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Abstract

Although much is known about the growth factor changes in ocular tissues during various diseases,
little is known about normal aging of the retina. In order to further understand normal aging in the
retina, we characterized age-related changes of growth factor expression in three different ages of
rat retina. Real time PCR and protein analysis was conducted to investigate steady state mMRNA
expression and protein levels of VEGF, VEGFR2, PEDF, Ang-1, Tie-2, EphB4 and ephrinB2 in the
retina of 8, 22, and 32 month old Brown Norway X Fischer 344 F1 hybrid rats. An increase of VEGF
protein levels was found at 32 months compared to 8 and 22 months of age. VEGFR2 protein was
found to be increased at 22 and 32 months compared to 8 months. PEDF protein levels were reduced
at 22 and 32 months. Tie-2 levels were found to be significantly decreased by 32 months compared
to 8 months of age, while ephrinB2 was found to be significantly lower at both 22 and 32 months
compared to 8 months of age. The increases found in VEGF and its receptor VEGFR2, with the
simultaneous decrease of PEDF protein levels, may stimulate an environment that is well suited for
neovascularization in the normal aging retina. Overall, these results suggest that normal aging
produces substantial changes in gene expression and protein levels.
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Introduction

Normal aging is associated with slowed responses in a number of aged organs. The elderly
show a general decline in wound healing response, a decreased blood flow, and a decrease of
angiogenesis in some tissues (Tsuchida 1993; Yazici et al. 2005). While much is known about
various ocular diseases such as glaucoma and age-related macular degeneration, little is known
about changes that are common to normal aging of the retina.

Unrepairable damage to the human retina begins with the loss of rod cells located inferior to
the fovea in mid-adulthood and further degrades in the elderly (Curcio et al. 1993). Although
most cellular mechanisms of normal aging in the retina and choroid are unknown, it is clear
that rod photoreceptor cells of the retina die much more easily than cone cells (Gao and
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Hollyfield 1992). A loss of up to 30% of rods in the central retina was seen in normal eyes.
With progressing age, cone numbers eventually decline. By the age of 90 years, a 40%
reduction in cones has been reported (Bonnel et al. 2003). Due to rod cells being involved in
black and white vision, the elderly often have a decreased ability to see at night or in areas of
minimal light. The potential reasons for photoreceptor cell death in aging are unknown.

One possibility is that vascular changes may occur with age in the retina and release factors
that are not supportive of photoreceptor survival. Vascular changes in the retinas of young and
aged Wistar rats have recently been documented. Early aging (3 to 6 months) was characterized
by vessel broadening, thickening of the basement membrane, altered length and orientation of
desmin filaments in pericytes, and changes in a subset of pre-arteriolar sphincters. The latter
stages of aging (22 to 30 months) in the retina included aneurysms, distorted vessels, and loss
of capillary blood flow ability. A metabolic uncoupling leads to the reactivation of
physiological hypoxia and therefore angiogenesis (Hughes et al. 2006). In addition, recent
reports indicate that aging of the retina involves breakdown of the blood-retinal barrier and
microglial activation (Chan-Ling et al. 2007). While many degenerative changes have been
noted in normal aging, which growth factors are involved and their expression levels are yet
to be determined.

This study investigates whether normal aging alters expression of a number of growth factors
that are associated with vascular remodeling. Vascular endothelial growth factor (VEGF) is a
potent angiogenic, vasopermeability factor mitogen that is expressed by endothelial cells
involved in promoting proliferation, migration and vascular formation (Cross and Claesson-
Welsh 2001). VEGF shows preferential binding to flt-1 (VEGF-R1) and flk-1/VEGFR-2
(Joussen et al. 2001). Previous work has established that VEGF is expressed on retinal
endothelial cells (Kroll and Waltenberger 1998), pericytes (Darland et al. 2003), and glia of
the retina (Stone et al. 1995). Binding of VEGF to one of its receptors will lead to the change
of endothelial cells from a dormant to an active state. Pigment epithelium-derived factor
(PEDF) is a well-known endogenous inhibitor of angiogenesis that has been found in almost
all parts of the central nervous system, as well as in multiple areas of the eye (Holekamp et al.
2002). In contrast to VEGF, VEGFR2, and PEDF, which are involved in endothelial cell
proliferation, angiopoietin-1 (Ang-1) is known to bind to its receptor, Tie-2, and primarily aid
in new vessel stabilization (Hayes et al. 1999; Papapetropoulos et al. 1999). The Eph family
of receptor tyrosine kinases and their ligands, the ephrins, have been implicated in many
developmental processes including neuronal network formation, guidance of cell migration,
and axonal pathfinding (Howard et al. 2003). In addition, these ligands and their receptors have
been observed on retinal endothelial cells (Steinle et al. 2003).

Due to changes seen in vascular remodeling observed in the retina during ocular disease states
(Churchill et al. 2006; Schlingemann 2004), it is hypothesized that normal aging will induce
some changes in growth factor expression. However, without more information on growth
factor expression throughout the normal aging process, there is no way to determine when age-
related changes occur in the retina. If a change in growth factor expression is found in the
normal aging retina, it may suggest that some disease states are merely an acceleration of
normal aging.

Materials and Methods

Animals

Male F344 x BN F1 Hybrid rats age 8 months (n=10), 22 months (n=10), and 32 months (n=10)
purchased from the National Institute of Aging (NIA) through Harlan were used to determine
changes in growth factor activity in the retina with age. This rat strain was used because they
show less age-related pathologies and biological variability (Phelan and Austad 1994). Rats
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were anesthetized using pentabarbitol (150 mg/kg) and the entire globe of each eye was
removed. The cornea was cut and the lens and vitreous discarded. The retina was separated
from the choroid and placed into tubes for RNA isolation and protein analysis. All procedures
were approved by the Institutional Animal Care and Use Committee at Southern Illinois
University-Carbondale.

RNA Isolation and Reverse Transcription

RNA isolation through real-time PCR was done as previously described (Smith et al. 2007).
Primers specific to growth factors are listed in Table 1.

Protein Expression

Western blot analysis was conducted as previously described (Smith, Sharma et al. 2007).
Primary antibodies to VEGFR2 (1:500 dilution, Chemicon, Temecula, CA), PEDF (1:200
dilution, Bioproducts MD), Tie-2 (1:100 dilution, Zymed, San Francisco, CA), EphB4 (1:500
dilution, Chemicon), and ephrinB2 (1:500 dilution, Chemicon) were applied overnight at 4°C.
Secondary antibodies conjugated to horseradish peroxidase were applied the following day,
followed by detection using enhanced chemilluminescence (ECL) (Amersham Biosciences,
Little Chalfort, England). Chemilluminescence images were viewed on a Kodak 2000r.
Densitometry was conducted by using the data acquisition program, Kodak 1D. Upon
completion of chemiluminescence, equal lane loading was checked by Ponceau S Solution
(Sigma). Statistical analysis of results from 22 and 32 month old animals were compared to
those from the 8 month control with one-way ANOVA tests using student Newman-Keuls
post-hoc test in the Prism software program.

ELISA Assays

Results

ELISA assays were used to measure changes in protein levels of VEGF (Quantikine,
Minneapolis, MN) and Ang-1 (Ray BioTech, Norcross, GA). ELISA assays for each growth
factor were conducted according to manufacturer’s instructions. Analysis was conducted as
done for western blots using one-way ANOVA with post-hoc test of student Newman-Keuls.
A significance of P<0.05 was accepted.

Examination of real time PCR for VEGF revealed no significant change in steady state mMRNA
expression with age (Fig. 1A). However, protein levels were significantly upregulated by 32
months vs. 8 months (P<0.05, Fig. 1B), suggesting that VEGF activity is more active in aging.

VEGFR?2, the primary receptor of VEGF, was found to have increased protein levels at 22 and
32 months of age compared to 8 months (P<0.05, Fig. 2B), but did not show a significant
change in mMRNA expression with age. The reason for the discrepancy between gene and protein
data is unclear, however, it may be that the mRNA is not stable or requires post-translational
modifications that are not detected by the western blot analysis for VEGFR2.

Although no significant change of steady state mMRNA expression was found with age, western
blot analysis revealed a significant decrease of PEDF protein levels at both 22 months and 32
months compared to 8 months of age (P<0.01, Fig. 3B). Since PEDF is normally accepted to
be anti-angiogenic, the decrease in protein levels with age may offer clues to observed vascular
growth in the retina with age.

Real time PCR revealed a significant increase of mMRNA expression of Ang-1 at 32 months
compared to 8 months and 22 months of age of mRNA (P<0.05, Fig. 4A). No change was
found in protein activity.
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Steady state mMRNA expression of Tie-2 rose to a point of significance by 32 months of age
compared to 8 months (P<0.05, Fig. 5A). At the same time, protein levels of Tie-2 fell to a
point of significance by 32 months vs. 8 months (P<0.05, Fig. 5B). The decline in Tie-2 protein
levels may suggest that neovascularization is not occurring or is not at the stage for stabilization.

Steady state mMRNA levels of ephrinB2 were not changed in the retina with age. However,
protein levels were significantly downregulated at both 22 and 32 months compared to 8
months of age (P<0.01, Fig. 6B).

Although no significant change in protein levels of EphB4 was found in the aging retina of rats
(Fig. 7B), analysis of real time PCR showed that mMRNA expression was found to be
significantly upregulated by 22 months, and then significantly downregulated by 32 months
as compared to 22 months of age (P<0.05, Fig. 7A). Decreased protein levels of ephrin B2
with no change in Eph B4 receptor protein may indicate that vascular remodeling is not
occurring or is not using the ephrin pathway for this remodeling.

Discussion

The purpose of the present study was to characterize changes in growth factor expression in
the rat retina with normal aging. Many changes in growth factor expression have been
documented in various disease states of the eye. Without a greater knowledge of changes in
growth factor expression with normal aging, it is difficult to compare with altered growth factor
levels observed in the various disease states. It has been found that patients with proliferative
retinopathies have increased levels of VEGF in active states of the disease (Adamis et al.
1994; Aiello et al. 1994). The synthesis and secretion of PEDF has been found to decrease with
age, and it is known to be downregulated in human and experimental conditions with ocular
neovascularization, such as proliferative retinopathy and exudative AMD (Holekamp, Bouck
et al. 2002; Marciniak et al. 2006; Ohno-Matsui et al. 2001). It has also been found that Ang-1
and Tie-2 immunoreactivity were present in choroidal neovascular cells from AMD patients
(Otani et al. 1999). Little is known about the role of EphB4 and ephrinB2 in aging. It is not
known however, what role, if any, changes in growth factors play in normal retinal aging.

VEGF-A, one of the most potent angiogenic factors, has been reported to be responsible for
retinal vascular development in localized areas (Curatola et al. 2005). In the present experiment,
we found VEGF to have significantly increased protein levels at 32 months compared to 8
months and 22 months of age. This increase of protein level in normal aging could lead to the
formation of new, yet leaky vessels that could invade the retinal tissue. This indicates that an
increase of VEGF may occur in both normal aging and age-related disease. VEGFR2, the
primary receptor for VEGF, is also associated with the formation of new vessels and localized
to endothelial cells (Shalaby et al. 1995). It has been found that ischemia will lead to an increase
of VEGFR2 in young endothelial nitric oxide synthase-deficient mice, while older animals do
not show an increase of VEGFR2 expression, thus showing a decreased ability to synthesize
VEGFR2 with age (Qian et al. 2006). In contrast, the results of the present study show that
protein levels of VEGFR2 were found to be upregulated at 22 and 32 months compared to 8
months of age. The upregulation of protein levels of VEGFR2 suggests that the normal aging
rat retina is capable of vascular remodeling. The combined elevation in expression of VEGF
and VEGFR2 found in this study could suggest new vessel growth could occur in the retina
with age. This implies that normal aging of the retina may involve vascular growth similar to
that observed in AMD in the choroid.

PEDF, an endogenous inhibitor of angiogenesis, is known to increase the growth and survival

of photoreceptor cells of the retina as well as protect the immature neuron cells from apoptosis
(Marciniak, Butwicka et al. 2006). Our findings indicate that although there is no change in
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steady state mRNA expression of PEDF, there is a decrease in protein level in the rat retina at
both 22 months and 32 months compared to 8 months of age. Without the protective effects of
PEDF, photoreceptor cells may have a difficult time surviving in the elderly retina. Work has
been done to indicate that aging of the retina is associated with a decrease in photoreceptor
numbers, as well as ERG wave amplitudes (Militante and Lombardini 2004). Furthermore, the
synthesis and secretion of PEDF has been found to be more effective in young human
retinoblastoma cells and decreases during aging (Marciniak, Butwicka et al. 2006). Since PEDF
often changes in the opposite direction of VEGF (Holekamp, Bouck et al. 2002), PEDF may
contribute to maintaining the equilibrium of neovascularization in ocular tissues. The decrease
of PEDF protein levels found to occur with age, along with a simultaneous increase of VEGF
and VEGFR2 expression, could favor neovascularization. While the loss of photoreceptor due
to the decrease in PEDF should decrease the oxygen demand in the retina, the morphological
changes occurring in the aged retina may still activate a “physiological hypoxia (Chan-Ling et
al. 1995; Hughes, Gardiner et al. 2006),” which would increase both VEGF and VEGFR2. In
this way, the potential for increased angiogenesis may occur in the elderly eye and could be
caused by two different factors. It is possible that the vessel development experienced with age
is due not only to the retina’s increased ability to create new vessels, but also to the retina’s
decreased ability to stop new vessel escalation. Decreases of PEDF observed in this study may
lead to both an increase in photoreceptor cell death and indirectly to increase vascular
remodeling.

New blood vessels formed from VEGF and VEGFR2 expression in local areas are completed
by Ang-1and Tie-2 stabilization. Due to Tie-2 and Ang-1 being involved in vessel stabilization,
these factors are not expressed in vast quantities until the latter stages of angiogenesis. Ang-1
induced activation of Tie-2 results in the remodeling and stabilization of vessels by inducing
endothelial cells to associate with their matrix and recruit pericytes to support the vessels
(Kanda et al. 2005). It has been found in one study that Ang-1 and Tie-2 immunoreactivity
were present in choroidal neovascular cells from AMD patients (Otani, Takagi et al. 1999).
The increased expression found in this study of both Ang-1 and Tie-2 steady state MRNA
expression without increased protein levels of Ang-1 suggests that the Ang-1 mRNA is not
stable enough to translate into protein. The decreased protein levels of Tie-2 at 32 months
suggests that there is likely less recruitment of mural cells to aid in stabilization in the normal
aging process. This again points to a more volatile vasculature in normal aging retina.

Findings of Ephs and ephrins have shown them to be involved in the developmental process
of the retinogeniculate map (Cang et al. 2005). Other research also suggests a role of
maintenance and cell migration of laminar boundaries (Vidovic and Marotte 2003). Although
no changes were found in protein levels, EphB4 mRNA expression was found to be
significantly high at 22 months compared to 8 months, then significantly decreased by 32
months. We believe that this lack of translation from mRNA to protein is due to the mRNA
not being stable, or the mRNA is degraded before protein can be made. Protein for the ligand
of EphB4, ephrinB2, was found to be significantly decreased at both 22 and 32 months
compared to 8 months of age. This decreased expression of ephrinB2 suggests that the retina
is not attempting to increase vessel growth through mechanisms mediated by ephrinB2.

Our hypothesis that growth factor expression does change with age in the rat retina has been
supported. The findings of this study suggest that the normal aging retina is a tissue that may
produce an environment well suited for neovascularization much like that of the choroid in

AMD. Further investigations into the regulation of growth factor expression with age should
be conducted to better understand the difference between normal aging and disease states. In
addition, more work is needed to explain the discrepancy between gene expression and protein
levels of the various growth factors in age. It is unclear whether the altered mRNA expression
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cannot be translated to protein or is degraded. Alternatively, it may be something in the cellular
milieu that leads to increased protein levels without increased mRNA expression.

Overall, increases found in VEGF and VEGFR2 protein levels suggest that vascular
remodeling is possible during normal aging of the rat retina. The simultaneous decrease in
PEDF expression with age further supports an unstable retinal vasculature with normal aging.
The decrease in protein levels of PEDF with age could also be a mechanism the loss of
photoreceptor cells seen in the elderly. Without proper stabilization from Ang-1 and Tie-2,
new leaking vessels may bleed throughout the retina, thus contributing to a diminished vision
found in the elderly. In conclusion, it appears that normal aging is associated with substantial
changes in growth factor levels in the retina, and these changes may be associated with the
morphological changes observed in aging.
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Figure 1.
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(A) Bar graph of real time PCR steady state mRNA expression of VEGF in the rat retina. One-
way ANOVA tests revealed no significant change with age (N=6). (B) ELISA assay analysis
comparing VEGF protein levels at 8, 22, and 32 months of age. Protein is significantly

upregulated at 32 months compared to both 8 and 22 months of age (N=6, *P<0.05, #P<0.01).
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(A) Bar graph of real time PCR steady state mRNA expression of VEGFR2 in the retina found
no significant change (N=6). (B) Representative western blot analysis and densitometry found
protein expression of VEGFR2 to be significantly increased at 22 months and 32 months of

age compared to 8 months of age (N=6, *P<0.05).
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(A) Bar graph of PEDF real time PCR steady state mRNA expression found no significant
changes at different ages (N=6). (B) Representative western blot and densitometry analysis
found protein levels of PEDF to be significantly decreased at 22 and 32 months compared to

8 months of age (N=5, *P<0.01).
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32mo

(A) Bar graph of real time steady state PCR mRNA expression of Ang-1 in the rat retina
revealed a significant increase at 32 months compared to both 8 and 22 months of age (N=6).
(B) ELISA assay analysis of Ang-1 protein concluded that there is no change with age (N=6,

*P<0.01).
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32 mo

(A) Bar graph of Tie-2 real time PCR steady state mRNA expression representing a significant
upregulation at 32 months compared to 8 months of age (N=6, *P<0.05). (B) Representative
western blot analysis and densitometry found Tie-2 protein levels to be significantly decreased

at 32 months compared to 8 months of age (N=6, *P<0.05).
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Figure 6.

(A) Bar graph of real time PCR steady state mRNA expression of ephrinB2 showed a trend to
decrease from 8 months to 32 months of age. However, it did not decrease to a point of
significance (N=7). (B) Representative western blot analysis and densitometry showed a
significant decrease of ephrinB2 protein levels at 22 months and 32 months compared to 8
months of age (N=6, *P<0.01).
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Figure 7.

(A) Bar graph of real time PCR steady state mRNA expression of EphB4 found a significant
increase at 22 months compared to 8 months. By 32 months of age, steady state mMRNA
expression had fallen significantly from 22 months to its 8 month expression level (N=4,
*P<0.01, #P<0.01). (B) Representative western blot analysis and densitometry showed no
significant change in protein levels in the retina as the rats age (N=6).
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Primers used

List of primers used for real-time PCR. GAPDH is used as the housekeeping gene

Table 1
in real-time PCR experiments

Primers Seguence

VEGF forward ACGAAAGCGCAAGAAATCCC
reverse TTAACTCAAGCTGCCTCGCC

VEGFR2 forward TAGCACGACAGAGACTGTGAGG

reverse TGAGGTGAGAGAGATGGGTAGG

Angiopoietinl

forward CCATGCTTGAGATAGGAACCAG
reverse TTCAAGTCGGGATGTTTGATTT

Tie-2 forward CGGCTTAGTTCTCTGTGGAGTC
reverse GGCATCAGACACAAGAGGTAGG
PEDF forward AAGAGTGCTTCCAGAATTGTG
reverse CCCAGTTGTTAATCTCCTGAAGG
Ephrin B2 forward ATCAAATGGGTCTTTGGAGGGCCTG
reverse CGGAACCGAGGATGTTGTTCCCG
Eph B4 forward CCAAGCTGTGTCCTATGAAG
reverse TAATTTAAGAACCCCTCCAAGC
GAPDH forward TCCACCACCCTGTGCTGTA

reverse ACCACAGTCCATGCCATCAC
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