope
fields of identical size located at approximately the same distance from
the optic disc. Statistical significance was analyzed by using a nonpara-
metric Newman-Keuls analog procedure (GB-Stat Software; Dynamic
Microsystems) and expressed as the mean = SEM.

RESULTS

RGC-5 Cells Express Markers for Retinal
Ganglion Cells

To determine whether RGC-5 cells express markers character-
istic of retinal ganglion cells, RGC-5 cells were plated in eight-
well chamber slides, treated overnight with 2.0 uM SS, and
immunostained by using antibodies against Brn3a and Thy-1.
Results presented in Figure 1 indicate that RGC-5 cells indeed
expressed both markers characteristic of retinal ganglion cells.

Effect of Curcumin and SS on Morphology of
RGC-5 Cells

We have previously reported that 2.0 uM SS reduces the
viability of transformed RGC-like cells (RGC-5) significantly
within 48 hours.?® To investigate the effect of curcumin on
SS-induced death of the RGC-5 cells, the cells were left un-
treated or treated with various doses of curcumin, SS (2.0 uM),
or curcumin plus SS. At 48 hours after treatment, cell morphol-
ogy was assessed by phase-contrast microscopy. The results
presented in Figure 2 indicate that compared with untreated
cells (undifferentiated), cells treated with higher doses of cur-
cumin (50 and 100 uM) showed pyknotic morphology,
whereas the cells treated with lower concentrations of cur-
cumin (<50 uM) showed normal fibroblast morphology.
When compared with untreated cells (undifferentiated), the
cells treated with SS showed differentiation along with an
extension of neuritis. Differentiated cells treated with higher
doses of curcumin (50 and 100 uM) showed pyknotic mor-
phology and lost their neurite extensions. When differentiated
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RGC-5 cells

Brn3a

Thy-1

FiGure 1. RGC-5 cells expressed RGC markers. RGC-5 cells were
plated in eight-well chamber slides, treated overnight with 2.0 uM S8,
and immunostained with antibodies against Brn3a and Thy-1. The
results showed that the RGC-5 cells differentiated after SS treatment
and expressed Brn3a and Thy-1, markers characteristic of RGCs. Mag-
nification, X40.

cells were treated with lower doses of curcumin (< 50 uM),
the RGC-5 cells seemed healthy and showed elongated neu-
rites.

Effect of Curcumin and SS on Protease Levels
Secreted by RGC-5 Cells

Our previous studies have shown that untreated cells secreted
a low and constitutive level of uPA alone, whereas cells treated
with 2 uM SS secreted elevated levels of uPA and tPA.*® We
have also reported that constitutive levels of uPA did not affect
cell survival, whereas elevated levels of uPA and tPA, acting in
an autocrine fashion, promoted cell death. To investigate the
effect of curcumin on uPA and tPA levels secreted by both
undifferentiated and differentiated RGC-5 cells, the cells were
treated with various doses of curcumin, SS, and curcumin plus
SS. At 48 hours after treatment, conditioned medium was
collected, and protease levels were assessed by fibrinogen/
plasminogen zymography. The zymography results presented
in Figure 3 indicate that untreated RGC-5 cells secreted low
levels of uPA. When cells were treated with higher doses of
curcumin (50 and 100 uM), tPA levels reduced to undetectable
levels, whereas cells treated with lower doses of curcumin
(<50 uM) and 2.0 uM SS secreted uPA similar to the levels
observed in untreated cells. In contrast, cells treated with 2.0
M SS alone secreted elevated levels of both uPA and tPA. uPA
and tPA levels were decreased to undetectable levels in cells
treated with higher doses of SS and curcumin (50 and 100 uM),
but their levels were restored to normal levels with lower
doses of curcumin (<25 uM). Note that low doses of curcumin
did not affect protease levels, but the same doses were effec-
tive in attenuating cell death.

Effect of Curcumin and SS on RGC-5 Cell Death

To determine the effect of curcumin on SS-induced cell
death, we left cells untreated or treated them with various
doses of curcumin. In addition, cells were treated with 2.0
UM SS along with various doses of curcumin. At the end of
48 hours, cell viability was assessed by MTT assays. Com-
pared with untreated RGC-5 cells (Fig. 4), the viability of
cells treated with higher doses of curcumin (50 and 100 wM)
alone decreased by ~63% and 75%, respectively (P < 0.05;
untreated versus curcumin treated). However, when the
cells were treated with <25 uM curcumin, their viability
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FIGURE 2. Curcumin improved the
survival of SS-treated RGC-5 cells.
RGC-5 cells were left untreated (se-
rum-free medium; SFM) or treated
with the indicated concentrations of
curcumin in the absence (fop) or
presence (bottom) of SS. Forty-eight
hours after treatment, the morphol-
ogy of RGC-5 cells was observed un-
der a phase-contrast microscope.
Morphologic observations indicate
that 0.78 to 25 uM of curcumin (CC)
improved the survival of RGC-5 cells
in the absence (fop) or presence
(bottom) of SS (SS). In addition, cur-
cumin increased neurite outgrowth
(bottom) suppressed by SS.

increased from ~25% to 30% (P < 0.05; untreated versus
curcumin treated).

Compared with the untreated cells, the viability of the cells
treated with 2.0 uM SS alone decreased by ~77% (P < 0.05).
The viability of RGC-5 cells treated with 2.0 SS and higher
doses of curcumin (50 and 100 uM) decreased further (~38%
and ~40%, respectively; P < 0.05). In contrast, when the cells
were treated with <25 puM curcumin and SS (2 uM), their
viability increased from 60% to 95% (SS treated versus SS and
curcumin treated; P < 0.001). Although cell viability was
increased in 2.0 SS-treated and <25 curcumin-treated cells, the
trend plateaued with subsequent concentrations of curcumin.

Effect of NF-«kB Inhibitors on RGC-5 Cell Death

Curcumin has been shown to either activate or inactivate
the NF-kB pathway based on the tissue studied. Since the
above results suggest that curcumin attenuates the protease-
mediated (SS-induced) death of RGC-5 cells, additional ex-
periments were performed to determine whether inhibition
of NF-«kB activation would reverse the curcumin-mediated
protective effect. Before proceeding to the next experi-
ments, we tested various doses of curcumin and NF-«B
inhibitors on RGC-5 cells, to determine the optimal concen-
trations. Our results suggested that 6.25 uM curcumin and
75 pg/mL NF-kB inhibitors were optimal for having any
significant effect on RGC-5 cells (data not shown). There-
fore, in the remaining experiments, we used 6.25 uM cur-
cumin and 75 wg/mL NF-«B inhibitors for the treatments.
RGC-5 cells were left untreated or treated with curcumin,
with or without NF-«kB inhibitory peptide (SN-50) or inactive
control peptide. The results presented in Figure 5A show that,
compared with untreated cells, the viability of cells treated
with curcumin increased by ~50% (P < 0.05). When cell
viability was compared among cells treated with curcumin,
curcumin plus NF-«B inhibitory peptide, or curcumin plus
NF-kB inactive peptide, the cell viability decreased by ~68%

(P < 0.05) in curcumin plus inhibitory peptide-treated cells,
but not in curcumin plus inactive peptide-treated cells. Cell
viability was unaffected when compared among cells untreated
or treated with or without NF-kB active peptide or inactive
peptide.

To determine whether NF-«B peptides affect uPA levels,
conditioned medium was collected from untreated or cells
treated with curcumin, active peptide, curcumin plus active
peptide, control peptide, and curcumin plus control pep-
tide, and zymography assays were performed. Results pre-
sented in Figure 5B indicate that uPA levels were unaltered
with any of the treatments. To determine the effect of NF-kB
inhibitors on SS and curcumin-treated cells, RGC-5 cells
were treated with SS (2 uM) or SS plus curcumin (6.25 uM),
with or without NF-«kB inhibitory peptide or inactive control
peptide. At the end of 48 hours, cell viability was assessed
by MTT assays. Results presented in Figure 5C indicate that
the viability of cells treated with SS alone decreased by 68%
when compared with untreated cells. When cell viability
was compared between the SS-treated and SS plus curcum-
in-treated cells, viability increased by ~130% (SS vs. SS and
curcumin treated; P < 0.05). In contrast, when cell viability
was compared among the SS plus curcumin, SS alone, cur-
cumin alone, and inhibitory peptide-treated cells, viability
decreased by ~92% (SS plus curcumin treated and SS, cur-
cumin, and inhibitory peptide treated; P < 0.05). Cell via-
bility was unaffected when the cells were treated with
inhibitory peptide alone or with SS, curcumin, and inactive
peptide.

To determine whether NF-kB peptides affects uPA and tPA
levels (increased by SS), zymography assays were performed
on conditioned medium collected from SS, SS plus curcumin,
SS plus inhibitory peptide, SS plus curcumin plus inhibitory
peptide, SS plus control peptide, or SS, curcumin, and control
peptide-treated cells. Zymography results (Fig. 5D) indicate
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FIGURE 3. Curcumin induces SS-mediated expression of uPA and tPA.
RGC-5 cells were left untreated or treated with the indicated concen-
trations of curcumin in the absence (fop) or presence (bottom) of SS.
Forty-eight hours after the treatment, conditioned medium was col-
lected and proteolytic activities of tPA and uPA were determined by
zymography assays. Zymography assays indicate that untreated RGC-5
cells expressed low levels of uPA (but not tPA; top), whereas SS-treated
cells expressed increased levels of both tPA and uPA (bottom). In
addition, whereas higher concentrations of curcumin (>25 uM) de-
creased the expression of uPA and tPA, lower concentrations (<25
M) increased their expression.

that none of these treatments had any effect on elevated levels
of uPA and tPA observed in SS-treated cells.

Effect of SS and Curcumin on RGCs In Vivo

Since the results on RGC-5 cells indicate that curcumin atten-
uates SS (and protease)-mediated cell death, in vivo experi-
ments were performed on C57BL/6 mice to investigate
whether SS promotes RGC loss, SS induces the expression of
proteases, and curcumin attenuates the SS-induced loss of
RGCs.

We performed several preliminary experiments to deter-
mine the optimal concentrations of SS and curcumin and the
optimal time periods for observing loss of RGCs and found
that more than 100 nM SS caused severe damage to the
entire eye, while less than 12.5 nM caused very little damage
to the retina. We found that more than 10 uM curcumin also
caused severe damage to the eye, while less than 2.5 uM
curcumin had little effect. In addition, we observed that
RGC loss did not occur before 48 hours. Therefore, for the
in vivo experiments, we chose 12.5 and 100 nM SS, 2.5 and
10 uM curcumin, and 48 and 72 hour time points for further
experiments.

To determine whether SS causes RGC loss in vivo,
C57BL/6 mice were treated with intravitreal injections of
DMSO (1-2 pL; solvent used to dissolve SS and curcumin),
curcumin (2.5 and 10 uM/1 pL), SS (12.5 and 100 nM/1 pL),
or both SS and curcumin. At 48 and 72 hours after inject-
ion, the eyes were enucleated and fixed in 4% paraformal-
dehyde, and the whole retinas were immunostained with
antibodies against Brn3a to detect the remaining RGCs.
Results presented in Figure GA indicate that at 48 and 72
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hours after injection, the density of the Brn3-positive RGCs
was reduced significantly in the retinas of SS or SS plus a
lower dose of curcumin (2.5 uM)-treated animals, when
compared that in placebo-treated or curcumin-treated ani-
mals. Furthermore, when the remaining Brn3a-positive
RGCs in the retinas were compared between 100 nM SS-
and a high-dose curcumin (10 uM) treated animals, an in-
creased number of Brn3a-positive RGCS were observed in
the SS- and 10 uM curcumin-treated, but not in the 12.5 nM
§S- and 2.5 uM curcumin-treated animals.

Quantitative analysis of RGC loss (Fig. 6B) indicated that
when compared with DMSO-treated animals (at 48 hours), the
number of Brn3a-positive RGCs was reduced by ~30% and 73%
(P <0.05)in 12.5 and 100 nM SS-treated animals, respectively;
at 72 hours, the number of Brn3a-positive cells decreased
further by ~32% and 80% (P < 0.05). When compared be-
tween 100 nM SS-treated and 100 nM SS plus 10 uM curcumin-
treated animals, the number of Brn3a-positive RGCs was in-
creased further at both at 48 and 72 hours. There was no
change in the number of Brn3a-positive cells when compared
between 12.5 nM SS and 12.5 nM SS plus 2.5 uM curcumin-
treated animals.

The Effect of SS and Curcumin on Amacrine Cells
In Vivo

Our previous studies have indicated that once RGC death is
initiated in the retina, the death of other cells, in particular
amacrine cells, also takes place due to secondary damage. To
determine whether SS promotes loss of amacrine cells, we
treated C57BL/6 mice with intravitreal injections of DMSO
(1-2 pL; solvent used to dissolve SS and curcumin), curcumin
(2.5 and 10 uM/1 pL), SS (12.5 and 100 nM/1 uL), or both SS
and curcumin. At 48 and 72 hours after injection, the eyes
were enucleated and fixed in 4% paraformaldehyde, and retinal
cross sections were prepared. Retinal cross sections were then
immunostained with antibodies against ChAT, a marker for
amacrine cells. For quantitative analysis of ChAT-positive ama-
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FIGURE 4. Curcumin attenuated SS-induced death of RGC-5 cells.
RGC-5 cells were left untreated or treated with the indicated concen-
trations of curcumin in the absence or presence of SS for 48 hours. At
48 hours after treatment, cell viability was determined by MTT assay.
Results indicate that SS reduced the survival of RGC-5 cells significantly
#P < 0.05), when compared with untreated cells. In addition,
whereas lower concentrations of curcumin (<25 uM) improved the
survival of RGC-5 cells significantly (*P < 0.05), higher concentrations
(>25 uM) decreased their survival further.
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FIGURE 5. NF-«B inhibitor reversed
a 0.50 8 050 the curcumin-mediated protective effect
- . on RGGS cells. RGG5 cells were left
(@] (@) untreated or were treated with the indi-
- O 40 — 040 — cated concentrations of curcumin (CC),
= = cell-permeable NF-«kB-inhibitory peptide
% g (SN-50), or cell-permeable NF-kB inac-
> 0.30 > 0.30 tive peptide (Cont. Pept.) in the absence
g = or presence of SS. Forty-eight hours after
0 _C% treatment, conditioned medium was col-
o 0.20 < 0.20 lected, and the proteolytic activity of
Z ’ — uPA and tPA was measured by zymogra-
© @ phy assays. Cell viability was determined
(@] 0.10 O 0.10 by MTT assay. Zymography results indi-
' cate that regardless of the addition of
0.00 NF-«B active or inactive peptides, RGC5
0.00 . cells expressed low levels of uPA (B),
whereas SStreated cells expressed in-
SS@2um)| - | - | - - - - SS@uM)| + |+ |+ |+ | + |+ creased levels of both uPA and tPA (D).
MTT assays (A) indicated that the addi-
CCO2uM | - | *+ | - |+ |- |+ CCE25uM) | - | + | - |+ |- |+ tion of curcumin alone increased cell
SN-50Pept. (7Sug/mL)| = | - | * | * |- |~ SN-50 Pept. (75ug/mL)| - | -~ | + |+ | - | - survival P < 0.05). This protective ef-
Cont. Pept. (75 ug/mL) | - - Cont. Pept. (75 ug/mL) | - " fect was reversed by NF-«B-inhibitory

B

crine cells, the total number of cells was counted both in the
GCL and the INL; during counting, no attempt was made to
differentiate the location of these cells in the GCL and the INL.
The results presented in Figure 7 indicate that at 48 and 72
hours after injection, the density of ChAT-positive amacrine
cells was reduced significantly in the retinas of SS or SS plus
low-dose curcumin (2.5 uM)-treated animals, when compared

- - + + = = + 3
tPA-
D uPA-

peptide (P < 0.05), whereas NF-«B in-
active peptide had no effect (C). In addi-
tion, curcumin-mediated protective ef-
fect (+P < 0.05) was also decreased by
NF-«B-inhibitory peptide (++P < 0.05),
but not by NF-«B inactive peptide (C).

with placebo- or curcumin-treated animals. Furthermore, when
remaining ChAT-positive amacrine cells in the retinas were
compared between 100 nM SS and the high-dose curcumin (10
uM)-treated animals, an increased number of ChAT-positive
amacrine cells were observed in SS and 10 uM curcumin-
treated, but not in 12.5 nM SS and 2.5 uM curcumin-treated
animals.

100

12.5 100

FIGURE 6. Curcumin attenuated SS-
induced loss of retinal ganglion
cells. Indicated concentrations of
SS, curcumin (CC), or vehicle
(DMSO) were injected into the vit-
reous humor of C57BL/6 mice, and
loss of retinal ganglion cells in flat-
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200 - T T

(7200 sg.microns)

100 -

Number of Brn3a-postive cells

mounted retinas was determined by
immunofluorescence staining with
antibodies against Brn3a (A). Immu-
nofluorescence staining and quanti-
fication of cells indicate that,
whereas Brn3a-positive RGCs re-
NS mained similar in vehicle or cur-
cumin-treated animals (A, B),
Brn3a-positive RGCs were reduced
significantly in animals treated with
SS alone (*,**P < 0.05). In contrast,
SS-induced cell loss was reversed
¢**P < 0.05) when the animals
were treated with SS (100 nM) plus
curcumin (10 uM), but not with SS

SS (nm) 0 0 0 12.5| 100

(100 nM) or curcumin (2.5 pM)

12.5| 100 alone (A, B). NS, not significant

CC (uM) 25|10 | o 0

25 10 (12.5 nM vs. 12.5 nM SS plus 2.5

curcumin).
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FIGURE 7. Curcumin attenuated SS- ~ o vy aieh -
induced loss of amacrine cells both 48h R e et B8 gy
in the GCL and INL. After injecting Pl . CEEE.
indicated concentrations of SS, cur- .
cumin (CC), or vehicle (DMSO) into g g o St
the vitreous humor of C57BL/6 mice, 72h . i Rl s o
loss of amacrine cells in radial sec- ; il Y . B e i)

tions was determined by immunoflu-
orescence staining using antibodies
against ChAT (A). Immunofluores-
cence staining and quantification of
cells indicate that, whereas ChAT-
positive amacrine cells remained sim-
ilar in vehicle- or curcumin-treated
animals (A, B), ChAT-positive ama-
crine cells were reduced significantly
in animals treated with SS alone (#,
##P < 0.05). In contrast, SS-induced
cell loss was reversed (*P < 0.05)
when animals were treated with
both SS (100 nM) and curcumin (10

Percentage of ChAT-postive cells

(7200 sq.microns)

120

0

uM), but not with SS (12.5 nM) and

[SS (nm) ]

0 [ 125] 100 [ 12.5] 100 |

curcumin (2.5 uM). NS, not signifi-
cant.

Effect of Curcumin and SS on Protease
Expression in the Retina

Although a few studies have reported that SS causes the death
of RGCs in vivo, the mechanisms underlying SS-induced cell
death was unclear. To determine whether SS increases pro-
tease levels similar to that observed in SS-treated RGC-5 cells
(Fig. 5), retinal proteins were extracted from animals treated
with DMSO, curcumin (2.5 and 10 uM), SS (12.5 and 100 nM),
and curcumin (12.5 and 10 uM). At the end of 48 and 72 hours
after treatment, retinal proteins were extracted and zymogra-
phy assays were performed. Our previous studies indicated
that RGC-5 cells treated with SS secrete elevated levels of uPA
and tPA, but not MMP-9, whereas damaged retinas (induced by
excitotoxicity) synthesize elevated levels uPA, tPA, and MMP-
9.%% Therefore, gelatin zymography assays were performed to
detect MMP-9, and fibrinogen-plasminogen zymography assays
were performed to detect both uPA and tPA.

Gelatin zymography assays (Fig. 8A) indicated that a low
level of MMP-9 was expressed constitutively in retinal proteins
extracted from animals treated with DMSO, curcumin (2.5 and
10 uM), or a low dose of SS (12. 5 nM) both at 48 and 72 hours.
In contrast, MMP-9 levels were elevated in retinal proteins
extracted from animals treated with a higher dose of SS (100
nM) or SS (100 nM) and curcumin (10 uM). Note that, regard-
less of the dose, curcumin had no effect on elevated levels of
MMP-9. Fibrinogen/plasminogen zymography assays (Fig. 8B)
indicate that a low level of tPA (not uPA) was expressed
constitutively in retinal proteins extracted from animals treated
with DMSO, curcumin (2.5 and 10 uM), or a low dose of SS
(12.5 nM) both at 48 and 72 hours. In contrast, uPA and tPA
levels were increased in retinal proteins extracted from ani-
mals treated with a higher dose of SS (100 nM) or SS (100 nM)
and curcumin (10 uM). Interestingly, curcumin, regardless of
the dose, had no effect on increased levels of uPA and tPA.

Effect of SS on NF-«kB Expression in the Retina

Although numerous studies, mostly on tumor cells, showed
that curcumin inhibits the activation of NF-«B, a recent study
suggests that curcumin exerts biphasic effect on NF-«B activa-

[ccwm |

0o|25] 10 |

tion. In addition, SS has been shown to inhibit the activation of
NF-kB. Since the results indicated that a significant
number of RGCs in C57BL/6 mice survived despite elevated
levels of MMP-9, tPA, and uPA, additional experiments were
performed to investigate the effect of SS and curcumin on
NF-«kB expression in the retina.

C57BL/6 mice were treated with intravitreal injections of
DMSO (1-2 pL), curcumin (2.5 and 10 uM/1 pL), SS (12.5 and
100 nM/1 puL), or both SS (12. 5 and 100 nM) and curcumin
(2.5 and 10 uM). At 48 hours after injection, the eyes were
enucleated, fixed in 4% paraformaldehyde, processed for fro-
zen retinal cross sections, and immunostained with antibodies
against NF-kB. The results presented in Figure 9A indicate that
NF-kB was expressed constitutively in the GCL of the control
retinal sections. The level of NF-kB immunostaining remained
similar to that of the controls in curcumin (2.5 and 10 uM) and
12.5 nM SS-treated animals. In contrast, the NF-«B immuno-
staining level decreased considerably in the GCL of the retinal
cross sections prepared from 100 nM SS-treated animals. In-
terestingly, when animals were treated with a higher dose of
curcumin (10 uM), but not with a lower dose (2.5 uM) the
level of NF-kB was to the level observed in control retinal cross
sections.

To determine whether curcumin also activates NF-kB in
RGC-5 cells, the cells were left untreated or treated with
curcumin alone (6.25 uM) for 24 hours (Fig. 9B). In addition,
cells were treated with SS or SS plus curcumin. Results pre-
sented in Figure 9B indicate that a low level of NF-kB immu-
noreactivity was observed in the cytoplasm of untreated cells
(arrow) or cells treated with SS (double arrow). When cells
were treated with curcumin alone or SS and curcumin, NF-«B-
immunoreactivity was observed in the nucleus, suggesting that
curcumin activates NF-kB.

DISCUSSION

Previous studies have indicated that SS causes the death of
RGCs in vivo,*° 732 but the mechanisms underlying SS-mediated
retinal damage were unclear. However, in an in vitro system,
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we previously showed that SS induces protease levels in trans-
formed RGC-like cells (RGC-5) and that those elevated levels of
proteases, in turn, promote the death of RGC-5 cells.?® There-
fore, in this study, we investigated whether SS causes RGC
death in vivo through elevated levels of proteases, and whether
curcumin, a potent free radical scavenger, prevents SS-medi-
ated death of RGC-5 cells in vitro and RGCs in vivo.

We have found that low levels of MMP-9 and tPA proteolytic
activities were present constitutively in the retinas of animals
treated with DMSO (an agent used to reconstitute SS). When
C57BL/6 mice were treated with curcumin alone, MMP-9 and
tPA levels were unaltered. In contrast, MMP-9 and tPA levels
were increased in the retinas of C57BL/6 mice when treated
with SS in a time and dose-dependent fashion. Of interest, uPA,
absent in the control retinas was also increased in animals
treated with SS. In addition, when animals were treated with
both SS and curcumin, elevated levels of MMP-9, tPA, and uPA
(induced by SS) were unchanged. Interestingly, despite ele-
vated levels of three proteases, a higher dose of curcumin (10
uM) attenuated the protease-mediated death of RGCs and ama-
crine cells significantly. Furthermore, when animals were
treated with curcumin and SS, NF-kB expression, downregu-
lated in the GCL of SS-treated animals, was restored to the
normal levels observed in DMSO-treated animals. Consistent
with our previous findings, immunohistochemical analysis in-
dicated that astrocytes expressed MMP-9 and uPA, whereas
RGCs expressed tPA (data not shown). These results, for the

FIGURE 8. SS induced the expres-
sion of MMP-9, uPA, and tPA in the
retina. The indicated concentrations
of SS or curcumin (CC) were injected
into the vitreous humor of C57BL/6
mice, and retinal proteins were ex-
tracted at 48 and 72 hours after in-
jection. By using an equal amount of
protein (50 ug), the proteolytic ac-
tivity of MMP-9 (A) and uPA and tPA
(B) was determined by zymography.
Zymography indicated that while an-
imals treated with vehicle (DMSO) or
with CC (2.5 and 10 uM) expressed a
low level of MMP-9 and tPA (but not
uPA), animals treated with 100 nM SS
expressed elevated levels of MMP-9,
tPA, and uPA. Curcumin did not in-
hibit elevated levels of MMP-9, uPA,
and tPA.

first time, indicate that SS induces elevated levels of MMP-9,
tPA, and uPA, and these proteases, in turn, promote the death
of RGCs in C57BL/6 mice.

In vitro results indicate that undifferentiated RGC-5 cells
express low levels of uPA constitutively. When cells were
treated with SS, RGC-5 cells differentiated and expressed in-
creased levels of both uPA and tPA, consistent with our previ-
ous findings.*® Of note, when cells were treated with both SS
and various doses of curcumin, lower concentrations of cur-
cumin did not reduce proteolytic activities of uPA and tPA,
whereas higher concentrations of curcumin were found to be
toxic. Cell viability assays indicated that despite elevated levels
of tPA and uPA, RGC-5 cells treated with curcumin survived
better and had extensive neurite outgrowth.

To date, there are numerous conflicting reports in the
literature questioning the characteristics of the RGC-5 cells line
and the methods used to differentiate them; some of those
reports confirmed that these cells express markers character-
istic of RGCs and others did not. For example, studies from
Levin’s laboratory (Frasetto et al.>%) acknowledged that the RGC-5
cell line expresses neuronal markers characteristic of RGCs in-
cluding Thy-1, Brn3, neuritin, synaptophysin, NMDA-R1, and
GABA receptors.>® Although there is no doubt that RGG-5 cells
can be differentiated into neuron-ike cells after treating them
with SS, a recent study by Wood et al.,” indicated that RGC-5
cells do not express many (or any) markers characteristic of
RGCs unlike the study by Van Bergen et al.,>® who have
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FIGURE 9. Curcumin attenuated SS-

. . SS (nM) 12.5 100 100 100
induced downregulation of NF-kB.

Indicated concentrations of SS, cur- CC (um) 2.5 10 0 0 2.5 10
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were injected into the vitreous hu-

mor of C57BL/6 mice, and NF-«kB

expression was determined (at 72 INL-

hours after injection) by immuno-

fluorescence staining of retinal ONL-

cross sections with antibodies

against NF-kB (A). Immunofluores-

cence staining indicates that cells SS (2 uM) - - + +

in the GCL expressed NF-kB consti-
tutively (arrows). The results also

Curcumin (6.25 uM)

indicate that higher concentrations
(100 nM) of SS reduced the expres-
sion of NF-«kB (arrowheads),
whereas lower concentrations
(12.5 nM) had little effect. Further- B
more, immunofluorescence analy-
sis indicated that, whereas animals
injected with higher concentra-
tions of SS expressed very low lev-
els of NF-kB, animals injected with

‘\ v
\ v

higher concentrations of CC (10 uM) expressed NF-«B similar to that observed in untreated animals or animals treated with CC alone. To
determine whether curcumin activates NF-kB in vitro, RGC-5 cells were left untreated or were treated with SS (2 uM) or SS and curcumin
(6.25 uM) for 48 hours. At 48 hours after treatment, NF-kB expression was assessed by immunostaining. Results presented in (B) indicate
a low level of NF-kB immunoreactivity was present constitutively in the cytoplasm of the RGC-5 cells that were left untreated (arrow); NF-kB
expression was reduced further in cells treated with SS (arrow). In contrast when cells were treated with curcumin alone or SS plus CC,
NF-kB expression was observed in the nucleus of RGC-5 cells (arrowbead).

reported that RGC-5 cells express a- and B-tubulin and Tau,
markers for RGCs. A recent report by Fragoso et al.> clearly
showed that RGC-5 cells express many RGC markers, including
Brn3a, Thy-1, y-synuclein, and neurofilament medium polypep-
tide (NFM). Although expression of Brn3a or Thy-1 can vary
depending on the injury, these antibodies have been used by
many investigators to identify RGCs in normal and degenerat-
ing retinas. Consistent with these findings, the results pre-
sented in this study indicate that RGC-5 expressed Brn3 a and
Thy-1, markers characteristic of RGCs. These studies show that
the issue with RGC-5 cells is not whether they express markers
characteristic of RGCs. The expression of markers seems to
depend on the culture conditions, method of differentiation,
and antibodies used to determine the expression of RGC mark-
ers. Yet, we believe that the RGC-5 cell line is a plausible cell
line for investigating certain signaling mechanisms involved in
the death of RGCs.

NF-«kB can be activated by two different pathways: classic
and alternative.’® In a classic pathway, NF-kB (consisting of
p50 [c-Rel] and p65 [RelA] dimers) is retained in the cytoplasm
by binding to inhibitory proteins called IkBs. In response to
various stimuli, IkB kinase (IKK) phosphorylates IkBs and tar-
gets them to proteasome-mediated degradation, whereas free
NF-«kB dimers translocate to the nucleus, regulate transcription
of target genes, and induce apoptosis of cells through caspase
activation. In an alternative pathway, IKK1 phosphorylates
p100 protein and produces p52, which then dimerizes with
RelB to activate NF-«B. A large body of literature on the central
nervous system indicates that NF-«kB acts as a regulator of
growth, differentiation, neurogenesis, '~ %3 and growth of neu-
ronal processes in maturing neurons.**~%¢ On the other hand,
NF-«kB has also been reported to be associated with neurode-
generation. This intriguing and bifunctional (neuroprotective
and neurodegenerative) role of NF-kB has been widely studied
in recent years. For example, it has been shown that tumor
necrosis factor-mediated NF-«B activation protects hippocam-
pal neurons from oxidative stress,*”*® while inhibition of
NF-«kB activation potentiates (-amyloid-induced apoptosis in
neuronal cells.* Based on further studies it has been proposed
that contrasting effects of NF-kB depend on the type of stimuli

and the target tissue. In support of this notion, previous studies
have suggested that NF-kB can be neuroprotective when acti-
vated in neuronal cells and can be neurodegenerative when
expressed in glial cells.’® Consistent with this hypothesis, the
results presented in this study indicate that NF-«B is expressed
in RGCs and not in astrocytes.

With regard to curcumin, some studies have suggested that
curcumin exerts its effect primarily by downregulating NF-«B
expression in tumor cells. A recent study, however, suggests
that curcumin can either inhibit or activate NF-kB and can be
protective or destructive, depending on the intracellular path-
ways that activate NF-«kB.>' Consistent with this hypothesis,
results presented in this study suggest that curcumin activates
NF-kB in RGCs based on three key findings in this study: (1)
curcumin prevented SS-mediated death of transformed RGC-
like cells in vitro and RGCs in vivo; (2) curcumin activated
NF-«B in the GCL; and (3) curcumin-mediated protective effect
on RGC-5 cells was reversed by an NF-«B inhibitor.

How SS causes the death of RGCs and amacrine cells in vivo
is unclear. One mechanism by which SS can inhibit NF-«B
activation is by reducing IkB levels and by inhibiting Ikk-
mediated phosphorylation of IkB.>' Consistent with these re-
ports, results presented in this study indicate that SS down-
regulated NF-kB expression in both RGC-5 cells and the RGCs
of C57BL/6 mice, while curcumin attenuated protease-medi-
ated death of RGCs by restoring NF-«B. Furthermore, we have
reported that activation of NF-kB prevents apoptotic death of
human trabecular meshwork cells in response to oxidative
tress.>? Studies in primates®* and rats®® have shown that SS
causes the death of RGCs 2 hours after intravitreal injection. In
this study, SS did not cause significant loss of RGCs before 48
hours. The discrepancy of these results is due to the assays
used to determine the death of RGCs. Previous studies have
used annexin V-labeling to determine the initiation of apopto-
tic cell death in the retina. In this study, we used antibodies
against Brn3a to determine the loss of RGCs. Furthermore,
while annexin V-labeling can be observed very early in degen-
erating retinas, loss of an entire cell body, detected by antibody
immunostaining, takes a longer time.
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There is one caveat regarding our study. We used an immu-
nofluorescence method to detect NF-«B in the retinas, rather
than the classic gel-shift method. It has to be noted that the
gel-shift method does not indicate which cells in the retina
express NF-«B. Since our focus is to investigate NF-kB activa-
tion in the GCL, we believe immunostaining is an appropriate
method for this study. In addition, our in vitro and in vivo
results showed that SS downregulated NF-«B, whereas cur-
cumin restored its expression to normal levels.

In summary the results presented in this study clearly indi-
cate that activation of NF-kB attenuates SS (and protease)-
mediated death of RGCs and amacrine cells and suggest the
possibility of using curcumin as a neuroprotective agent for
retinal degenerative conditions.
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