
Retinal Cell Biology

Pigment Epithelium-Derived Factor Is Retinal Ganglion
Cell Neuroprotective and Axogenic After Optic Nerve
Crush Injury

Vasanthy Vigneswara, Martin Berry, Ann Logan, and Zubair Ahmed

Neurotrauma and Neurodegeneration Section, School of Clinical and Experimental Medicine, College of Medical and Dental
Sciences, University of Birmingham, Birmingham, United Kingdom

Correspondence: Zubair Ahmed,
Neurotrauma and
Neurodegeneration Section, School
of Clinical and Experimental
Medicine, College of Medical and
Dental Sciences, University of
Birmingham, Institute of Biomedical
Research (West), Edgbaston,
Birmingham B15 2TT, UK;
z.ahmed.1@bham.ac.uk.

Submitted: February 1, 2013
Accepted: March 8, 2013

Citation: Vigneswara V, Berry M,
Logan A, Ahmed Z. Pigment
epithelium-derived factor is retinal
ganglion cell neuroprotective and
axogenic after optic nerve crush
injury. Invest Ophthalmol Vis Sci.

2013;54: 2624–2633. DOI: 10.1167/
iovs.13-11803

PURPOSE. To investigate neuroprotective and axogenic properties of pigment epithelium-
derived factor (PEDF) in retinal ganglion cells (RGC) in vitro and in vivo.

METHODS. Adult rat retinal cultures were treated with combinations of PBS and PEDF with or
without a cell permeable analogue of cAMP, and RGC survival and neurite lengths quantified.
The optic nerves of anesthetised rats were also crushed intraorbitally to transect all RGC
axons followed by intravitreal injections of either PBS, PEDF, or cAMPþPEDF every 7 days.
RGC were back filled with FluoroGold to quantify RGC survival and longitudinal optic nerve
sections were stained with GAP43 antibodies to detect regenerating RGC axons.

RESULTS. An optimal dose of 2.5 3 10�5 lg/lL, promoted 65% more RGC survival than
controls in vitro, increasing by 4.4- and 5-fold the number of RGC with neurites and the
mean neurite length, respectively. Addition of cAMP with or without PEDF did not
potentiate RGC survival or the mean number of RGC with neurites, but enhanced RGC
neurite length by 1.4-fold, compared with PEDF alone. After optic nerve crush (ONC), PEDF
protected RGC from apoptosis and increased the numbers of regenerating RGC axons in the
optic nerve by 4.6- and 3.4-fold, respectively when compared with controls. cAMP did not
enhance PEDF-induced RGC neuroprotection, but potentiated its neuroregenerative effects
by 2- to 3-fold, increasing the number of RGC axons regenerating at 500 and 1000 lm from
the lesions site.

CONCLUSIONS. This study is the first to demonstrate that PEDF enhances both RGC survival and
axon regeneration in vitro and in vivo.
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Retinal ganglion cells (RGC) rapidly die after axotomy, but
are protected by combinatorial treatments with neuro-

trophic factors (NTF), including brain-derived NTF (BDNF),
neurotrophin-3/4 (NT-3/4), ciliary neurotrophic factor (CNTF),
glial cell line–derived neurotrophic (GDNF), and basic fibro-
blast growth factor (FGF2).1–7 NTF combinations also activate
intrinsic axon growth signalling pathways that initiate RGC
axon regeneration.1–7 Pigment epithelium-derived factor
(PEDF) is a 50 kDa NTF glycoprotein belonging to the serpin
superfamily, that protects a wide range of central nervous
system (CNS) neurons.8–15 Although first isolated from fetal
human retinal pigment (choroid) epithelial cells, like many
other NTF, PEDF is expressed in a wide variety of tissues
including brain, spinal cord, skeletal muscle, heart, endothelial
cells, and osteoblasts.16–20 PEDF has an array of unique
properties including neuroprotective, anti-angiogenic, anti-
inflammatory, anti-oxidative, and antitumorigenic activi-
ties.21–27

PEDF is a multifaceted NTF that is active in a variety of
ocular disorders including diabetic retinopathy and ischemic
degeneration.13,21,28,29 Although major sources of PEDF are
choroid, ciliary body, and corneal epithelium, constitutive
expression is also detected in RGC and photoreceptors.30–36

The upregulation of endogenous PEDF in activated Müller cells

and astrocytes may become an RGC neuroprotective source of

PEDF during the early stages of degenerative condi-

tions.13,34,35,37 Although the mechanisms underlying PEDF-

mediated neuroprotection remain unclear, PEDF does promote

the survival of photoreceptors and RGC in many retinal

pathologies.34,38–41

In this present study, we evaluated, in vitro and in vivo, the

RGC neuroprotective and axogenic properties of PEDF and

compared the results with the effects of CNTF, a neurotrophic

factor with well documented RGC survival and neurite/axon

growth promoting properties.42–46 We also studied the effects

of combining PEDF with cAMP (which raises the intrinsic

ability of RGC to grow their neurites and axons),47–50

predicting that PEDF-induced RGC axon regeneration would

be enhanced by cAMP. We confirm that PEDF is RGC

neuroprotective after axotomy and also promotes RGC

neuritogenesis/axon regeneration both in vitro and in vivo.

cAMPþPEDF did not enhance PEDF-induced RGC neuropro-

tection, but did enhance RGC axon regeneration when

compared with PEDF treatment alone. Our results imply that

PEDF, with or without cAMP, is a promising novel neuropro-

tective/axogenic therapy applicable to a wide range of ocular

disorders.
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MATERIALS AND METHODS

Experimental Design: In Vitro Experiments

For all in vitro experiments, 12 adult female Sprague-Dawley
rats were used and experimental conditions included retinal
cells treated with: (1) Neurobasal-A (NBA) medium alone
(Control), (2) 1 3 10�5 lg/lL PEDF (Peprotech, London, UK),
(3) 2.5 3 10�5 lg/lL PEDF, (4) 5 3 10�5 lg/lL PEDF, (5) 1 3
10�4 lg/lL PEDF, (6) 2.5 3 10�5 lg/lL PEDFþChlorophenylthio
adenosine cyclic monophosphate (CPT-cAMP [referred to as
cAMP from here on]; Sigma, Poole, UK), and (7) 2.5 3 10�5 lg/
lL CNTF (our ‘gold standard’ RGC neuroprotective/axogenic
factor; Peprotech).2,49 All experiments were performed in
triplicate and on three independent occasions.

Adult Retinal Cultures

Neuronal enriched, mixed adult rat retinal cultures were
prepared from 12, 6- to 8-week-old adult female Sprague Dawley
rats, as described by us previously.49,51,52 Briefly, retinal cells
were dissociated from dissected retinae using a Papain
dissociation kit following the manufacturer’s instructions
(Worthington Biochemical, Lakewood, NJ). Retinal cells (125
3103/well) were plated in 8-well chamber slides precoated with
poly-D-lysine and laminin and cultured in NBA supplemented
with B27 supplement and gentimicin (all from Invitrogen,
Paisley, UK). Cells were incubated for 4 days at 378C and 5% CO2,
and cultured for 4 days before fixation in 4% paraformaldehyde
for immunocytochemistry as described by us previously.49,51–53

Immunocytochemistry of Retinal Cultures

Fixed cells were washed in three changes of PBS before
permeabilisation and blocking in PBS containing 3% BSA and
0.1% Triton X-100. Cells were then washed three times in PBS,
incubated with monoclonal anti-bIII tubulin (1:200 dilution;
Sigma) to localise RGC and their neurites for 1 hour at room
temperature, washed three times in PBS, incubated with Alexa
488 anti-Mouse Immunoglobulin G (IgG; 1:400 dilution;
Invitrogen) for 1 hour at room temperature, washed three times
in PBS and mounted using Vectamount containing DAPI (Vector
Laboratories, Peterborough, UK). Cells were viewed under an
epi-fluorescent microscope (Zeiss Axioplan 2; Zeiss, Hertford-
shire, UK). Immunocytochemistry controls, with primary
antibody omitted, did not stain, and were used to set the
background threshold levels of nonspecific staining (not
shown), prior to image capture.

RGC Neurite Outgrowth and Survival

The mean number of surviving bIII-tubulinþ RGC, RGC with
neuritis, and the mean RGC neurite length were quantified as
described by us previously.49,51,52 Briefly, each chamber slide
was anonymised and partitioned into nine quadrants and
images of RGC and their neurites captured randomly from each
quadrant. Axiovision image analysis software (Axiovision,
version 4.8; Zeiss) was used to measure neurite lengths and
ImagePro (Version 6.3; Media Cybernetics, Bethesda, MD) was
used to quantify the number of bIII-tubulinþ RGC with neurites
and the total number of DAPIþ cells. Neurite outgrowth of at
least 180 RGC was measured from nine different wells/
treatment, except for control (NBA) cultures, in which a total
of 108 RGC were measured (i.e., all RGC that grew neurites).

Optic Nerve Crush (ONC)

Animal procedures were licensed and approved by the United
Kindom Home Office and the University of Birmingham ethical

review committee. The optic nerves (ON) of anesthetised adult
female 200 to 250 g Sprague-Dawley rats were exposed
surgically through a supraorbital approach and crushed
bilaterally 2 mm from the lamina cribrosa, using calibrated
watchmaker’s forceps as described by us previously.51–57

Experimental Design: In Vivo Experiments

For the in vivo experiments, a total of 102 adult female
Sprague-Dawley rats were used. In the preliminary PEDF
neuroprotection dose-finding experiments, groups comprised
six rats/treatment (i.e., 12 eyes/treatment): (1) Intact, (2)
ONCþvehicle (PBS; 0 lg/lL PEDF), (3) 0.2 lg/lL PEDF, (4) 0.5
lg/lL PEDF, (5) 1 lg/lL PEDF, (6) 1.5 lg/lL PEDF, and (7) 2 lg/
lL of PEDF dissolved in 5 lL of sterile saline. In further
experiments, six rats/treatment (i.e., 12 eyes/treatment) were
used for the FluroGold (FG) backfilling of RGC experiments,
while a separate six rats/treatment (i.e., 12 eyes and ON/
treatment) were used for growth associated protein-43
(GAP43) immunostaining in the ON and glial fibrillary acidic
protein (GFAP)/PEDF immunostaining in the retina. In these
experiments, treatment groups comprised: (1) Intact, (2)
ONCþPBS, (3) ONCþcAMP, (4) ONCþPEDF, and (5)
ONCþcAMPþPEDF.

Intravitreal Injections

PEDF (Peprotech) was dissolved in sterile PBS and injected
intravitreally in a final volume of 5 ll. In a preliminary
experiment, the eyes of animals (n¼ 6 rats/treatment; 12 eyes/
treatment) were bilaterally injected intravitreally with either
PBS, or 0.2, 0.5, 1, 1.5, or 2 lg/lL PEDF dissolved in 5 lL of
sterile saline immediately after ONC (0 days) and intravitreal
injections were repeated at 7 and 14 days after ONC with the
same dose of PEDF. PEDF was injected every 7 days based on
our previous experiments showing that a single intravitreal
injection of BDNF at 0 days sustained near 100% RGC survival
for 7 days after ONC.53 Animals were allowed to survive for 21
days and killed by raising the levels of CO2. Retinae were
whole mounted for immunohistochemistry as described in the
relevant sections below. None of the animals developed
cataracts, confirming that the lens had not been injured either
during surgery or after repeated intravitreal injections. These
experiments established that 5 lL of 1 lg/lL PEDF was the
optimal dose for significant RGC neuroprotection.

The definitive experiments comprised rats treated with 5 lL
intravitreal injections of PBS (vehicle control), 0.25 lg/lL
cAMP,58 1 lg/lL PEDF, and 0.25 lg/lL cAMPþ1 lg/lL PEDF
groups (n ¼ 6 rats/treatment [i.e., 12 eyes/ON/group])
immediately after ONC at day 0 and repeated at day 7 and 14
with the same doses of PEDF/PBS control.

Retinal Whole Mounts

At 19 days after ONC, 2 lL of 4% FG (Cambridge Bioscience,
Cambridge, UK), was injected into the ON, between the lamina
cribrosa and the site of ONC in PBS controls and experimental
groups to avoid widespread diffusion of FG and entrapment
within lesion sites, while intact controls were injected 2 mm
from the lamina cribrosa since these animals did not possess a
lesion.52,53 Animals were killed 2 days later by overdose of
CO2, and retinae immersion-fixed for 2 hours in 4% formalde-
hyde (TAAB Laboratories, Aldermaston, UK), flattened onto
Superfrost Plus microscope slides (VWR International, Lutter-
worth, UK) by making four equidistal radial cuts to obtain four
equally sized quadrants, attached together around the optic
disc. Retinal whole mounts were air dried and mounted in
Vectamount (Vector Laboratories). Retinae were randomised
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and photographs were captured at 3200 magnification using a
Zeiss epi-fluorescent microscope (Zeiss Axioplan 2) equipped
with a digital camera (Axiocam HRc) in Axiovision 4 (all from
Zeiss). The number of FG-labelled RGC were then counted
blind using ImagePro Version 6.0 (Media Cybernetics) from
captured images of 12 rectangular areas (0.36 3 0.24 mm), 3
from each quadrant, placed at radial distances from the centre
of the optic disc of the inner (1/6 eccentricity), midperiphery
(1/2 eccentricity), and outer retina (5/6 eccentricity), as
described by us previously.53 The number of FG-labelled cells
in the 12 images were divided by the area of the counting
region and pooled together to calculate mean densities of FG-
labelled RGC/mm2 for each retina.59

Tissue Preparation and Sectioning

Animals were killed with an overdose of CO2 and perfused
intracardially with 4% formaldehyde, eyes and ON were
immersion-fixed in 4% formaldehyde (TAAB Laboratories) for
2 hours, washed for 10 minutes in PBS, immersed in 10% and
20% sucrose (Sigma), each for 1 hour, and finally immersed in
30% sucrose overnight. Cryoprotected eyes and ON were
embedded in optimal cutting temperature (OCT) compound
(Raymond A Lamb Ltd., Eastbourne, UK) and stored at �808C
until required. Subsequently, 15-lm thick sections of eyes in
the plane through the optic disc and longitudinal sections of
ON were cut on a cryostat (Bright Instruments, Huntingdon,
UK), adhered onto glass slides, and stored at �208C until
required.

Immunohistochemistry of ON and Retinae

Immunohistochemistry was performed as described by us
previously.52,53 Briefly, sections were washed in PBS and
nonspecific binding blocked in 3% bovine serum albumin
(BSA) in PBS, containing 0.1% Triton X-100 for 20 minutes
before incubation with primary antibodies diluted in PBS
containing 3% BSA and 0.05% Tween 20, overnight at 48C
(16–18 hours). A polyclonal goat antihuman PEDF antibody
(R&D Systems, Oxford, UK), monoclonal mouse anti-GFAP
and monoclonal mouse anti–bIII-tubulin (both from Sigma)
were all used at 1:500 dilution in the retina to stain for PEDF,
glia, and RGC, respectively. Regenerating axons were stained
with a monoclonal anti-GAP43 antibody (Invitrogen) at 1:500
dilution. Immunohistochemistry controls included sections
treated as above except that primary antibodies were omitted,
which showed an absence of positive staining (not shown).
Sections were then washed three times in PBS, incubated
with appropriate Alexa Fluor 488 or Texas Red-labelled
secondary antibodies (1:400 dilution; Invitrogen) for 1 hour
at room temperature, washed, and mounted using Vectashield
mounting medium containing DAPI (Vector Laboratories),
examined under an Axioplan-2 epi-fluorescent microscope,
and photomicrographs captured using Axiovision Software
(all from Zeiss). Negative control sections were used to set
the background threshold levels of nonspecific staining, prior
to image capture.

Quantification of Axon Regeneration

The number of regenerating GAP43þ axons was counted at
3400 magnification in ON sections after drawing a vertical line
through the axons and counting the number of axons
extending beyond this line, using previously published
methods.60,61 Briefly an observer, blinded to the identity of
each sample, counted the number of GAP43þ axons at 250,
500, 1000, 1500, 2000, 2500 lm distal to the lesion site in four
longitudinal sections of each nerve (n ¼ 6 rats/12 ON/

treatment). The diameter of the nerve at each counting
distance was also measured using Axiovision Software (Zeiss)
and the number of axons per millimeter of nerve width
calculated and averaged over the sections and the total number
of axons (Rad) extending distances d, in an ON of radius r

estimated by summing over all sections with a thickness (t) of
15 lm using the following formula:

Rad ¼ pr 2 3ðaverage axons mm�1Þ ð1Þ

Statistical Analysis

Unless otherwise stated, 6 rats (i.e., 12 eyes/ON) were used for
each in vivo experiment. For in vitro experiments, each
condition was tested in triplicate and repeated on three
independent occasions. For all experiments, sample means and
SEM were calculated and tested for significance by one-way
ANOVA, followed by Bonferroni’s multiple comparison test to
compare differences using GraphPad Prism software (Graph-
Pad Software Inc., San Diego, CA).

RESULTS

In Vitro Experiments

PEDF Promoted RGC Survival and Neurite Outgrowth
In Vitro After 4 Days in Culture. At doses of 1 3 10�5 lg/lL
and 2.5 3 10�5 lg/lL, PEDF increased RGC survival from 210
6 27 cells in controls to 455 6 34 cells and 640 6 33 cells,
respectively (P < 0.0001; Fig. 1A). A dose of 2.5 3 10�5 lg/lL
PEDF was optimal for RGC survival in vitro since increasing
concentrations did not improve RGC survival (Fig. 1).
Comparing the effects of 2.5 3 10�5 lg/lL PEDF with a similar
dose of CNTF, the former promoted higher (640 6 33 cells)
RGC survival than the latter (450 6 33 cells; P < 0.001), that is
increased RGC survival with 2.5 3 10�5 lg/lL PEDF and CNTF
was 65% and 30%, respectively, compared with controls. The
dose of 2.5 3 10�5 lg/lL CNTF induced a similar level of RGC
protection as that observed with the lowest concentration of
PEDF used in our study (Fig. 1A). Combining cAMP with 2.5 3
10�5 lg/lL PEDF did not increase RGC survival beyond that
observed with PEDF alone (Fig. 1A).

Compared with control cultures, treatment of retinal cell
cultures with 2.5 3 10�5 lg/lL PEDF, increased the number of
RGC with neurites from 12 6 3 cells to 55 6 5 cells and the
mean neurite length from 34 6 3 lm to 200 6 20 lm (Figs.
1C, 1D; P < 0.001). The optimal concentration of 2.5 3 10�5

lg/lL PEDF was also more RGC neuritogenic than an
equivalent concentration of CNTF, which showed that the
mean number of RGC with neurites was 23 6 3 cells (Fig. 1B)
with a mean neurite length of 100 6 12 lm (Figs. 1C, 1D; P <
0.001). Treatment with cAMPþPEDF had no effect on the
number of RGC with neurites (Fig. 1B), but did increase mean
neurite length to 280 6 22 lm (Figs. 1C, 1D) compared with
PEDF alone. In summary, 2.5 3 10�5 lg/lL of PEDF was a more
potent promoter of RGC survival and neurite outgrowth in
vitro compared with the equivalent concentrations of CNTF.
Furthermore, cAMPþPEDF neither enhanced RGC survival nor
the mean number of RGC with neuritis, but did increase mean
RGC neurite length.

In Vivo Experiments

Determination of Optimal RGC Neuroprotective Dose
of PEDF 21 Days After ONC. After intravitreal injection of 5
lL PBS, 292 6 12 FGþ RGC/mm2 survived 21 days after ONC.
Doses of 0.2, 0.5, and 1 lg/lL PEDF caused a dose-dependent
increase in the number of FGþ RGC, achieving maximal
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survival of 1345 6 63 RGC/mm2 using 1 lg/lL PEDF (Figs. 2A,
2B; P < 0.0001). RGC survival was not improved by increasing
the dose of PEDF to 1.5 and 2 lg/lL (Figs. 2A, 2B). These
results show that the optimal dose of 1 lg/lL PEDF promoted
55% RGC survival compared with intact controls.

Intravitreal Injection of 1 lg/lL of PEDF Combined
With 0.25 lg/lL cAMP Did Not Improve RGC Survival
Over PEDF Alone 21 Days After ONC. In PBS vehicle- and
cAMP-treated (0.25 lg/lL) animals, 353 6 38 (14% of intact)
and 360 6 55 (14% of intact) FGþ RGC/mm2, respectively,
remained at 21 days after ONC (Figs. 3A, 3B). After 1 lg/lL
PEDF and cAMPþPEDF treatment, 55% of intact FGþ RGC/mm2

(1350 6 48 and 1348 6 32 RGC/mm2, respectively) survived
ONC at 21 days (Figs. 3A, 3B). Thus, the combination of
cAMPþPEDF did not improve RGC survival beyond that

afforded by PEDF alone (i.e., 55% RGC neuroprotection
compared with intact controls).

PEDF Promoted RGC Axon Regeneration. After ONC,
small numbers of RGC axons remained in the proximal ON
stump and few regenerated across the lesion site into the distal
ON after both intravitreal injection of PBS (not shown) and
cAMP (maximum of 145 6 54 axons 500 lm distal to the
lesion site) (Figs. 4A, 4E). By contrast after injecting 1 lg/lL
PEDF intravitreally, many GAP43þ axons had regenerated 500
lm into the distal ON (P < 0.0001) and some had extended
1500 lm from the lesion site (Figs. 4B, 4E). After cAMPþPEDF
treatment (0.25 lg/lL cAMPþ1 lg/lL PEDF), the numbers of
GAP43þ axons in the proximal ON stump was similar to those
observed in the PEDF-treated animals, although 840 6 32,
1283 6 33, and 415 6 33 axons had regenerated into the distal

FIGURE 1. RGC survival and neurite outgrowth after addition of PEDF with or without cAMP in vitro. (A) RGC survival with increasing
concentrations of PEDF and CNTF. (B) The number of RGC with neurites, (C) the mean neurite length, and (D) representative images of bIII-
tubulinþ RGC to demonstrate neurite outgrowth. NS, not significant; scale bar: 50 lm (D).
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ON over distances of 500, 1000, and 1500 lm, respectively
(Figs. 4C, 4D [high power of boxed region in (C)], 4E), with a
few extending to 1500 and 2500 lm (Figs. 4C, 4E). These
results demonstrate that PEDF promoted RGC axon regener-
ation; a response that was potentiated by the addition of cAMP.

Glial and RGC Expression of PEDF in the Retina. In the
nerve fibre layer of intact retinae, astrocytes were faintly GFAPþ

and there was little or no PEDF immunoreactivity (Figs. 5A–C,
inset Fig. 5B). After ONC and intravitreal injection of PBS,
GFAPþ astrocytes became activated in the nerve fibre layer and
GFAPþ Müller cell processes traversed the inner plexiform
layer. PEDF staining was increased in astrocytes, compared
with intact controls (Figs. 5D–F, inset Fig. 5E). GFAP
immunoreactivity was increased in the nerve fibre layer and
in Müller cell processes after ONCþcAMP treatment and strong
PEDF immunoreactivity that colocalized to GFAPþ astrocyte
and Müller cells (Figs. 5G–I). In ONCþPEDF (Figs. 5J–L) and
ONCþcAMPþPEDF (Figs. 5M–O) groups, PEDF immunostaining
was substantially enhanced in the nerve fibre layer and the
inner and outer plexiform layers and colocalized in GFAPþ

astrocytes, Müller cell end feet, and radial processes that
spanned the entire retina.

In intact and ONCþPBS groups, no immunoreactivity for
PEDF was observed in bIII-tubulinþ RGC (Figs. 5C, inset; 5F).
However after intravitreal injection of CPT-cAMP, occasional
bIII-tubulinþ RGC expressed PEDF (Fig. 5I, inset) and PEDF
(Figs. 5L, inset; 5O, inset). These results show that PEDF is
expressed in GFAPþ astrocytes/Müller cells and occasional RGC

after PEDF injection with and without co-incident elevation of
cAMP levels in the injured eye.

DISCUSSION

In retinal cultures, we confirmed the original observations of
Unterlauft et al.34 and Pang et al.36 that PEDF had RGC
neuroprotective properties, but was surprisingly more neu-
roprotective than equivalent concentrations of CNTF. We also
observed that PEDF in vivo was more neuroprotective than
CNTF.45,62,63 PEDF can protect RGC from death after
glutamate toxicity, ischemia, trophic factor withdrawal, and
in mouse models of glaucoma and inherited retinal degener-
ation.35,38,64–67 In vitro and in vivo, optimal RGC neuropro-
tective dosages of PEDF were 2.5 3 10�5 lg/lL and 1 lg/lL,
respectively. Others report that in vivo, 0.001 lg/lL is
required to protect RGC from excitotoxicity and serum
withdrawal,36 a concentration of PEDF that is also neuropro-
tective for photoreceptors, cerebellar granule cells, and
hippocampal neurons.9,38,68 After ON transection in vivo, 1
lg/lL intravitreal PEDF and combined cAMPþPEDF treatment
promoted 55% RGC survival, similar to the levels of
neuroprotection seen after grafting peripheral nerves onto
the cut end of the ON, combined with intraocular injections
of cAMPþCNTF.69

FIGURE 2. PEDF-mediated RGC neuroprotection is dose-dependent in
vivo. (A) Representative images show FG-labelled RGC after intravitreal
injection of 0, 0.2, 0.5, 1, 1.5, and 2 lg/lL of PEDF at 21 days after
ONC. (B) The number of FGþRGC at the different doses of PEDF and in
intact controls. Scale bar: 50 lm (A).

FIGURE 3. Combining the optimal dose of PEDF with cAMP enhances
RGC protection after ONC. (A) Representative images of FGþ RGC in
PBS-, cAMP-, PEDF-, and cAMPþPEDF-treated retinae. (B) The number
of FGþ RGC/mm2 in the treatment control groups. NS, not significant;
scale bar: 50 lm (A).
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Our results suggest that PEDF alone may trigger neuropro-

tective pathways activated by combined cAMPþCNTF, since

combined cAMPþPEDF did not potentiate RGC protection and

CNTF delivery on its own did not rescue more than 43% of

RGC from death.44,62,63 Exogenous PEDF may promote RGC

neuroprotection by down regulating the apoptotic genes

caspase-2, calpain-1, and MAPK kinase-1 after binding to one

or more high affinity PEDF receptors, and stimulating

downstream phospholipase A2 enzymatic activity.12 Although

PEDF signalling has not been fully elucidated, inhibition of

both nuclear factor kappa-light-chain-enhancer of activated B

cells (NFjB) and ERK1/2 pathways abolishes the protective

effects of PEDF in cultured RGC.12,30,36,70 For example,

activation of the NFjB pathway induces the expression of

BDNF, NGF, Bcl-2, Bcl-x, and superoxide dismutase,71,72 but

PEDF-activated ERK1/2 modulates kinases, phosphatases,

transcription factors, and regulators of apoptosis.73,74

RGC neuritogenesis/axogenesis were stimulated by PEDF
and, after combined cAMPþPEDF treatments, neurites/axons
grew for greater distances than after PEDF alone. CNTFþcAMP
also promotes longer RGC neurite outgrowth than CNTF
alone.68 Thus, although CNTF and PEDF act singly as initiators
and elongators of neurite outgrowth,75,76 their effects become
synergistic when each factor is administered in combination
with cAMP. Both extrinsic and intrinsic mechanisms regulate
axon sprouting and elongation and are often signalled by the
same molecules. Most NTF activate ras-raf-MAP kinase (MAPK)
and PI3-kinase-Akt (PI3K) signalling pathways that contribute
to axon outgrowth, including CNTF and PEDF.77 When
apoptosis is inhibited in neurons by Bax knockout or over
expression of Bcl-2, inhibition of either MAPK or PI3K partially
reduces axon outgrowth while, inhibiting both together,
completely suppresses elongation.78 Others have reported
that stimulating either PI3K or Akt increased axon thickness
and branching, although blocking raf, PI3K or Akt retards

FIGURE 4. PEDF promotes RGC axon regeneration at 21 days after ONC. Representative GAP43þ immunohistochemistry after (A) cAMP-, (B) PEDF-,
and (C) cAMPþPEDF-treatment (red arrow demarcates lesion site; scale bar: 200 lm). (D) High power image of boxed region in (C). (E) The mean
number of axons present at different distances from the lesion center.
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elongation.79 Thus, like other NTF, PEDF is likely to activate the
above pathways and stimulate the initiation of axon sprouting
and sustain elongation, although it is unclear if axogenesis is
promoted by the direct effects of PEDF on neurons or
indirectly through glia.

It is widely accepted that different signalling pathways
subserve neuron survival and axogenesis since both responses
can be separated. For example, NGF administered to either the
cell body or axon in separate Campenot chamber compart-
ments of cultured sympathetic neurons supports survival and
axon growth, but only the latter when applied to somata.80

Similarly, application of NTF to RGC somata in vivo promotes
both RGC survival and axon regeneration51,54,55,57 and both
intravitreal and intra-ON inflammation are RGC neuroprotec-
tive, but only the former promotes axon regeneration,52

suggesting that a key RGC axon regeneration stimulatory
factor is absent from the transected ON and exclusively
secreted by retinal cells.

PEDF is constitutively expressed in pigment, ciliary, and
corneal epithelial cells, and also in Müller glia, retinal
astrocytes, and RGC.12,22,34,81,82 The increased PEDF immu-
noreactivity of retinal cells after intravitreal PEDF/
cAMPþPEDF injections is probably explained by both cellular
uptake of exogenous PEDF, and by increased autocrine-
induced PEDF transcription in RGC, astrocytes and Müller

cells potentiated by raised retinal levels of cAMP. Secreted
retinal glia-derived PEDF may also supplement endogenous
RGC titres to promote RGC neuroprotection and axon
regeneration after ON transection. PEDF may, thus, function
both directly and indirectly in the retina as a Müller cell-
derived RGC axogenic factor after ON transection and also
protect RGC by suppressing caspase activity, preserving
glutamine synthetase levels, preventing the accumulation of
reactive oxygen species and counteracting the detrimental
effects of gliosis.71–74,83–85

Other commonly used RGC neuroprotective factors include
BDNF, GDNF, NT-3, NT-4/5, TrkB gene transfer, as well as
caspase inhibitors.45,53,59,75–80,83–86 Although we showed that
BDNF administration in our ONC model supported nearly
100% survival of RGC at 7 days,53 long-term studies with BDNF
peptide or gene transfer showed that BDNF supported
approximately 60% of RGC survival at 2 weeks after ON
transection.77,78 Most neuroprotective strategies including
other NTF and caspase inhibitors commonly support 60% of
RGC survival at 2 weeks.45,76,83,84 However, combinations of
neurotrophic agents such as GDNFþBDNF and BDNFþTrkB
support nearly 80% RGC from death at 2 weeks after ON
transection suggesting that combinations of neurotrophic
factors may support synergistic RGC protection.77 Despite
this optimism, very few of these strategies promote RGC axon
regeneration. Therefore, the reported effects of PEDF in this
current study on RGC protection and axon regeneration
demonstrate the potential of PEDF in future therapeutics in
disease of the eye and injuries that affect RGC death and axon
integrity.

In conclusion, we confirm previous reports that PEDF
promoted RGC survival in vitro and in vivo but demonstrate for
the first time that PEDF also promotes RGC neurite outgrowth/
axon regeneration. In addition, combining PEDF with cAMP
enhanced RGC axon regeneration but did not promote RGC
survival. The neuroprotective properties of PEDF were also
more potent than those of CNTF both in vitro and in vivo. Our
findings suggest that PEDF is a potential RGC neuroprotective
and axogenic therapeutic for optic neuropathies and diseases
such as glaucoma in which RGC death occurs.
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