










Transfection of AAV-PEDF resulted in a significant increase
in PEDF protein level in retina from DBA/2J mice at 11
months of age (Figure 7C). The long-term effect of PEDF
gene transfer on RGC survival was also examined. AAV-
PEDF transfected eyes appeared to retain more RGC at 11
months of age (Figure 7D) than age-matched AAV-GFP
transfected eyes (Figure 7E). As an index of visual function,
we compared optomotor acuity in AAV-GFP, AAV-PEDF,
and control transfected mice from 1 to 11 months of age (until
9 months post transfection; Figure 7F). Through 3 months of
age, average acuity was approximately 0.33 cyc/deg in all 3
groups. In AAV-GFP transfected and control DBA/2J mice,
acuity thresholds decreased rapidly thereafter, dropping to
near 0.02 cyc/deg at 11 months of age. In contrast, AAV-
PEDF transfected mice maintained near normal acuity
throughout the study (Figure 7F).

Ocular PEDF transfection reduces TNF and IL-18 expression
in retina and optic nerve of DBA/2J mice: To explore a
possible link to inflammation in understanding the salutary
effect of PEDF on morphology and visual function in DBA/
2J mice, we next determined levels of TNF and IL-18 in retina
and optic nerve after AAV-PEDF transfection. For these
experiments, eyes were analyzed at 6 months of age (4 months
after transfection). By RT–PCR, mRNA and protein

expression of both TNF and IL-18 were significantly reduced
in the retina and optic nerve of AAV-PEDF transfected mice
as compared to AAV-GFP mice (Figure 8A-F), suggesting an
anti-inflammatory effect of PEDF in the DBA/2J mice.
PEDF inhibits GFAP overexpression in retina and optic nerve
of DBA/2J mice: GFAP expression has been implicated in the
pathogenesis of glaucoma, and shown to increase with
progression of glaucoma [39]. We examined the effects of
PEDF transfection on GFAP expression in retina (Figures
9A,C) and optic nerve (Figures 9B,C) of DBA/2J mice at 6
months of age. As demonstrated by western blot and
subsequent densitometry, GFAP protein expression in retina
and optic nerve of PEDF transfected DBA/2J mice was
significantly reduced compared to that of GFP transfected
mice.

DISCUSSION
We demonstrate in this study of DBA/2J mice that: 1) PEDF
protein levels in retina and optic nerve decrease significantly
with age; 2) expression of TNF, IL-18, and GFAP in retina
and optic nerve increase with age; 3) PEDF transfection
reduces age-related RGC loss and vision decline; and 4) PEDF
transduction decreases TNF, IL-18, and GFAP expression.
These findings indicate that PEDF potently and efficaciously

Figure 4. Increased TNF gene and
protein expression in retina and optic
nerve from DBA/2J mice. A: RT–PCR
shows increased TNF gene expression
in retina from DBA/2J mice at 3 and 6
months of age. B: Graphical
representation of 3 independent
experiments in A normalized with
GAPDH loading control (mean±SD).
C: Western blot shows increased TNF
protein expression in retina from DBA/
2J mice at 3 to 6 months of age. D:
Densitometric analysis of 3 independent
experiments from C, using actin as a
loading control. E: Western blot shows
increased TNF protein expression in
optic nerve from DBA/2J mice from 3
to 6 months of age. F: Densitometric
analysis of three independent
experiments in E. Statistical analyses
for this experiment was performed using
ANOVA with the Scheffé multiple
comparison test (the asterisk indicates a
p<0.05).

Molecular Vision 2009; 15:438-450 <http://www.molvis.org/molvis/v15/a44> © 2009 Molecular Vision

443



reduces RGC loss in DBA/2J mice, reduces expression of
TNF and IL-18, and downregulates GFAP.

TNF is upregulated in several neurodegenerative
disorders including multiple sclerosis, Parkinson disease, and
Alzheimer disease [40] and is increased in optic nerve
microglia and astrocytes of glaucoma patients [15,16,35].
Furthermore, TNF gene polymorphisms increase the risk of
glaucoma [41], suggesting that TNF may contribute to the
pathogenesis of the disease. Meanwhile, TNF is toxic to
immunopurified RGC and to RGC in mixed cultures under
conditions of glial stress [42,43]. In vivo, exogenous TNF
leads to loss of oligodendrocytes and a delayed loss of RGC.
Furthermore, a functional blockade of TNF with TNF
blocking antibody or deletion of the gene encoding TNF
completely prevents ocular hypertension-induced
oligodendrocyte degeneration and the secondary loss of RGC
[44]. In the present study, using the DBA/2J mouse as a model
of inherited glaucoma, we demonstrate that TNF expression
increases with age in the retina and optic nerve, suggesting
that TNF may contribute to the pathophysiology of the
glaucoma.

IL-18 is a proinflammatory cytokine in the IL-1 family
[45,46], and is an important regulator of innate and acquired
immune responses. IL-18 appears to play a role in many

autoimmune and inflammatory diseases, including
rheumatoid arthritis, ischemic renal and heart disease,
atherosclerosis, and multiple sclerosis [47-50]. We previously
demonstrated that IL-18 gene and protein expression is
significantly increased with age in iris/ciliary body and
aqueous humor of DBA/2J mice. IL-18 in the aqueous humor
of DBA/2J mice increases with age [21]. Our present study
demonstrates that IL-18 gene and protein expression increase
significantly with age in retina and optic nerve of DBA/2J
mice. These novel findings suggest a role for IL-18 in the
pathogenesis of glaucoma in this animal model.

GFAP is well known to be a sensitive marker of glial
activation in response to neural injury [51]. GFAP is
expressed in the normal retina mainly in astrocytes, and is
localized to the vicinity of the inner limiting membrane and
nerve fiber layer. Müller cells do not normally express GFAP,
but they can be induced to increase their expression in
response to injury [52,53]. Glial cell activation has been
proposed as an important factor contributing to RGC death in
glaucoma [36,37]. GFAP immunoreactivity was increased in
Müller cells from the inner to the outer limiting membranes
in retina from rats with elevated intraocular pressure [37].
Optic nerve head astrocytes demonstrate increased GFAP
expression in glaucoma and under conditions of elevated

Figure 5. Increased IL-18 gene and
protein expression in retina and optic
nerve from DBA/2J mice. A: RT–PCR
analysis shows increased IL-18 gene
expression in retina from DBA/2J mice
at 3 and 6 months old. B: Graphical
representation of 4 independent
experiments in A normalized with
GAPDH loading control (mean±SD).
C: Western blot of IL-18 protein
expression in retina from DBA/2J mice
at 1 to 6 months of age. D: Densitometric
analysis of 3 independent experiments
from C, using actin as a loading control,
revealed significantly higher expression
of IL-18 in retina from DBA/2J mice
from 4 to 6 months when compared with
1 month of age. E: Western blot of IL-18
protein expression in optic nerve from
DBA/2J mice at 1 to 6 months of age.
F: Densitometric analysis of 3
independent experiments from E, shows
increased IL-18 protein expression
compared to actin loading control in
optic nerve from DBA/2J mice by 5
months of age. Statistical analyses for
this experiment was performed using
ANOVA with the Scheffé multiple
comparison test (the asterisk indicates a
p<0.05).
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hydrostatic pressure [54]. In our present study, GFAP
expression increased dramatically with age in retina and optic
nerve of DBA/2J mice. This finding is in agreement with the

view that activation of retinal glial cells is a prominent feature
of the glaucomatous retina. Furthermore, it has been
demonstrated that activated glial cells may have noxious

Figure 6. Localization of glial fibrillary acidic protein (GFAP) in retina and optic nerve from DBA/2J mice. A,B: Respective retina and optic
nerve sections from DBA/2J mice at 1 month of age show minimal staining for GFAP. C,D: Respective retina and optic nerve sections from
DBA/2J mice at 6 months of age show prominent immunostaining for GFAP in retinal Müller cells and optic nerve. E,F: western blot analysis
for GFAP protein in the retina and optic nerve, respectively. G,H: Densitometric analysis of 3 independent experiments from E and F, using
actin as a loading control. Statistical analyses for this experiment was performed using ANOVA with the Scheffé multiple comparison test
(the asterisk indicates a p<0.05).
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effects on neuronal tissue by alteration of the neuron
microenvironment [14,55,56]. For example, activated glial
cells in glaucomatous eyes produce neurotoxic substances,
such as nitric oxide synthase and TNF [15,16]. These data
suggest that astrocytes and Müller cells may be important
contributors to the pathogenesis of glaucoma.

PEDF has neuroprotective and antiangiogenic functions
in the mammalian eye, and was recently shown to have anti-
inflammatory properties as well. PEDF levels in vitreous
humor are decreased in patients with diabetes and
proliferative retinopathy [57]. PEDF treatment decreased
retinal levels of proinflammatory cytokines in experimental
diabetes, suggesting a possible role as an endogenous anti-
inflammatory factor [10]. In cultured retinal capillary
endothelial cells, PEDF significantly decreased TNF
expression due to hypoxia. Moreover, downregulation of
PEDF expression by siRNA treatment of retinal Müller cells
resulted in significantly increased TNF expression [10,58].
PEDF levels in aqueous humor were significantly reduced in
advanced glaucoma as compared to normal controls [8].
Pressure-induced ischemia and subsequent reperfusion led to
extensive RGC death in the absence of PEDF, whereas

addition of PEDF protected RGC [9,59]. In summary, the
published literature strongly supports a role for PEDF as an
anti-inflammatory molecule in a variety of ocular conditions.

The studies reported herein strongly suggest a role for
PEDF in the maintenance of RGC in the DBA/2J mouse model
of glaucoma, and add indirectly to the evidence for reduced
PEDF as a possible pathogenic mechanism in human
glaucoma. We demonstrate that endogenous PEDF
expression in retina and optic nerve of DBA/2J mice declines
with age, while PEDF transfection maintains RGC viability,
inhibits TNF and IL-18 upregulation, and reduces GFAP
expression. Our data suggest that PEDF may be involved in
the pathogenesis of glaucoma in this mouse model, that
decreased PEDF levels in aging eyes may contribute to
subclinical inflammation in glaucoma, and that the protective
effect of PEDF on glaucoma in DBA/2J mice may be
mediated, at least in part, by its anti-inflammatory activity.

Development of glaucoma in DBA/2J mice takes months;
while the activity of PEDF applied by a periocular route is
approximately 6 h [60]. Repeated intravitreal injection of
PEDF would be impractical, but gene transfer in our model
was effective in the prevention of visual loss, and could be

Figure 7. PEDF gene transfection protects against the loss of RGC in DBA/2J mouse retina and delays vision loss. A: Retina flat whole-mount
shows extensive GFP labeling 9 months after transfection with AAV-GFP (at 11 months of age). B: Retina cross section shows GFP labeling
in ganglion cell layer and in inner nuclear layer. C: Western blot for PEDF in retina from DBA/2J mice 9 months after AAV-PEDF transfection.
D: Protection of RGC in DBA/2J mice retina 9 months after transfection with AAV-PEDF. E: RGC loss in retina 9 months after transfection
with AAV-GFP. Insets show higher magnification. F: Visual acuity in mock transfected, AAV-GFP, and AAV-PEDF transfected DBA/2J
mice, in comparison to C57BL/6J mice. Acuity decreased progressively beginning at 4 months of age (2 months post transfection) in control
transfected and AAV-GFP treated mice, but was maintained to age 11 months in AAV-PEDF transfected mice. Abbreviations: retinal ganglion
cell (RGC) layer; inner nuclear layer (INL).
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considered in the prevention of human glaucoma. Our results
support a role for PEDF as a potent and efficacious agent to
reduce RGC death and vision loss in DBA/2J mice. An anti-
inflammatory approach to glaucoma, as illustrated by the use
of PEDF, represents a novel advance in the potential
prevention of glaucomatous RGC death.
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