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Abstract
Mitigating oxidative stress-induced damage is critical to preserving neuronal function in diseased
or injured brains. This study explores the mechanisms contributing to the neuroprotective effects
of pigment epithelium-derived factor (PEDF) in cortical neurons. Cultured primary neurons are
exposed to PEDF and H2O2 as well as inhibitors of phosphoinositide-3 kinase (PI3K) or
extracellular signal-regulated kinase 1/2 (ERK1/2). Neuronal survival, cell death and levels of
caspase 3, PEDF, phosphorylated ERK1/2, and Bcl-2 are measured. The data show cortical
cultures release PEDF and that H2O2 treatment causes cell death, increases activated caspase 3
levels and decreases release of PEDF. Exogenous PEDF induces a dose-dependent increase in
Bcl-2 expression and neuronal survival. Blocking Bcl-2 expression by siRNA reduced PEDF-
induced increases in neuronal survival. Treating cortical cultures with PEDF 24 h before H2O2
exposure mitigates oxidant-induced decreases in neuronal survival, Bcl-2 expression, and
phosphorylation of ERK1/2 and also reduces elevated caspase 3 level and activity. PEDF
pretreatment’s effect on survival is blocked by inhibiting ERK or PI3K. However, only inhibition
of ERK reduced the ability of PEDF to protect neurons from H2O2-induced Bcl-2 decrease and
neuronal death. These data demonstrate PEDF- mediated neuroprotection against oxidant injury is
largely mediated via ERK1/2 and Bcl-2 and suggest the utility of PEDF in preserving the viability
of oxidatively challenged neurons.
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Introduction
Pigment epithelium-derived factor (PEDF) is a 50 kDa secreted multifunctional glycoprotein
increasingly recognized for its neurotrophic properties (Yabe et al. 2010). PEDF is a
member of the serpin superfamily of proteins but it lacks inhibitory properties against either
serine or cysteine proteinases (Becerra et al. 1995; Tombran-Tink 2005; Tombran-Tink et al.
2005). PEDF is highly expressed in the retinal pigment epithelium (RPE) and has been
implicated in vascular and neural retinal disorders (Barnstable and Tombran-Tink 2004;
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Becerra et al. 2004). In culture, PEDF exerts protective effects on RPE cells and retinal
neurons via multiple mechanisms including extracellular signal-regulated kinase (ERK1/2)
phosphorylation (Ho et al. 2006; Tsao et al. 2006) and inhibition of apoptosis-inducing
factor nuclear translocation (Murakami et al. 2008).

However, PEDF expression is not confined to the retina; as it is found in serum,
cerebrospinal fluid, and is widely expressed in the CNS (Kuncl et al. 2002; Singh et al.
1998; Tombran-Tink and Barnstable 2003b). PEDF has been shown to enhance survival and
differentiation of neurons in culture as well as to induce neurite outgrowth (Gettins et al.
2002; Houenou et al. 1999). PEDF protects cerebellar granule cells from serum-deprivation
and glutamate toxicity (Araki et al. 1998; Taniwaki et al. 1997). The protective effects of
PEDF in these cells have been attributable to NF-κB activation and induction of both CRE-
and NF-κB- dependent genes (Yabe et al. 2005; Yabe et al. 2001). In vivo, the
neuroprotective function of PEDF against ischemic damage has been demonstrated in a rat
middle cerebral artery occlusion model where infarct volume and degree of edema are
significantly reduced in rats transfected to over-express the PEDF gene (Sanagi et al. 2008).
However, the mechanisms whereby PEDF protects neurons from injury have not yet been
fully elucidated.

Oxidative stress, caused by an imbalance between the generation and detoxification of
reactive oxygen species, is a deleterious condition leading to cellular death in both the eye
and brain. Oxidative stress is increasingly implicated as an important trigger for the
development of neurodegenerative diseases such as Parkinson’s disease and Alzheimer’s
disease as well as brain injury (Aliev et al. 2002; Eghwrudjakpor and Allison 2010; Loh et
al. 2006; Taupin 2010; Wang and Michaelis 2010). In the eye, PEDF has been shown to
possess anti-oxidant properties. PEDF protects RPE from oxidant-mediated barrier
dysfunction and prevents reactive oxygen species generation in retinal pericytes and
endothelial cells exposed to oxidized low-density lipoprotein or high glucose, respectively
(Banumathi et al. 2010; Ho et al. 2006; Zhang et al. 2008). The notion that the
neuroprotective effects of PEDF in brain are also related to mitigating oxidative stress is
supported by experiments in an in vitro model of Parkinson’s disease, showing that PEDF
protects dopaminergic neurons against the neurotoxic effects of rotenone and 6-
hydroxydopamine; two compounds that injure dopamine-producing neurons by oxidative
mechanisms (Falk et al. 2009).

The objective of this study is to determine the mechanisms contributing to the
neuroprotective effects of PEDF in cerebral cortical neurons. The ability of PEDF to
promote neuronal survival, under basal and oxidant-stress conditions, and the signaling
mechanisms that contribute to this neuroprotective effect are explored.

Materials and methods
2.1 Reagent preparation

All cell culture reagents and media were purchased from GIBCO/Invitrogen (Carlsbad, CA,
USA). Recombinant PEDF (GF134) was obtained from Millipore (Temecula, CA) and
reconstituted in sterile, deionized water, frozen until use and diluted in treatment media to
attain the experimental doses (0 – 100 ng/ml). Neurons were treated with PEDF for 24 h.
For experiments involving H2O2, neuronal cultures were pre-treated with PEDF with or
without the kinase inhibitors for 24 h prior to exposure to H2O2. Cells were exposed to 50
μM H2O2, 5 μM U0126 (ERK1/2 inhibitor) or LY294002 (PI3K inhibitor) or dimethyl
sulfoxide (DMSO, 0.5% final concentration) for 24 h.
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2.2 Neuronal cell culture
Animal procedures were performed in accordance with the NIH “Guide for the Care and
Use of Laboratory Animals” and Texas Tech University Health Sciences Center Institutional
Animal Care and Use Committee (IACUC) guidelines. Rat cerebral cortical cultures were
prepared from cortices of 18-day gestation fetuses, as previously described (Reimann-
Philipp et al. 2001). The cells were seeded on 6-well poly-L-lysine coated plates at a density
of 3–5 X 105 cells per ml and incubated in Neurobasal medium containing B-27 supplement,
antibiotic/antimycotic, glutamine (0.5 mM) and 5-fluoro-2′-deoxyuridine (20 μg/ml) to
inhibit proliferation of glial cells. On day 5, fresh medium without 5-fluoro-2′-deoxyuridine
was added. Neuronal cultures were used for experiments after 8–9 days in culture. Although
no primary culture is 100% pure, we have previously characterized these cultures as > 90%
neuronal (Grammas, et al. 1999). The neuronal identity of the cultures was confirmed using
immunofluroescent labeling for beta-3 tubulin, a neuron-specific protein (Promega,
Madison, WI) and glial fibrillary acidic protein (Promega).

2.3 Assessment of cell viability and cell death
Cell viability was determined using the MTT assay (Promega) as follows. Treatment
medium was replaced with fresh treatment medium containing 25 μl/ml of the Cell Titer 96
Aqueous One Solution and incubated for 10 min at 37ºC after which optical density was
measured at 490 nm using a microplate reader. The quantity of soluble formazan product, as
measured by the amount of absorbance, was directly proportional to the number of viable
cells. The optical density of untreated controls was normalized to 100%. The number of
viable cells after treatment was determined by measuring optical density and expressing
viability as percent of untreated controls. Caspase 3 activity was determined using the
Caspase 3 Cellular Assay kit from Enzo Life Sciences (PA, USA). Apoptotic cell death was
assayed by nucleosome ELISA using the Cell Death Detection ELISAPLUS kit (Roche,
Mannheim, Germany) following the manufacturer’s protocols. Cell-death induced
nucleosome release was expressed relative to control, untreated cells.

2.4 Detection of PEDF protein by ELISA
PEDF released into the supernatant was quantitated by indirect ELISA, using our previously
published protocol (Sanchez et al. 2008; Tripathy et al. 2010). Supernatants (100 μl)
collected from cerebral cortical cultures after various treatments were coated onto 96-well
immulon 2HB (Fisher Scientific) flat bottom plates with sodium bicarbonate buffer (0.1 M)
and incubated overnight at 4°C. Non-specific sites were blocked with 1% bovine serum
albumin solution at 37°C for 45 min. The plates were incubated with primary antibody
(ab14993; AbCam, Cambridge, MA, dilution 1:1000) in bicarbonate buffer and incubated at
37°C for 1 h followed by extensive washing to remove unbound antibody. Plates were then
incubated with secondary antibody coupled with horseradish peroxidase (Bio-Rad, Hercules,
CA 1:1,000 dilution) for 45 min at 37°C, in the dark. The reaction was developed by adding
200 μl/well of o-phenylene diamine H2O2 (Pierce, Chemicon, Temecula, CA, USA) for 20
min. Optical density was measured at 450 nm using a microplate ELISA reader (Bio-Rad,
Hercules, CA). Samples were assayed in triplicate.

2.5 Western blot analysis
Total protein was extracted from neurons using lysis buffer (20 mM Tris-HCl pH 7.4, 50
mM NaCl, 0.5 % NP-40, 0.5% deoxycholate, 0.5% SDS, 1 mM EDTA, 1 μg/ml aprotinin)
containing protease and phosphatase inhibitor cocktail tablets (Roche, Mannheim,
Germany). Protein was determined by the Bradford method using Bio-Rad protein reagents.
Equal amounts of protein were run on a 12% polyacrylamide gel, transferred on to a PVDF
membrane, blocked with 5% milk solution (non-fat dry milk in Tris-buffered saline
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Tween-20) and immunoblotted with primary antibodies. The antibodies used included Bcl-2
(ab7973 1:200, Abcam), PEDF (07-280 1:300, Millipore) uncleaved form of caspase-3
(sc-7148 1:300, Santa Cruz Biotechnology), cleaved active form of caspase-3 (#9661
1:300), phosphorylated ERK1/2 (#4377, 1:300) and total ERK 1/2 (#4695, 1:300) from Cell
Signaling (Danvers, MA). Primary antibody was followed by incubation with peroxidase-
conjugated secondary antibodies. After extensive washing to remove unbound antibodies,
membranes were developed with chemiluminescence reagents. Blots were later incubated
with stripping buffer at 50°C for 1 h and re-probed with GAPDH (MAB374 1:1000,
Chemicon). Band intensities were quantitified using Quantity One software (Bio-Rad) and
graphically expressed as intensity units which reflects the average intensity over the area of
the band. Densitometric measurements of bands were normalized to corresponding GAPDH
levels. The control sample values were set to 100 and treatment values expressed as percent
of control.

2.6 Bcl-2, ERK1 and ERK2 RNA silencing
Primary neuronal cultures were transfected with small interfering RNA (siRNA) for Bcl-2
(Sigma-Aldrich, St Louis, MO), ERK1, ERK2 (Santa Cruz Biotechnology, CA) or
scrambled siRNA (negative control) on day 5 in culture following our previously published
protocol (Tripathy and Grammas, 2009) with minor modifications. Transfection was carried
out using culture media lacking antibiotics. Transfection reaction was prepared with 100
pmol/ml of specified siRNA or scrambled siRNA in 100 μl of Opti-MEM (Invitrogen,
Carslbad, CA). Lipofectamine RNAiMAX (Invitrogen, Carslbad, CA) transfection reagent
(6 μl) was diluted in 94 μl of OPTI-MEM. The siRNA mixture was slowly mixed with the
lipofectamine and incubated for 20 min at room temperature to allow complex formation.
The neuronal cultures were incubated with the siRNA lipofectamine complex for 6 h,
changed to fresh media, and further incubated for 48 h. Target RNA silencing was detected
by RT-PCR for Bcl-2, ERK1 and ERK2. Total RNA extracted from the cells treated with
siRNA was reverse transcribed with specific primers and PCR products visualized on a
1.5% agarose gel using UV trans-illumination.

2.7 RT-PCR Analysis
Total RNA was extracted from neuronal cultures using the Trizol method (Invitrogen,
Carlsbad, CA) according to manufacturer’s instructions and then DNase treated. RNA (2 μg)
was reverse transcribed using oligo (dT)15 primers (Promega) and amplified by PCR (5
min-95°C, 32 cycles of 30s-94°C, 30s-56°C, 45s-72°C and 5 min-72°C) using a
Mastercycler system (Eppendorf). PCR reactions were performed for Bcl-2, ERK1 and
ERK2 on each cDNA template along with the housekeeping gene GAPDH. Primers used for
PCR are shown in Table 1. The PCR products were visualized on a 1.5% agarose gel using
UV trans-illumination and quantified using Quantity One v. 4.6 (BioRad) software. Band
densities were normalized to corresponding GAPDH levels. The controls were set to 100
and treatment sample values expressed relative to the control.

2.7 Statistical Analysis
Prism version 4.0 software (GraphPad Inc., San Diego CA) was used for graphical
presentation and statistical analysis. Statistical analysis used included student’s t-test and
one-way ANOVA followed by post hoc multiple comparison tests to compare different
treatment groups. Data are presented as means + SEM of at least 3 independent experiments.
Statistical significance was determined at p<0.05.
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Results
3.1 H2O2 reduced cell survival and decreased PEDF release in cortical neuronal cultures

Primary cortical cultures were exposed to oxidative stress using increasing doses of H2O2.
The data showed that treatment of neurons with H2O2 for 24 h caused a dose-dependent
decrease in cell survival (Fig. 1A). This decrease (39.6%) was highly significant (p<0.001)
at 50 μM H2O2. Addition of H2O2 also caused a decrease in the amount of
immunodetectable PEDF released by the neurons into the supernatant. This decrease (30%)
was significant (p<0.01) at 50 μM H2O2 and highly significant (p<0.001) at 100 μM (57%)
(Fig.1A). Similarly, H2O2 treatment induced a dose-dependent decrease in the level of
endogenous PEDF (50 kDa), and the uncleaved form of caspase 3 (32 kDa) while increasing
the level of activated, cleaved caspase 3 (17 kDa) (Fig. 1B). A low level of caspase
activation was detectable in control cultures.

3.2 Exogenous PEDF enhanced survival of cultured neurons
To further explore direct PEDF effects on neuronal viability primary cortical cultures were
exposed to increasing concentrations (5–100 ng/ml) of PEDF and neuronal viability assessed
by MTT assay. The data showed that PEDF evoked a dose-dependent increase in cell
survival starting at 10 ng/ml PEDF (p<0.01) (Fig. 2A). At 50 ng/ml PEDF caused a highly
significant (p<0.001) increase in cell survival (Fig. 2A). In preliminary experiments we
screened several signaling inhibitors to determine which pathway contributed to PEDF’s
neurotrophic effect including, JNK II inhibitor (5 μM), p38 inhibitor (SB203580, 5 μM),
ERK inhibitor (U0126, 5 μM), PI3K inhibitor (LY294002, 5 μM), NF-Kβ inhibitor (BAY
11-7085, 5 μM), dicoumarol (NF-kβ+JNK inhibitor, 25 μM) and the protein kinase C
inhibitor bisindolylmaleimide (BSI, 5 μM). Our data indicated that neither dicoumarol nor
SB2030580 significantly affected the neurotrophic effect of PEDF. Both BAY 11-7085 and
BSI exhibited significant toxicity which resulted in a 40% decrease in neuronal survival. In
contrast, inhibitors of the ERK and PI3K pathways alone did not affect neuroal survival but
significantly (p<0.01 and p<0.05, respectively) blocked the increase in neuronal survival
evoked by PEDF (Table 2). Thus, ERK and PI3K pathways were the focus of our additional
experiments.

3.3 PEDF increased Bcl-2 expression in neurons
The effect of PEDF on expression of the anti-apoptotic protein Bcl-2 was determined.
Exposure of neuronal cultures to PEDF (10–100 ng/ml) for 24 h induced an increase in
Bcl-2 expression at both message and protein levels (Fig. 2B). RT-PCR analysis showed
significant increase in mRNA levels of the Bcl-2 gene (Fig. 2B) at 50 ng/ml PEDF (p<0.05).
Western blot analysis of PEDF treated neurons showed an increase of Bcl-2 protein at 10 ng/
ml (p<0.05) that was highly significant at 100 ng/ml (p<0.001) (Fig. 2B). Similar to the
results obtained examining neuronal survival, treatment of cultures with inhibitors of
ERK1/2 as well as PI3K/Akt significantly (p<0.001 and p<0.05, respectively) blocked the
increase in Bcl-2 level evoked by PEDF (Table 2).

3.4 PEDF protected primary cortical neurons against H2O2
Based on results that showed a neurotrophic effect of exogenous PEDF on cerebral cortical
cultures, the ability of PEDF to protect neurons challenged with the oxidant stressor H2O2
was investigated. Pre-treatment of neurons for 24 h with increasing doses of PEDF (10–250
ng/ml) enhanced survival of neuronal cultures subsequently exposed to H2O2. Cultures
pretreated with 100 ng/ml PEDF demonstrated a significant (p<0.001) increase in survival
compared to neurons exposed to H2O2 without pre-treatment (Fig.3A). Cell death induced
by H2O2 was reduced by PEDF pretreatment as evidenced by the significant (p<0.001)
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reduction in nucleosome release from PEDF pretreated cells compared to cells treated with
H2O2 alone (Fig. 3B). PEDF pretreatment of cultures with 100 and 250 ng/ml PEDF also
showed a significant (p<0.001) decrease in the level of cleaved, activated form of caspase 3
compared to cells exposed to H2O2 alone (Fig 3C). In addition, PEDF pre-treatment
prevented the increased caspase 3 activity induced by H2O2 (Table 3).

To probe the role of signaling pathways in the PEDF-mediated neuroprotection from oxidant
injury, the PI3-K/Akt inhibitor LY294002 and the ERK 1/2 inhibitor U0126 were used. The
data showed that incubation of cultures with the PI3K/Akt inhibitor did not significantly
affect PEDF-mediated neuroprotection (Fig. 4). In contrast, incubation of neuronal cultures
with the ERK 1/2 inhibitor U0126 significantly (p<0.01) reduced the ability of PEDF to
protect neurons from H2O2-induced cell death (Fig. 4).

3.5 PEDF protection against H2O2 was associated with Bcl-2 induction
Since exogenous PEDF treatment caused an increase in the level of the anti-apoptotic
protein Bcl-2, we determined whether blocking Bcl-2 would affect PEDF-mediated
protection. Our results showed that blocking Bcl-2 using siRNA significantly reduced the
increase in neuronal survival evoked by PEDF alone (p<0.001) and also reduced the
protection imparted by PEDF against H2O2 (p<0.001) (Fig. 5).

We also studied whether Bcl-2 expression was affected by PEDF under H2O2 stress. There
was a reduction of Bcl-2 expression in neurons treated with 50 μM H2O2 for 24 h compared
to untreated control cells (p<0.01). Pre-treatment of cultures with PEDF prior to H2O2
exposure blocked the decrease in Bcl-2 caused by H2O2 treatment (p<0.01). Addition of the
ERK 1/2 inhibitor U0126 significantly (p<0.01) reduced the ability of PEDF to protect
neurons from H2O2-mediated reduction in Bcl-2 (Fig. 6). Furthermore, the results showed
that the increase in Bcl-2 expression caused by PEDF was significantly decreased by siRNA
that blocked ERK1 (47%, p<0.01) or ERK2 (30%, p<0.01).

3.6 Levels of phosphorylated ERK 1/2 were modulated by PEDF and H2O2
Treatment of primary cortical neurons with H2O2 caused a significant (p<0.001) decline in
the level of the phosphorylated form of p44/p42 (ERK 1/2) compared to control cells (Fig.
7). Exposure of neurons to PEDF alone did not alter the level of phosphorylated ERK 1/2.
However, pretreatment of neurons with PEDF prior to H2O2 exposure resulted in a
significantly (p<0.05) higher level of phosphorylated ERK 1/2 compared to that evoked by
H2O2 alone. Incubation of PEDF pretreated cells with H2O2 together with the ERK 1/2
inhibitor blocked the effect of PEDF on phosphorylated ERK 1/2 (p<0.01; Fig. 7).

Discussion
Neuronal degeneration, dysfunction and death are characteristics of brain injury and
neurodegenerative diseases (Choonara et al. 2009). Although the precise mechanisms
underlying neuronal loss in neurodegenerative diseases remain elusive, oxidative stress is
increasingly implicated (Aliev et al. 2002). Oxidative stress, caused by an imbalance
between the generation and detoxification of reactive oxygen species, is a deleterious
condition leading to cellular death. Mitigating oxidative stress-induced damage is critical to
preserving neuronal function in diseased or injured brains. In this study we demonstrate that
pretreatment of cultured cortical neurons with exogenous PEDF protects cells against the
neurotoxic effects of H2O2 exposure by several mechanisms including expression of the
anti-apoptotic protein Bcl-2, reduction of activated caspase 3 level and activity, and
activation of the ERK1/2 signaling pathway.
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Apoptotic cell death is regulated by the antiapoptotic Bcl-2 family of proteins. Bcl-2 has
been implicated in CNS functions such as brain development, neuronal process growth and
regeneration, and adult hippocampal neurogenesis (Chiou et al. 2006; Korzhevskii et al.
2004; Perera et al. 2007; Seo et al. 2002). We have previously documented that treatment of
neuronal cultures with the drug acetaminophen increases expression of Bcl-2 and that
blocking drug-induced expression of Bcl-2 reduces the pro-survival effect of acetaminophen
on cultured neurons (Tripathy and Grammas, 2009). In this light, we focused on the effect of
PEDF on Bcl-2. Our study shows that PEDF evokes a dose-dependent increase in Bcl-2 in
cultured cortical neurons and that blocking Bcl-2 reduces both the neurotrophic and
neuroprotective effects of PEDF. Similar results have been reported in cultured retinal
pericytes (Yamagishi et al. 2002) and cerebellar granule cells (Yabe et al. 2001). Bcl-2 has
been shown to enhance neuronal survival in hippocampal neurons subjected to ischemic
injury (Sasaki et al. 2006). Also, in PC-12 cells, Bcl-2 mitigates calcium entry and
mitochondrial calcium overload through regulation of L-type calcium channels; effects that
could contribute to maintenance of cell viability after injury (Diaz-Prieto et al. 2008). Thus,
Bcl-2 expression may be a common pathway whereby drugs and proteins exert neurotrophic
effects.

Treatment of neuronal cultures with PEDF alone does not increase ERK1/2 but does
increase Bcl-2. It is possible that PEDF affects Bcl-2 through more than the ERK1/2
pathway. Indeed, we show that PEDF’s neurotrophic effect is mediated through both PI3K/
Akt as well as ERK1/2 (Table 2). Therefore, the PEDF-mediated increase in Bcl-2 may
involve PI3K/Akt, or potentially other signaling pathways. In this regard, although our
initial experiments do not find a significant role for p38 and JNK in the PEDF-mediated
neuroprotection observed the importance of other signaling pathways especially the large
and diverse MAP kinase family, (Keshet and Seger, 2010) which includes the recently
described neurotrophic effects of ERK5 (Obara and Nakahata, 2010), remains to be
explored.

The regulation of neuronal cell death by intracellular signaling cascades is complex.
Although little is known about PEDF’s signaling mechanisms in cortical neurons, in other
cell types PEDF has been shown to activate several signaling pathways. PEDF triggers an
intracellular cascade of signals leading to NF-κB activation and nuclear translocation as well
as phosphorylation of p38 and other MAP kinases (Chen et al. 2006; Tombran-Tink and
Barnstable 2003a). The pleiotropic signaling cascades activated by PEDF suggest its ability
to mediate different functional outcomes in specific cell types. For example, in endothelial
cells, the pro-apoptotic action of PEDF involves induction of PPAR-gamma which in turn
increases p53 expression and activity (Ho et al. 2007). Also, PEDF prevents endothelial cell
damage from oxidative stress induced by high glucose concentration through increased
levels of reduced glutathione, increased superoxide dismutase activity and decreased caspase
3 activation (Banumathi et al. 2010). In the brain, PEDF inhibits cold-injury induced brain
edema through suppression of NADPH oxidase via inhibition of Rac-1 activation (Jinnouchi
et al. 2007). Our data indicate that inhibition of ERK 1/2 or PI3K/Akt prevents PEDF-
mediated increase in neuronal survival. These data indicate that PEDF exerts its
neurotrophic functions through multiple signaling cascades. This is consistent with work
showing that in the brain upregulation of Bcl-2, in response to the anticonvulsant valproate,
is mediated by ERK and PI3K (Creson et al. 2009). In contrast to the neurotrophic effect of
PEDF on unstimulated neuronal cultures, the ability of PEDF to protect neurons against
oxidative insult evoked by H2O2 is largely mediated through the ERK pathway as the ERK
1/2 inhibitor U0126 but not the PI3K/Akt inhibitor LY294002 significantly negates the
neuroprotective effect of PEDF. The significance of the ERK pathway in PEDF-mediated
protection against H2O2 is further demonstrated by experiments showing that blocking
ERK1/2 negates the PEDF-mediated protection against H2O2 –induced decrease in Bcl-2
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levels. Furthermore, levels of phosphorylated ERK1/2 closely reflect changes observed in
Bcl-2 expression. Taken together, these results indicate that in cortical neurons PEDF exerts
neurotrophic and neuroprotective functions through distinct but overlapping mechanisms.

In the current study we document expression of PEDF by cortical-derived neurons in
culture. PEDF could be an important endogenous neurotrophic/neuroprotective factor. In
this regard, we have previously documented that treatment of neuronal cultures with VEGF
evokes a dose-dependent expression of PEDF (Sanchez et al., 2010). Increased expression of
PEDF perivascular astrocytes has been shown to promote the proliferation of neural
progenitor cells and the production of mature granule neurons in the adult hippocampus
(Namba 2010). Thus, neuroprotective peptides such as PEDF derived from neurons and/or
non-neuronal cell types may form an initial defense in response to brain injury. A study
examining the expression pattern of PEDF in the CNS after injury finds PEDF levels are
decreased 2 days after kainic acid exposure and then significantly elevated at 7 days post
injury. PEDF protein and PEDF mRNA expression are co-localized with GFAP-positive
reactive astrocytes 7 days after kainic acid exposure, suggesting that the increase in PEDF
expression in injured brain may form part of a compensatory mechanism against neuronal
degeneration (Sanagi et al. 2007). This idea is also supported by work demonstrating strong
PEDF reactivity in brains of Alzheimer’s disease patients (Yamagishi et al. 2004).

Our data indicate that PEDF promotes neuronal survival and protects against oxidative stress
by enhancing anti-apoptotic and/or pro-survival signaling in cortical neurons. Understanding
how PEDF is regulated in neurons could suggest ways to bolster neuronal viability by
enhancing endogenous neurotrophic proteins. Also, defining the mechanisms whereby
PEDF exerts neuroprotection against oxidative stress could provide new insight into
strategies for preserving neuronal function in neurological disorders such as AD where
oxidative stress is a primary driver of neuronal injury.
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H2O2 reduced cell survival and decreased PEDF release in cortical neuronal cultures.

Exogenous PEDF enhanced survival of cultured neurons.

PEDF increased Bcl-2 expression in neurons.

PEDF protected primary cortical neurons against H2O2.

PEDF protection against H2O2 was associated with Bcl-2 induction.

Levels of phosphorylated ERK 1/2 were modulated by PEDF and H2O2.
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Figure 1.
Eight-day old cortical neuron cultures were exposed to increasing concentrations of H2O2
for 24 h.
A. Cell survival was determined by MTT assay and PEDF release by ELISA.
***p<0.001; ##p<0.01, ###p<0.001 vs. corresponding control.
B. Levels of PEDF, procaspase 3 and cleaved caspase 3 determined by western blot analysis.
#p<0.05; ++p<0.01, +++p<0.001; ***p<0.001, vs. corresponding control.
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Figure 2.
Primary cultures of cortical neurons were treated with increasing concentrations of PEDF
for 24 h.
A. Cell survival was determined by MTT assay.
**p<0.01, ***p<0.001 vs. 0 ng/ml PEDF.
B. Bcl-2 expression determined by RT-PCR (top) and western blot analysis (bottom)
*p<0.05, **p<0.01, ***p<0.001; #p<0.05, ##p<0.01 vs. corresponding control.
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Figure 3.
Eight day old cortical neurons were treated with increasing dose of PEDF for 24 h and then
exposed to H2O2 (50 μM, 24 h).
A. Neuronal survival was determined by MTT assay.
**p<0.01, ***p<0.001 vs. control; #p<0.05, ##p<0.01, ###p<0.001 vs. H2O2.
B. Cell death was determined by nucleosome ELISA.
***p<0.001 vs. control; ###p<0.001 vs. H2O2. C. The level of cleaved caspase 3 was
determined by western blot analysis.
***p<0.001 vs. control; #p<0.05, ###p<0.001 vs. H2O2.
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Figure 4.
Eight-day old neuron cultures were pre-treated with PEDF (100 ng/ml, 24 h) with or without
a PI3/Akt or ERK 1/2 kinase inhibitor (5 μM) and exposed to H2O2 (50 μM) for 24 h. Cell
survival was determined by MTT assay.
***p<0.001 vs. control; ap<0.001 vs. H2O2; ##p<0.01 vs. H2O2 + PEDF.
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Figure 5.
Cortical neurons were transfected with Bcl-2 siRNA (100 pmol, 6 h), pre-treated with PEDF
(100 ng/ml, 24 h) and then exposed to H2O2 (50 μM, 24 h). Cell survival was then
determined by MTT assay.
***p<0.001 vs. PEDF
###p<0.001 vs. H2O2 + PEDF
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Figure 6.
Eight-day old neuron cultures were pre-treated with PEDF (100 ng/ml, 24 h) with or without
ERK 1/2 kinase inhibitor (5 μM) and exposed to H2O2 (50 μM) for 24 h. Bcl-2 was
determined by western blot.
**p<0.01 vs. control; ap<0.01 vs. H2O2; bp<0.01 vs. PEDF;
cp<0.01 vs. H2O2 + PEDF.
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Figure 7.
Eight-day old cortical neuron cultures were pre-treated with PEDF (100 ng/ml, 24 h) with or
without ERK 1/2 kinase inhibitor (5 μM) and exposed to H2O2 (50 μM) for 24 h. Levels of
phosphorylated ERK1/2 and total ERK1/2 were determined by western blot.
***p<0.001 vs. control; ap<0.05 vs. H2O2; bp<0.001 vs. PEDF; cp<0.01 vs. H2O2 + PEDF.
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Table 1

Primers used for reverse-transcription PCR

Gene Sequence Amplicon Size

Bcl-2 Fwd 5′ AGG GGG AAA CAC CAG AAT
Rev 5′ TGG AAG GAG AAG ATG CCA G 314

ERK1 Fwd 5′ GCT GAA TCA CAT CCT GGG TAT
Rev 5′ AGA TCT GTA TCC TGG CTG GAA 441

ERK2 Fwd 5′ GCC CGG AGA TGG TCC GC
Rev 5′ ATG GTC TGG ATC TGC AAC A 506

GAPDH Fwd 5′ ATG GGA AGC TGG TCA TCA AC
Rev 5′ GGA TGC AGG GAT GAT GTT CT 440
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Table 2

Inhibition of PEDF-mediated neurotrophic effects

Treatment Neuronal Survival (Mean+SEM) Bcl-2 Protein Level

Control 100.0 ± 0.0 100.0 ± 0.0

PEDF (100 ng/ml) 132.0 ± 6.6 *** 113.4 ±3.4 **

PEDF+ERK1/2 Inhibitor 109.6 ± 8.1## 79.3 ± 1.9###

PEDF+PI3/Akt Inhibitor 111.2 ± 2.1# 104.2 ± 1.5#

Data are mean ± SEM from 3 separate experiments.

**
p<0.01,

***
p<0.001 vs. control;

#
p<0.05,

##
p<0.01,

###
p<0.001 vs. PEDF
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Table 3

Effect of PEDF on caspase 3 activity

Treatment Caspase 3 Specific Activity (pmol/min/μg total protein)

Control 35.8 ± 1.8

H2O2 (50 μM) 79.1 ± 4.8 ***

PEDF (100 ng/ml) 34.5 ± 6.1 ###

H2O2+PEDF 38.2 ± 3.3 ###

Data are mean ± SEM of three experiments.

***
p<0.001 vs. control;

###
p<0.001 vs. H2O2
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