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Pigment epithelium-derived factor (PEDF) is a neuro-
trophic protein synthesized and secreted by retinal
pigment epithelial (RPE) cells in early embryogenesis
and has been shown to be present in the extracellular
matrix between the RPE cells and the neural retina. It
induces neuronal differentiation and promotes sur-
vival of neurons of the central nervous system from
degeneration caused by serum withdrawal or gluta-
mate cytotoxicity. Because the role of PEDF in the
retina is still unknown, we examined its ability to
protect cultured retinal neurons against hydrogen
peroxide (H2O2)-induced cell death. Retinas of 0–2-day-
old Sprague-Dawley rats were isolated and dissoci-
ated, and the neurons were maintained for 2 weeks in
a synthetic serum-free medium. Immunocytochemical
labeling showed that 50–60% of the cultured cells
were rod photoreceptors. Treatment with H2O2 in-
duced significant death of retinal neurons in a dose-
and time-dependent manner. Pretreatment with PEDF
prior to insult greatly attenuated H 2O2-induced cyto-
toxicity, and its effect was shown to be dose dependent.
Cytotoxicity was determined by 3,(4,5-dimethylthiazol-
2-yl)2,5-diphenyl-tetrazolium bromide and lactate de-
hydrogenase assays, and apoptotic cell death was
evaluated by the TdT-mediated digoxigenin-dUTP
nick-end labeling assay. The present study also showed
that H2O2-induced retinal neuron death was by apop-
tosis that could be inhibited by PEDF. Combination of
PEDF with basic fibroblast growth factor, brain-
derived neurotrophic factor, or ciliary neurotrophic
factor improves the protection. These data strongly
suggest that PEDF is a potential neuroprotective agent
in the treatment of retinal degeneration. J. Neurosci.
Res. 57:789–800, 1999.r 1999 Wiley-Liss, Inc.
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INTRODUCTION
There is substantial evidence that light injures

photoreceptors by increasing the formation of reactive
oxygen species and that antioxidants can rescue light-
damaged photoreceptors (Blanks et al., 1992; Yamashita
et al., 1992; Stoyanovsky et al., 1995; Taguchi et al.,
1996). The role of oxidative stress as a mediator of
apoptosis has recently been examined (Hivert et al., 1998;
Skaper et al., 1998), and hydrogen peroxide (H2O2), a
byproduct of oxidative stress, has been implicated in
triggering apoptosis in various cell types (Clement et al.,
1998; Kitamura et al., 1999). Apoptosis has been de-
scribed in a wide variety of hereditary retinal degenera-
tions (Reme et al., 1998; Travis, 1998), in light-damaged
retinas (Organisciak et al., 1998), and following retinal
detachment (Berglin et al., 1997). Other types of retinal
degeneration, such as glaucoma and retinal ischemia,
have also been associated with apoptosis (Kerrigan et al.,
1997; Rosenbaum et al., 1997).

Pigment epithelium-derived factor (PEDF) is a
50-kDa glycoprotein and a member of the serine protease
inhibitor gene family (Tombran-Tink et al., 1991). It was
first isolated from medium conditioned by human fetal
retinal pigment epithelial (RPE) cells (Tombran-Tink et
al., 1991) and has been shown to be expressed in vivo by
both fetal and adult RPE cells and secreted into the
interphotoreceptor matrix (IPM). The expression of PEDF
is significantly downregulated with aging of the RPE
cells (Tombran-Tink et al., 1995). PEDF and crude-
soluble IPM extract containing PEDF induce morphologi-
cal and biochemical neuronal differentiation of human

Contract grant sponsor: National Institutes of Health; Contract grant
number: EY06085; Contract grant sponsor: Research to Prevent
Blindness Foundation; Contract grant sponsor: University of Okla-
homa Medical Alumni Association.

*Correspondence to: Wei Cao, Department of Ophthalmology, Univer-
sity of Oklahoma, Dean A. McGee Eye Institute, 608 Stanton L. Young
Boulevard, Oklahoma City, OK 73104. E-mail: weicao@ouhsc.edu

Received 22 April 1999; Revised 24 May 1999; Accepted 25 May 1999

Journal of Neuroscience Research 57:789–800 (1999)

r 1999 Wiley-Liss, Inc.



Y-79 retinoblastoma cells in vitro (Tombran-Tink et al.,
1991, 1995; Steele et al., 1993; Seigel et al., 1994). In
addition, PEDF acts as a survival factor for cultured
cerebellar granule cells (Taniwaki et al., 1995) and
protects these cells against glutamate toxicity (Taniwaki
et al., 1997) and subsequent apoptotic cell death (Araki et
al., 1998). PEDF also has been reported to promote
survival, differentiation, and maturation of cultured RPE
cells obtained from albino rat pups (Malchiodi-Albedi et
al., 1998). The PEDF gene has been cloned and sequenced
and has shown tight linkage to a retinitis pigmentosalocus
(RP13) on chromosome 17p13.3, making it aprimary
candidate gene for this retinal degeneration (Goliath et
al., 1996; Tombran-Tink et al., 1994, 1996). However, the
role of PEDF as a neuroprotective factor in the retina and
its association with specific retinal degenerative diseases
are still being elucidated. The aim of the present research
was to examine whether PEDF can protect against
H2O2-induced cell death in cultured retinal neurons. We
provide evidence, for the first time, that PEDF protects
retinal neurons against H2O2-induced cell death and that
the protective effect is dose dependent. Our data also
show that H2O2-induced retinal neuron death occurs via
an apoptotic mechanism that can be inhibited by PEDF.
Combination of PEDF with basic fibroblast growth
factor, brain-derived neurotrophic factor, or ciliary neuro-
trophic factor significantly improved the protection.

MATERIALS AND METHODS
Materials

Fetal bovine serum, gentamicin sulfate, L-gluta-
mine, creatine, poly-D-lysine, sodium dodecyl sulfate
(SDS), N,N-dimethyl formamide (DMF), 3,(4,5-dimethyl-
thiazol-2-yl)2,5-diphenyl-tetrazolium bromide (MTT), hy-
drogen peroxide, human recombinant fibroblast growth
factor (bFGF), brain-derived neurotrophic factor (BDNF),
and ciliary neurotrophic factor (CNTF) were purchased
from Sigma (St. Louis, MO). Dulbecco’s Modified Essen-
tial Medium (DMEM)/F12 and Tii-Medium were pur-
chased from Gibco-BRL (Grand Island, NY) and JRH
Biosciences (Lenexa, KS), respectively. Tissue culture
plastic ware and 12-mm-diameter coverslips were ob-
tained from Fisher Scientific (Pittsburgh, PA). Monoclo-
nal anti-rhodopsin antibody (R1D4) was a generous gift
from Dr. Robert Molday (University of British Columbia,
Vancouver). ABC kit and other reagents for immunocyto-
chemistry were obtained from Vector Laboratories (Burl-
ingame, CA). Cytotoxicity detection (lactate dehydroge-
nase [LDH] assay) and apoptosis detection kits were
purchased from Boehringer Mannheim Corp. (Indianapo-
lis, IN) and Oncor (Gaithersburg, MD), respectively.
PEDF was purified by high performance liquid chroma-
tography from conditioned medium obtained from human

fetal RPE cells, essentially as described previously (Tom-
bran-Tink et al., 1991, 1995). Polyclonal antibody was
generated against the native human PEDF protein and
specifically recognizes a singly species migrating at 50
kDa on Western blots of both one- and two-dimensional
gels (Tombran-Tink et al., 1995).

Primary Cultures of Postnatal Retinal Neurons
Animals used in these studies were cared for and

handled according to guidelines of the Association for
Research in Vision and Ophthalmology for the Use of
Animals in Vision and Ophthalmic Research and the
University of Oklahoma Faculty of Medicine Guidelines
for Animals in Research. Retinas of 10–15 rat pups, 0–2
days old, were removed under sterile conditions in a
tissue culture hood and a dissecting microscope. The
retinas were suspended in 25 ml of DMEM/F12 plus 10%
fetal calf serum in a plastic bag and mechanically
dissociated. The suspension was first filtered through a
230-µm sieve and rinsed with medium, and the filtrate
was subsequently passed through a 140-µm sieve and
followed by a rinse with undiluted fetal calf serum. The
suspension was centrifuged at 800 rpm in a clinical
centrifuge for 5 min, the supernatant was decanted, and
the cell pellets were resuspended in 25 ml of medium by
using a sterile 5-ml pipette. The concentration of cells
was determined with a cell counter or hemocytometer,
and the suspension diluted with medium to 13 105

cells/ml. The cells (1 ml) were plated in 24-well tissue
culture plates on 12-mm coverslips that had been pre-
treated overnight with poly-D-lysine (10 µg/ml). The
cells were maintained in the synthetic serum-free medium
developed by Bottenstein et al. (1979) as modified by
Lillien and Cepko (1992). The cultures at 14–20 days
after plating were used for experiments.

Immunocytochemistry
Cells grown in culture on poly-D-lysine-coated

coverslips were fixed for 30 min in 2% paraformaldehyde
in Tris buffered saline and then rinsed three times with 1.0
ml of 0.1 M Tris-HCl, pH 7.5. Nonspecific binding sites
were blocked by 2% normal goat serum for 30 min. Cells
were incubated overnight with monoclonal anti-rhodop-
sin antibody (R1D4) in 0.1 M Tris-HCl buffered saline
containing 1% normal goat serum and then rinsed three
times with 1.0 ml of the same buffer. Subsequently, the
cells were incubated with biotinylated goat anti-mouse
IgG for 1 hr and washed three times for 5 min each in
phosphate buffered saline (PBS), followed by a 1-hr
incubation with streptavidin/horseradish peroxidase com-
plex and then with diaminobenzidine, nickel ammonium
sulfate, and hydrogen peroxide. Cells treated without
primary antibody served as controls and were unlabeled.
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The cells on coverslips were then mounted and viewed
with an Eclipse 800 Nikon microscope. The pictures were
transferred by a digital camera and stored in the com-
puter.

MTT Assay
The MTT assay is useful for the measurement of

cytotoxicity (Chang and Liu, 1998). MTT was dissolved
at a concentration of 5 mg/ml in PBS. Lysing buffer was
prepared as follows: SDS (20% w/v) was dissolved at
37°C in a 50% solution of DMF in deionized water, and
the pH was adjusted to 4.7. The stock solution of MTT
(25 µl) was added to each well and incubated for 2 hr at
37°C, and then 100 µl of the lysing buffer were added.
After an overnight incubation at 37°C, absorbance of the
samples was read at 562 nm by using a microtiter-plate
enzyme-linked immunosorbent assay reader.

LDH Assay
LDH, a stable cytoplasmic enzyme present in all

cells, is rapidly released into the cell culture medium with
damage of the plasma membrane. To measure LDH
activity released from the neuronal cells, we used a
commercially available cytotoxicity detection kit. Two
controls were performed in each experimental setup. The
first was a background control, which provides informa-
tion about the LDH activity contained in the fresh culture
medium. The absorbance value obtained in this control
was substracted from all other values. The second was for
spontaneous LDH release, which provides information
about the LDH activity released from the untreated
normal cells. Total culture medium was collected and
centrifuged to remove contaminating cells and cellular
debris. The volume of medium was then measured. To
assay LDH inside the cells, 1 ml of 1% Triton X-100 was
added to the wells, and cells were incubated for 30 min
with gentle shaking. The percentage of LDH release was
then calculated as the LDH outside the cells divided by
the total LDH (inside and outside the cells). For the actual
assay, 100 µl of each sample were transferred to a 96-well
microtiter plate, and 100 µl of LDH assay reagent
(prepared in the dark according to the protocol provided
by Boehringer Mannheim Corp.) were added to each well
and incubated for up to 30 min at room temperature, and
the absorbance of samples was measured at 490 nm.

TUNEL Assay
The TdT-mediated digoxigenin-dUTP nick-end la-

beling (TUNEL) method was performed with a commer-
cially available in situ apoptosis detection kit. Positive
controls were made by treating coverslips with DNAse I
(1 µg/ml) prior to the assay. Negative controls were made

by omitting TdT from the protocol. Cells were fixed in
2% paraformaldehyde for 10 min at room temperature
and washed twice with PBS for 5 min each at room
temperature. Staining for the TUNEL technique was
according to the manufacturer’s protocol. TUNEL-
positive cells were visualized by using diaminobenzidine
as substrate for the horseradish peroxidase in the kit.
Rhodopsin-positive cells were visualized with fluores-
cein. The results were viewed with a Nikon Eclipse 800
microscope. The pictures were transferred by a digital
camera and stored in the computer. The percentage of
apoptotic cells was calculated by counting TUNEL-
positive cells from the digitized image stored in the
computer and by dividing TUNEL-positive cells by the
total number of cells visualized by Nomarski optics in the
same field. Three digitized images of similar total cell
numbers were selected from each coverslip for counting
and averaging and were considered as one independent
experiment. Three independent experiments were then
averaged.

Statistical Analysis
Data were analyzed by means of analysis of vari-

ance and further assessed by Dunnett tests. Statistical
significance was set atP , 0.05 andP , 0.01.

RESULTS
H2O2-Induced Cell Death in Retinal Neuron Cultures

Morphology and immunocytochemistry of cultured
retinal neurons are shown in Figure 1A. Nomarski images
showed that most of the cultured cells were rounded,
neuronlike cells with long processes. An antibody (R1D4)
to the specific rod photoreceptor cell marker, rhodopsin,
labeled cells with small, rounded somas and long pro-
cesses. The soma diameter of these immunoreactive rods
was 4–11 µm, with a mean of 6 µm. The cultures
contained approximately 53 104 rod photoreceptors per
coverslip after 14 days in culture, representing 50–60% of
total cell numbers. We previously showed that anti-
recoverin (rod and cone photoreceptors, cone bipolar
cells) and anti-arrestin (rod and cone photoreceptors) also
label these rod photoreceptors (McGinnis et al., 1999).

We have been interested in establishing an in vitro
model system to elucidate the protective mechanisms that
attenuate the death of retinal neurons. We chose H2O2 to
induce retinal neuron death in our cell cultures based on
following reasons: (1) oxidative stress is believed to be an
important mediator of neuronal cell death and has been
postulated to contribute to the pathogenesis of retinal
degeneration; (2) H2O2 is a precursor of highly oxidizing,
tissue-damaging radicals such as hydroxyl radicals and is
known to be toxic to many systems; (3) H2O2 production
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Fig. 1. Postnatal retinal neuronal culture and H2O2-induced cell
death. A: Cultured postnatal retinal neurons labeled with
anti-rhodopsin antibody. Nomarski image of cultured retinal
neurons shows that most of cells are rounded, neuronlike cells
with long processes. Anti-rhodopsin uniquely labeled cells with

small, rounded somas and long processes. Scale bar5 30 µm.
B: H2O2-induced cell death in retinal neuron culture. Retinal
cultures were exposed to the indicated concentrations of H2O2

for different periods of time. The viability was monitored with
MTT activity (mean6 SE, n5 3).



in the outer nuclear layer increased with progression of
retinal photoreceptor damage (Yamashita et al., 1992); (4)
exogenous H2O2 can enter the cells and induce cytotoxic-
ity because of its high membrane permeability (Halliwell,
1992); and (5) H2O2 has been reported to trigger apopto-
sis in various cell types (Clement et al., 1998). The MTT
assay for cell viability was used to quantitate cytotoxic
response of retinal neurons to H2O2. Cells were incubated
with different concentrations of H2O2 (10, 30, 60, 100,
300, 600, and 1,000 µM) for different periods of time (1,
2, 4, 8, 12, 24, and 48 hr) and then assayed for viability.
As shown in Figure 1B, there were no significant
differences between untreated cultures and treated ones at
any time point when the dose of H2O2 was below 60 µM.
For 60-µM H2O2-treated groups, only a slight decrease in
cell viability was seen after 24 hr of exposure. At 100 µM,
cell viability decreased by 35% at 8 hr and by 50% after
24 hr of exposure to H2O2. At 300 µM, a significant
decrease in cell viability started at 2 hr, and a 60%
decrease was seen after 4 hr. Both 600- and 1,000-µM
H2O2 exposures induced rapid decreases in cell viability
(50% at 1 hr and 80% at 4 hr). These data indicate that
cell death in this culture system can be induced by H2O2

in a dose- and time-dependent manner.

PEDF Inhibits H 2O2-Induced Cytotoxicity

It has been known that PEDF is present in high
concentration in the IPM of the retina (Tombran-Tink et
al., 1995). To evaluate its potential to protect retinal
neurons from H2O2-induced cytotoxicity, we pretreated
retinal neuron cultures with different concentrations of
PEDF (1, 10, 50, 100, and 500 ng/ml) 1 hr prior to
exposure to different doses of H2O2 (10, 30, 60, 100, 300,
600, and 1,000 µM) for 24 hr. Cell viability was
determined by the MTT and LDH assays (Figs. 2, 3),
respectively.

As shown in Figure 2, PEDF at 50 ng/ml signifi-
cantly inhibits cytotoxicity induced by 60 µM or 100 µM
H2O2, whereas these concentrations of PEDF did not
inhibit cytotoxicity when the cultures were exposed to
300 µM H2O2 or higher. Preteatment with 100 or 500 ng
PEDF/ml completely inhibited cytotoxicity induced by
60 µM H2O2 and raised cell viability from 50% to 80% in
response to 100 µM H2O2. PEDF at these concentrations
also significantly increased cell viability from 30% to
50% in response to 300 µM H2O2. PEDF, however, at the
concentrations tested did not inhibit cytotoxicity induced
by 600 µM H2O2 or higher.

Fig. 2. Dose-dependent protective effect of pigment epithelium-
derived factor (PEDF) on cultured retinal neurons against
H2O2-induced cell death, as determined by the MTT assay.
Cultures were pretreated with different concentrations of PEDF

for 1 hr before exposure to different doses of H2O2 for 24 hr.
*P , 0.05, **P , 0.01 versus the same dose of H2O2 exposure
without PEDF pretreatment (mean6 SE, n5 3).
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To investigate the protective effect of PEDF further,
the LDH assay, another nonmorphological cell toxicity
assay, was performed. LDH is a stable cytoplasmic
enzyme present in all cells, and it is rapidly released into
the cell culture supernatant with damage of the plasma
membrane. An increase in the number of dead or plasma
membrane-damaged cells results in an increase in the
LDH enzyme activity in the culture supernatant. As
shown in Figure 3, a significant increase in LDH release
was observed after 24 hr of exposure to 60 µM H2O2. This
increase reached a plateau after 24 hr of exposure to 300
µM H2O2. The pattern of PEDF protective effect on
H2O2-induced cytotoxicity determined by LDH assay
was similar to that determined by the MTT assay.

As shown in Figure 1B, cell viability started to
decrease after 4 hr of exposure to 100 µM H2O2. In this
case, we examined whether pretreatment of PEDF could
delay this decrease. PEDF (100 ng/ml) was added to the
cultures 1 hr before exposure to 100 µM H2O2, and
cytotoxicity was evaluated by MTT assay (Fig. 4A) and
LDH assay (Fig. 4B) for different periods of time (1, 2, 4,
8, 12, 24, and 48 hr). As seen in Figure 4A, PEDF
significantly inhibited the H2O2-induced decrease in cell
viability. Figure 4B shows that 100 µM H2O2 induced
LDH release in a time-dependent fashion. This increase

started at 2 hr and reached a plateau after 24 hr. PEDF
significantly attenuated this increase in LDH release. The
data show that retinal neurons in culture die in a dose- and
time-dependent manner following exposure to H2O2 and
that they can be protected against cell death by prior
exposure to PEDF.

PEDF Prevents Apoptosis Induced by H2O2

The MTT and LDH assays are convenient screening
assays for the measurement of cell death, but they do not
discriminate between necrosis and apoptosis. It has been
shown that apoptosis is the mechanism of cell death for a
diverse group of retinal neuronal lesions (Reme et al.,
1998; Travis, 1998; Rosenbaum et al., 1997), and oxida-
tive stress has been shown to play a role in the apoptotic
process (Hivert et al., 1998; Skaper et al., 1998; Tan et al.,
1998). To determine whether the H2O2-induced death of
retinal neurons is due to apoptosis, the TUNEL assay was
applied to the cultures following treatment with H2O2 for
24 hr. A few positive staining cells were noted in control
cultures (Fig. 5A), whereas cultures treated with 60 µM
H2O2 for 24 hr contained large numbers of cells undergo-
ing apoptotic cell death (Fig. 5C). We also noted that, at
lower concentrations of H2O2 (60–100 µM), the TUNEL-

Fig. 3. Dose-dependent protective effect of pigment epithelium-
derived factor (PEDF) on cultured retinal neurons against
H2O2-induced cell death, as determined by the LDH assay.
Cultures were pretreated with different concentrations of PEDF

for 1 hr before exposure to different doses of H2O2 for 24 hr.
*P , 0.05, **P , 0.01 versus the same dose of H2O2 exposure
without PEDF pretreatment (mean6 SE, n5 3).
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positive cells exhibited classical apoptotic morphology.
At higher concentrations of H2O2 (600–1,000 µM), most
of the cells showed signs of necrotic cell death. Pretreat-
ment of cultures with 100 ng/ml PEDF 1 hr before 60 µM
H2O2 exposure showed a dramatic decrease in the num-
bers of apoptotic cells (Fig. 5E,F).

To investigate whether prolongation or reduction in
PEDF pretreatment time or even addition of PEDF to the
cultures after H2O2 exposure could enhance or attenuate
the protective effect, cultures were treated with 100 ng/ml
PEDF at 2, 1, and 0 hr before 100 µM H2O2 exposure for
24 hr, and some cultures were also treated with same
concentration of PEDF at 1, 2, and 4 hr after addition of
100 µM H2O2. Groups pretreated with PEDF (Fig. 6D–F)
showed significantly reduced numbers of apoptotic cells.
In PEDF posttreated groups, 1-hr posttreated cultures
showed significant reduction in the numbers of apoptotic

cells (Fig. 6G), whereas other posttreated groups did not
show any protective effect (Fig. 6H,I).

The percentage of TUNEL-positive cells (Fig. 7) in
control cultures from three independent experiments was
only 2%, whereas H2O2-treated cultures exhibited 62%
positive cells. PEDF pretreatment significantly reduced
the positive cells to 26%, 29%, and 49% apoptotic cells in
2-hr, 1-hr, and 0-hr pretreated groups, respectively,
whereas 1-hr, 2-hr, and 4-hr PEDF posttreated cultures
showed 58%, 63%, and 64% apoptotic cells, respectively.

Effects of Multisurvival Factors on H2O2-Induced
Cytotoxicity

Many neurotrophic factors have demonstrated sur-
vival-promoting activity in a wide range of neuronal
systems. The benefits of different combinations of neuro-
trophic factors in retinal degeneration have been reported
(LaVail et al., 1992). We were also interested in the ability
of other survival factors alone or in combination with
PEDF to protect cultured retinal neurons against H2O2-
induced cell death. We chose to study bFGF, CNTF, and
BDNF because these factors are present or are expressed
in retina and have been shown to enhance survival of
retinal neurons in vivo or in vitro. Cell viability was
determined by MTT assay. The doses of bFGF, BDNF,
and CNTF for the experiment were based on the known
dose of maximum effect in other cell systems (Cao et al.,
1997; Gupta et al., 1997; Becker et al., 1998). We also
examined different doses of BDNF (1, 5, 10, 25, 50, and
100 ng/ml), and the peak protective effect occurred at 50
ng/ml (data not shown).

Two hours prior to a 24-hr exposure to 100 µM
H2O2, the cultures were treated with PEDF (100 ng/ml),
bFGF (100 ng/ml), BDNF (50 ng/ml), CNTF (100
ng/ml), PEDF1 bFGF, PEDF1 BDNF, or PEDF1
CNTF. Figure 8 shows that pretreatment with PEDF,
bFGF, BDNF, or CNTF alone increased cell viability
45–70%, 80%, 56%, and 78%, respectively. When PEDF
was combined with bFGF, BDNF, or CNTF, cell viability
increased from 45–98%, 86%, and 93% respectively.
Compared with PEDF pretreatment alone, the combina-
tion sets significantly improved the cell viability. These
data indicate that PEDF combined with other growth
factors known to protect retinal neurons improve the
protection of H2O2-induced cytotoxicity of retinal neu-
rons.

DISCUSSION
Hydrogen peroxide, a membrane-permeable oxi-

dant, is a precursor of highly oxidizing radicals such as
hydroxyl radicals and has been shown to induce cell
injury in a number of neuronal cell culture models (Zhang

Fig. 4. Pigment epithelium-derived factor (PEDF) attenuates
time-dependent cytotoxicity induced by H2O2. Cultures were
pretreated with PEDF (100 ng/ml) for 1 hr before being
exposed to H2O2 (100 µM) for different periods of time.A:
MTT assay.B: LDH assay. *P , 0.05, **P , 0.01 versus the
same time point of H2O2 exposure without PEDF pretreatment
(mean6 SE, n5 3).
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Fig. 5. Pigment epithelium-derived factor (PEDF) inhibits
H2O2-induced photoreceptor cell apoptosis.A: Nomarski im-
age of H2O2 untreated control; arrows in A, C, and E indicate an
apoptotic cell.B: Superimposition of fluorescein stained cells
(rhodopsin-positive rods) on the Nomarski image of the same
field shown in A.C: Nomarski image of H2O2 (60 µM, 24
hr)-treated cells.D: Superimposition of fluorescein-stained

cells on the Nomarski image of the same field shown in C
shows that the most apoptotic cells are rhodopsin-positive rod
cells.E: Nomarski image of cultured retinal neurons pretreated
with PEDF (100 ng/ml) 1 hr before H2O2 exposure.F:
Superimposition of fluorescein-stained cells on the Nomarski
image of the same field shown in E.

796 Cao et al.



et al., 1997; Hivert et al., 1998; Iwata et al., 1998). In the
present study, we used H2O2 as a toxic stimulus in a
retinal neuron culture model to examine the protective
role of PEDF. We found that exposure of cultured retinal
neurons to H2O2 induces cell death. We characterized the
concentration dependence and time course of this effect
and found that H2O2 at 100 µM caused considerable cell
death, although cell viability was slightly decreased after
24 hr of incubation with 60 µM H2O2. Similar dose-
dependent effects of H2O2 have been reported in a rat
neuronal cell line (B50; Iwata et al., 1998). Mitochondrial
respiration and oxidase activities are physiologic and
potentially pathologic sources of H2O2. In normal eyes, it
has been reported that the H2O2 level in the aqueous
humor differed in the range of 25–90 µM in bovine,

33–89 µM in rabbit, 7–9 µM in rat, and 14–31 µM in
human (Spector et al., 1998). However, in cataractous
eyes, H2O2 level in aqueous humor differed at 33–364
µM, with a mean of 189 µM (Ramachandran et al., 1991).
Although the direct quantitation of H2O2 levels in the
retina is not available at the present time, an indirect
method demonstrated that the H2O2 level was increased
approximately 15-fold in the vitreous of rabbit eyes after
exposure to constant light. The estimated concentration of
H2O2 in the vitreous of the eyes after 3–7 days of
exposure of constant light was 110 µM (Taguchi et al.,
1996). Because in the retina H2O2 is released by illumi-
nated photoreceptors, one could expect that, in the
light-damage model, the level of H2O2 would be even
higher in the retina than that in the vitreous. We also

Fig. 6. Protective effects of pigment epithelium-derived factor
(PEDF) on H2O2-induced apoptosis in cultured retinal neurons
as a function of treatment time. H2O2 (24 hr) and PEDF, when
present, were used at 100 µM and 100 ng/ml.A: Untreated
control.B: H2O2. C: PEDF alone.D: Pretreatment with PEDF 2

hr before H2O2 addition.E: Pretreatment with PEDF 1 hr before
H2O2 addition.F: PEDF and H2O2 added simultaneously.G:
PEDF 1 hr after H2O2 exposure.H: PEDF 2 hr after H2O2

exposure.I: PEDF 4 hr after H2O2 exposure. Scale bar5
30 µm.
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observed that there was a rapid decrease in cell viability
within 8 hr of incubation with 100 µM H2O2, whereas a
slow decline of cell viability was seen after 8 hr, with no
appreciable increases at 24 and 48 hr. This finding
suggests that the effects of H2O2 toxicity occur early.
Other studies on PC12 or FL5–12 cells have shown that
H2O2 toxicity is similar at 12 and 24 hr (Hockenbery et
al., 1993; Kamata et al., 1996), and the effect could not be
detected at 6 hr. Based on our dose- and time-dependent

effects of H2O2, we chose 100 µM H2O2 and 24 hr of
incubation time for the morphological evaluation of cell
survival and death. We observed that exposure to H2O2

caused death of retinal neurons via an apoptotic suicide
pathway. This observation is in agreement with those in
other neuronal culture systems (Kamata et al., 1996;
Zhang et al., 1997; Hivert et al., 1998). We also noted
that, at lower concentrations of H2O2, most TUNEL-
positive cells exhibited an apoptotic morphology. At
higher concentrations of H2O2, however, most of cells
showed signs of necrotic cell death. This dose-dependent
induction of apoptosis in our culture may represent a
typical feature of neuronal death caused by oxidative
radical stress.

At present, neither the precise sequence of events
nor the critical triggering mechanisms involved in H2O2-
induced neuronal injury has been established. Inhibition
of mitochondrial activity has been shown to result in
apoptosis (Lenaz et al., 1998; Madesh et al., 1999). The
MTT assay is a colorimetric assay for the nonradioactive
quantification of cell viability and is based on the
cleavage of the yellow tetrazolium salt MTT to purple
formazan crystals by metabolically active cells. The
formation of formazan is thought to take place via intact
mitochondria. A decrease in the number of living cells
results in a decrease in the total metabolic activity in the
sample. Our MTT assays demonstrated that the reduction
of metabolic activity was significant, suggesting an
inhibition of mitochondrial function in this culture system
by H2O2.

PEDF has been reported to promote neuronal
differentiation and survival of neurons of the central
nervous system (Tombran-Tink et al., 1991; Taniwaki et
al., 1995). It protects cultured cerebellar neurons from
serum-withdrawal-induced cell death, from glutamate
cytotoxicity (Taniwaki et al., 1997), and from apoptotic
cell death (Araki et al., 1998). We demonstrate, for the
first time, that PEDF protects against H2O2-induced
retinal cell death. The protective effect was dose depen-
dent in both MTT and LDH assays, with half-maximum
effect at 50 ng PEDF/ml. This potency of PEDF in our
cultured retinal neurons is similar to that in cultured
cerebellar granule cells (Taniwaki et al., 1997; Araki et
al., 1998). PEDF is synthesized and secreted by the RPE
cells in early embryogenesis and in the adult stages of the
retina and is found in abundance in the IPM, which
surrounds retinal neurons (Tombran-Tink et al., 1995).
Therefore, it is in a prime location to affect both the
differentiation and survival of the retina, especially the
photoreceptor cells, which lie directly adjacent to the
RPE cells and are surrounded by the IPM containing
PEDF. Our data also raise the possibility that the PEDF
may exhibit similar neurotrophic and neuroprotective
activities for retinal neurons in vivo.

Fig. 7. Pigment epithelium-derived factor (PEDF) inhibits
H2O2-induced apoptosis in cultured retinal neurons as deter-
mined by the TUNEL assay. **P , 0.01 versus the same dose
of H2O2 (100 µM, 24 hr) exposure without PEDF (100 ng/ml)
pretreatment (mean6 SE, n5 3).

Fig. 8. Retinal neuron protection in culture by different sur-
vival factors in combination or alone. Two hours before
100-µM H2O2 exposure for 24 hr, the cultures were treated with
pigment epithelium-derived factor (PEDF), human recombi-
nant fibroblast growth factor (bFGF), brain-derived neuro-
trophic factor (BDNF), ciliary neurotrophic factor (CNTF),
PEDF1 bFGF, PEDF1 BDNF, or PEDF1 CNTF. *P , 0.05
versus the same dose of H2O2 exposure without survival factor
pretreatment. ¶P , 0.05 versus PEDF pretreatment (mean6
SE, n5 3).
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In the past several years, a number of neurotrophic
factors have shown survival-promoting activity in a wide
range of neuronal systems. Our data showed a high
degree of retinal neuron protection with bFGF and CNTF
and less protection with BDNF. It is not surprising that
bFGF was the most effective factor against H2O2-induced
retinal neuron death among other factors in this study
because bFGF has been shown to be very effective in
rescuing retinal neurons in several in vivo models of
retinal degeneration (Faktorovich et al., 1990; LaVail et
al., 1992). CNTF has also been shown to delay photore-
ceptor cell loss in the retinal degeneration (LaVail et al.,
1992). The peak protective effect of BDNF occurred at 50
ng/ml. Therefore, a less protective effect with BDNF is
not due to insufficient supply of BDNF. One possible
explanation is that BDNF is more effective for ganglion
cells and that photoreceptor cells are more susceptible to
oxidative damage than ganglion cells. It has been re-
ported that retinal ganglion cells appear to be better
protected by BDNF, whereas the photoreceptors appear to
be better protected by bFGF and CNTF (LaVail et al.,
1992; Weibel et al., 1995; Gao et al., 1997). The benefits
of different combinations of neurotrophic factors in
retinal degeneration have been reported (LaVail et al.,
1992). We have shown in the present study that combina-
tions of PEDF with bFGF, BDNF, or CNTF improves the
protection. This result suggests that a cocktail of growth
factors may provide optimum rescue in conditions of
retinal degeneration.

In conclusion, H2O2, a free radical generator, signifi-
cantly induces cell death in cultured retinal neurons and
pretreatment of the cells with PEDF inhibits this process.
Application of the TUNEL assay demonstrates that the
H2O2-induced cell death occurs by an apoptotic mecha-
nism and that PEDF prevents apoptosis. PEDF could be a
useful neuroprotective agent in the development of
treatment strategies for retinal cell degeneration.

ACKNOWLEDGMENTS
This work was supported by an NIH grant

(EY06085) and by a Jules and Doris Stein Professorship
from the Research to Prevent Blindness (RPB) to J.F.M.,
by a grant from the University of Oklahoma Medical
Alumni Association to Wei Cao, and by an unrestricted
grant from RPB to the Department of Ophthalmology. We
thank Na Wei for technique assistance and Debra A.
Williams for secretarial support.

REFERENCES

Araki T, Taniwaki T, Becerra SP, Chader GJ, Schwartz JP. 1998.
Pigment epithelium-derived factor (PEDF) differentially pro-

tects immature but not mature cerebellar granule cells against
apoptotic cell death. J Neurosci Res 53:7–15.

Becker E, Soler RM, Yuste VJ, Gine E, Sanz-Rodriguez C, Egea J,
Martin-Zanca D, Comella JX. 1998. Development of survival
responsiveness to brain-derived neurotrophic factor, neuro-
trophin 3 and neurotrophin 4/5, but not to nerve growth factor,
in cultured motoneurons from chick embryo spinal cord. J
Neurosci 18:7903–7911.

Berglin L, Algvere PV, Seregard S. 1997. Photoreceptor decay over
time and apoptosis in experimental retinal detachment. Graefes
Arch Clin Exp Ophthalmol 235:306–312.

Blanks JC, Pickford MS, Organisciak DT. 1992. Ascorbate treatment
prevents accumulation of phagosomes in RPE in light damage.
Invest Ophthalmol Vis Sci 33:2814–2821.

Bottenstein J, Hayashi I, Hutchings S, Masui H, Mather J, McClure
DB, Ohasa S, Rizzino A, Sato G, Serrero G, Wolfe R, Wu R.
1979. The growth of cells in serum-free hormone-supplemented
media. Methods Enzymol 58:94–109.

Cao W, Wen R, Li F, Cheng T, Steinberg RH. 1997. Induction of basic
fibroblast growth factor mRNA by basic fibroblast growth factor
in Muller cells. Invest Ophthalmol Vis Sci 38:1358–1366.

Chang JY, Liu LZ. 1998. Toxicity of cholesterol oxides on cultured
neuroretinal cells. Curr Eye Res 17:95–103.

Clement MV, Ponton A, Pervaiz S. 1998. Apoptosis induced by
hydrogen peroxide is mediated by decreased superoxide anion
concentration and reduction of intracellular milieu. FEBS Lett
440:13–18.

Faktorovich EG, Steinberg RH, Yasumura D, Matthes MT, LaVail MM.
1990. Photoreceptor degeneration in inherited retinal dystrophy
delayed by basic fibroblast growth factor. Nature 347:83–86.

Gao H, Qiao X, Hefti F, Hollyfield JG, Knusel B. 1997. Elevated
mRNA expression of brain-derived neurotrophic factor in
retinal ganglion cell layer after optic nerve injury. Invest
Ophthalmol Vis Sci 38:1840–1847.

Goliath R, Tombran-Tink J, Rodriquez IR, Chader G, Ramesar R,
Greenberg J. 1996. The gene for PEDF, a retinal growth factor is
a prime candidate for retinitis pigmentosa and is tightly linked
to the RP13 locus on chromosome 17p13.3. Mol Vis 2:5:5

Gupta SK, Jollimore CA, McLaren MJ, Inana G, Kelly ME. 1997.
Mammalian retinal pigment epithelial cells in vitro respond to
the neurokines ciliary neurotrophic factor and leukemia inhibi-
tory factor. Biochem Cell Biol 75:119–125.

Halliwell B. 1992. Reactive oxygen species and the central nervous
system. J Neurochem 59:1609–1623.

Hivert B, Cerruti C, Camu W. 1998. Hydrogen peroxide-induced
motoneuron apoptosis is prevented by poly ADP ribosyl synthe-
tase inhibitors. NeuroReport 9:1835–1838.

Hockenbery DM, Oltvai ZN, Yin XM, Milliman CL, Korsmeyer SJ.
1993. Bcl-2 functions in an antioxidant pathway to prevent
apoptosis. Cell 75:241–251.

Iwata E, Miyazaki I, Asanuma M, Iida A, Ogawa N. 1998. Protective
effects of nicergoline against hydrogen peroxide toxicity in rat
neuronal cell line. Neurosci Lett 251:49–52.

Kamata H, Tanaka C, Yagisawa H, Hirata H. 1996. Nerve growth factor
and forskolin prevent H2O2-induced apoptosis in PC12 cells by
glutathione independent mechanism. Neurosci Lett 212:179–
182.

Kerrigan LA, Zack DJ, Quigley HA, Smith SD, Pease ME. 1997.
TUNEL-positive ganglion cells in human primary open-angle
glaucoma. Arch Ophthalmol 115:1031–1035.

Kitamura Y, Ota T, Matsuoka Y, Tooyama I, Kimura H, Shimohama S,
Nomura Y, Gebicke-Haerter PJ, Taniguchi T. 1999. Hydrogen
peroxide-induced apoptosis mediated by p53 protein in glial
cells. Glia 25:154–164.

PEDF Inhibits H 2O2-Induced Apoptosis 799



LaVail MM, Unoki K, Yasumura D, Matthes MT, Yancopoulos GD,
Steinberg RH. 1992. Multiple growth factors, cytokines, and
neurotrophins rescue photoreceptors from the damaging effects
of constant light. Proc Natl Acad Sci USA 89:11249–11253.

Lenaz G, Cavazzoni M, Genova ML, D’Aurelio M, Pich MM, Pallotti
F, Formiggini G, Marchetti M, Castelli GP, Bovina C. 1998.
Oxidative stress, antioxidant defences and aging. Biofactors
8:195–204.

Lillien L, Cepko C. 1992. Control of proliferation in the retina:
temporal changes in responsiveness to FGF and TGF alpha.
Development 115:253–266.

Madesh M, Benard O, Balasubramanian KA. 1999. Apoptotic process
in the monkey small intestinal epithelium: 2. Possible role of
oxidative stress. Free Rad Biol Med 26:431–438.

Malchiodi-Albedi F, Feher J, Caiazza S, Formisano G, Perilli R, Falchi
M, Petrucci TC, Scorcia G, Tombran-Tink J. 1998. PEDF
(pigment epithelium-derived factor) promotes increase and
maturation of pigment granules in pigment epithelial cells in
neonatal albino rat retinal cultures. Int J Dev Neurosci 16:423–
432.

McGinnis JF, Stepanik PL, Chen W, Elias R, Cao W, Lerious V. 1999.
Unique retina cell phenotypes revealed by immunological
analysis of recoverin expression in rat retina cells. J Neurosci
Res 55:252–260.

Organisciak DT, Darrow RM, Barsalou L, Darrow RA, Kutty RK,
Kutty G, Wiggert B. 1998. Light history and age-related
changes in retinal light damage. Invest Ophthalmol Vis Sci
39:1107–1116.

Ramachandran S, Morris SM, Devamanoharan P, Henein M, Varma
SD. 1991. Radio-isotopic determination of hydrogen peroxide
in aqueous humor and urine. Exp Eye Res 53:503–506.

Reme CE, Grimm C, Hafezi F, Marti A, Wenzel A. 1998. Apoptotic cell
death in retinal degenerations. Prog Retina Eye Res 17:443–
464.

Rosenbaum DM, Rosenbaum PS, Gupta A, Michaelson MD, Hall DH,
Kessler JA. 1997. Retinal ischemia leads to apoptosis which is
ameliorated by aurintricarboxylic acid. Vis Res 37:3445–3451.

Seigel GM, Tombran-Tink J, Becerra SP, Chader GJ, Diloreto DAJ, del
Cerro C, Lazar ES, del Cerro M. 1994. Differentiation of Y79
retinoblastoma cells with pigment epithelial-derived factor and
interphotoreceptor matrix wash: effects on tumorigenicity.
Growth Factors 10:289–297.

Skaper SD, Floreani M, Negro A, Facci L, Giusti P. 1998. Neurotroph-
ins rescue cerebellar granule neurons from oxidative stress-
mediated apoptotic death: selective involvement of phosphati-
dylinositol 3-kinase and the mitogen-activated protein kinase
pathway. J Neurochem 70:1859–1868.

Spector A, Ma W, Wang RR. 1998. The aqueous humor is capable of
generating and degrading H2O2. Invest Ophthalmol Vis Sci
39:1188–1197.

Steele FR, Chader GJ, Johnson LV, Tombran-Tink J. 1993. Pigment
epithelium-derived factor: neurotrophic activity and identifica-
tion as a member of the serine protease inhibitor gene family.
Proc Natl Acad Sci USA 90:1526–1530.

Stoyanovsky DA, Goldman R, Darrow RM, Organisciak DT, Kagan
VE. 1995. Endogenous ascorbate regenerates vitamin E in the
retina directly and in combination with exogenous dihydrolipoic
acid. Curr Eye Res 14:181–189.

Taguchi H, Ogura Y, Takanashi T, Hashizoe M, Honda Y. 1996. In vivo
quantitation of peroxides in the vitreous humor by fluorophotom-
etry. Invest Ophthalmol Vis Sci 37:1444–1450.

Tan S, Wood M, Maher P. 1998. Oxidative stress induces a form of
programmed cell death with characteristics of both apoptosis
and necrosis in neuronal cells. J Neurochem 71:95–105.

Taniwaki T, Becerra SP, Chader GJ, Schwartz JP. 1995. Pigment
epithelium-derived factor is a survival factor for cerebellar
granule cells in culture. J Neurochem 64:2509–2517.

Taniwaki T, Hirashima N, Becerra SP, Chader GJ, Etcheberrigaray R,
Schwartz JP. 1997. Pigment epithelium-derived factor protects
cultured cerebellar granule cells against glutamate-induced
neurotoxicity. J Neurochem 68:26–32.

Tombran-Tink J, Chader GG, Johnson LV. 1991. PEDF: a pigment
epithelium-derived factor with potent neuronal differentiative
activity [letter]. Exp Eye Res 53:411–414.

Tombran-Tink J, Pawar H, Swaroop A, Rodriguez I, Chader GJ. 1994.
Localization of the gene for pigment epithelium-derived factor
(PEDF) to chromosome 17p13.1 and expression in cultured
human retinoblastoma cells. Genomics 19:266–272.

Tombran-Tink J, Shivaram SM, Chader GJ, Johnson LV, Bok D. 1995.
Expression, secretion, and age-related downregulation of pig-
ment epithelium-derived factor, a serpin with neurotrophic
activity. J Neurosci 15:4992–5003.

Tombran-Tink J, Mazuruk K, Rodriguez IR, Chung D, Linker T,
Englander E, Chader GJ. 1996. Organization, evolutionary
conservation, expression and unusual Alu density of the human
gene for pigment epithelium-derived factor, a unique neuro-
trophic serpin. Mol Vis 2:11:11

Travis GH. 1998. Mechanisms of cell death in the inherited retinal
degenerations. Am J Hum Genet 62:503–508.

Weibel D, Kreutzberg GW, Schwab ME. 1995. Brain-derived neuro-
trophic factor (BDNF) prevents lesion-induced axonal die-back
in young rat optic nerve. Brain Res 679:249–254.

Yamashita H, Horie K, Yamamoto T, Nagano T, Hirano T. 1992.
Light-induced retinal damage in mice. Hydrogen peroxide
production and superoxide dismutase activity in retina. Retina
12:59–66.

Zhang L, Zhao B, Yew DT, Kusiak JW, Roth GS. 1997. Processing of
Alzheimer’s amyloid precursor protein during H2O2-induced
apoptosis in human neuronal cells. Biochem Biophys Res
Commun 235:845–848.

800 Cao et al.


	INTRODUCTION  
	MATERIALS AND METHODS  
	RESULTS  
	Fig. 1. 
	Fig. 2. 
	Fig. 3. 
	Fig. 4. 
	Fig. 5. 
	Fig. 6. 
	Fig. 7. 
	Fig. 8. 

	DISCUSSION  
	ACKNOWLEDGMENTS  
	REFERENCES  

