
lable at ScienceDirect

Experimental Eye Research 88 (2009) 79–91
Contents lists avai
Experimental Eye Research

journal homepage: www.elsevier .com/locate/yexer
Differences in the temporal expression of regulatory growth factors during
choroidal neovascular development

Wenzheng Hu a,b, Mark H. Criswell a,b,*, Shao-Ling Fong a, Constance J. Temm b, Gangaraju Rajashekhar b,
Tammy L. Cornell a, Matthias A. Clauss b

a Department of Ophthalmology, Indiana University School of Medicine, 702 Rotary Circle, Indianapolis, IN 46202, USA
b Indiana Center for Vascular Biology and Medicine, Indiana University School of Medicine, Indianapolis, IN 46202, USA
a r t i c l e i n f o

Article history:
Received 29 January 2008
Accepted in revised form 14 October 2008
Available online 1 November 2008

Keywords:
choroidal neovascularization
vascular endothelial growth factor
basic fibroblast growth factor
hepatocyte growth factor
laser photocoagulation
angiogenesis
anastomoses
neovascular hyperpermeability
* Corresponding author. Department of Ophtha
School of Medicine, 702 Rotary Circle, Indianapolis, I
317 274 2836; fax: þ1 317 274 2838.

E-mail address: mcriswel@iupui.edu (M.H. Criswe

0014-4835/$ – see front matter � 2008 Elsevier Ltd.
doi:10.1016/j.exer.2008.10.014
a b s t r a c t

Although the roles of vascular endothelial growth factor (VEGF), basic fibroblast growth factor (bFGF),
and hepatocyte growth factor (HGF) in pathologic neovascularization have been well characterized in
certain tissues, their particular functions and expression patterns in choroidal neovascularization (CNV)
have not been clearly established. After localized laser trauma to Bruch’s membrane to induce CNV
development, the temporal changes in mRNA and protein expression of these 3 cytokines were docu-
mented and compared histologically to areas of immunofluorescence, the proliferation of endothelial
cells, neovascular development, and temporal changes in vascular permeability. Changes in mRNA and
protein levels of bFGF and HGF occurred quickly and reached peak expression within hours. This activity
corresponded in time to intense and localized immunofluorescence for these cytokines within the
choriocapillaris within laser lesion sites. During this same initial time period, mRNA upregulation of
VEGF occurred, primarily within the neural retina and this expression corresponded to intense immu-
nolabeling of Müller cells immediately adjacent to the lesion sites. By 3 days after lasering, increased
VEGF164 protein expression was measurable, whereas early neovascular development histologically
corresponded to HGF and bFGF mRNA expansion into the developing choroidal neovascular membrane
(CNVM). At 7 days, CNV expansion, maturation, and increased vascular permeability corresponded to
peak VEGF mRNA and protein expression and to immunofluorescence of the CNVM. Differences also
occurred in the expression of precursor and activated isoforms of these cytokines in the retinal pigment
epithelium/choroid as compared to those in the retina. These molecular and immunocytochemical
results suggest that bFGF and HGF may be important as initial regulators neovascularization in this CNV
model; whereas VEGF may be important during later phases of angiogenesis and neovascular
hyperpermeability.

� 2008 Elsevier Ltd. All rights reserved.
1. Introduction

Choroidal neovascularization (CNV) is an important component
of posterior segment diseases and results from complex interac-
tions between angiogenic regulators that promote and/or inhibit
endothelial cell differentiation, proliferation, and migration, as well
as vascular maturation, stabilization, maintenance and perme-
ability. Numerous angiogenic regulators participate in CNV devel-
opment, including three multifunctional growth factors that
possess the potential to affect multiple aspects of the angiogenic
process: vascular endothelial growth factor (VEGF) (Frank et al.,
lmology, Indiana University
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1996; Kvanta et al., 1996; Spilsbury et al., 2000; Lip et al., 2001;
Wang et al., 2003), basic fibroblast growth factor (bFGF or FGF-2)
(Frank et al., 1996; Ogata et al., 1996), and hepatocyte growth factor
(HGF or scatter factor) (Grierson et al., 2000).

VEGF functions as a potent mitogen in embryogenesis and in
tumorigenesis, but its specific angiogenic roles in CNV have been
largely based on inferential evidence. In age-related macular
degeneration (AMD) patients, elevated VEGF expression has been
demonstrated in patient vitreous samples and immunostained
ocular tissues from preexisting neovascularization, although the
exact relationship of VEGF to CNV angiogenesis remains under
investigation. VEGF signaling also occurs after laser-induced rupture
of Bruch’s membrane evokes CNV (Kwak et al., 2000). Subretinal or
vitreal infusion of exogenous VEGF can evoke experimental CNV, but
then so can the over expression of other angiogenic regulators,
including pigment epithelium derived factor (PEDF) which typically
demonstrates antiangiogenic properties (Apte et al., 2004).
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VEGF upregulation can occur in endothelial cells of forming
capillaries as a consequence of increased bFGF expression (Seghezzi
et al., 1998; Shen et al., 1998; Wada et al., 1999). VEGF release from
aging and damaged blood vessels may be one of the signaling
molecules for circulating endothelial cells (CECs) and endothelial
precursor cells (EPCs) during early postnatal vasculogenesis;
however, bFGF is more potent than VEGF as a mitogenic activator
for CEC proliferation (Zubilewicz et al., 2001; Wang et al., 2005).
Nevertheless, bFGF is not considered able to singularly evoke CNV
development (Tobe et al., 1998; Ishida et al., 1999; Campochiaro,
2000; Nagineni et al., 2003; Rosenthal et al., 2005; Hoffmann et al.,
2006). While bFGF may be one of the initial inducers of endothelial
cell proliferation, VEGF, in parallel or subsequently, is another
mediator of this process.

HGF is a plasminogen-derived, multifunctional heterodimeric
polypeptide produced by mesenchymal cells and it activates cells
that express the Met tyrosine kinase receptor (Bottaro et al., 1991;
Rubin et al., 1993). HGF can elicit mitogenic, motogenic, and
morphogenic effects in various epithelial and endothelial cell types
(Bussolino et al., 1992; Rubin et al., 1993; Nakamura et al., 1995;
Matsumoto and Nakamura, 1996). HGF can mediate epithelial
mesenchymal transition (Tsarfaty et al., 1994), the formation of
vascular tubules and lumens (Montesano et al., 1991; Tsarfaty et al.,
1992), and can independently and sufficiently induce and promote
angiogenesis (Rosen et al., 1993a; Silvagno et al., 1995; Aoki et al.,
2000; Taniyama et al., 2001a,b). HGF also can operate indepen-
dently in mediating intraocular angiogenesis (Grierson et al., 2000).
HGF signaling for retinal microvascular endothelial cell growth and
migration is through the activation of PKC and phosphatidylinosi-
tol-37-kinase (PI3K) pathways, inducing MAPK phosphorylation
(Cai et al., 2000). VEGF also can activate PKC, MAPK, and PI3K
pathways (Xia et al., 1996). Although MAPK phosphorylation and
mitogenesis can be blocked by an anti-VEGF antibody, HGF-induced
MAPK phosphorylation and early HGF-induced mitogenesis neither
require nor are affected by VEGF (Sengupta, S., et al., 2003).
Therefore, HGF and VEGF are considered to operate in parallel and
may possibly evoke synergistic actions during angiogenesis,
although under certain circumstances HGF also may function as
a VEGF inhibitor (Gerritsen, 2005).

Although the roles of VEGF, bFGF, and HGF in developmental,
normal physiologic and pathologic neovascularization have been
well characterized in certain tissues and organs of the body, their
particular functions and expression patterns in CNV actually have
not been well established. Using the rat CNV model, this study
evaluated temporal changes in messenger RNA (mRNA) and protein
expression of these three growth factors in both retinal pigment
epithelial (RPE)/choroidal and retinal tissues. These temporal
expression patterns were compared histologically to areas of
immunofluorescence, the proliferation of endothelial cells, neo-
vascular development, and changes in vascular permeability in
developing CNV sites.

2. Materials and methods

2.1. Animals

Eighty-four male adult (w250 g) Brown-Norway rats (Charles
River Laboratories, Wilmington, MA) were used in this study. All
procedures were performed with strict adherence to guidelines for
animal care and experimentation prepared by the Association for
Research in Vision and Ophthalmology and by the Indiana
University Institutional Animal Care and Use Committee. For all
procedures, animals received intramuscular (IM) ketamine at
50 mg/kg, xylazine at 5 mg/kg and acepromazine at 1 mg/kg.
Topical 1% tropicamide and 2.5% phenylephrine were administered
for pupillary dilation and accommodative arrest.
2.2. Laser-induction of CNV

Animals received focal laser photocoagulation to induce CNV
formation as described previously (Hu et al., 2005). Briefly, a series
of 8 photocoagulation sites were concentrically placed around the
optic disk using a diode laser (OcuLight GL, Iris Medical Instrument,
Mountain View, CA) of 532 nm wavelength, 0.05 s duration, 75 mm
spot size, and 120 mW power. Although not identical, this well-
documented and reliable laser trauma CNV model exhibits many
salient pathologic and molecular features of neovascularization
clinically found in AMD.

2.3. Tissue processing for traditional mRNA and
protein assessments

At designated times after the induction of laser photocoagula-
tion sites (30 and 90 min, 6, 24 and 72 h, 1 and 4 weeks for protein
and traditional mRNA analyses plus 60 min, 12 h and 2 weeks for
protein analyses), eyes were enucleated from euthanized animals.
Nonlasered eyes also were harvested as normal controls for both
procedures. Retinal and RPE/choroidal tissues were harvested
separately under dissection microscopy. Briefly, the anterior
segment was removed surgically, along with as much vitreous as
possible. The retina was gently detached from the choroid. The RPE/
choroid complex then was peeled away using surgical blades. The
tissues from 16 rats were placed immediately in RNAlater solution
(Qiagen; Valencia, CA) for RNA isolation. Tissues from another 22
rats were frozen immediately at �80 �C for further protein
extraction. Samples from both eyes of each animal were combined
to obtain the necessary RNA and protein material for analysis at
each time point.

2.4. Reverse transcription polymerase chain reaction
(RT-PCR) measurements

For traditional RT-PCR measurements, total RNA was isolated
from retinal and RPE/choroidal tissues using the RNeasy Mini Kit
with DNAase I on-column digestion (Qiagen, Valencia, CA) and
following the manufacturer’s protocol. Each sample of 2 mg total
RNA was reverse transcribed into 20 ml cDNA using the Superscript
II cDNA synthesis Kit (Invitrogen, Carlsbad, California) and oligo
(dT)18 primers (Ambion Inc., Austin, Texas). PCR was performed
with 2 ml cDNA using Platinum Taq DNA polymerase (Invitrogen) in
the following conditions: starting with one time of 3 min at 94 �C,
then denaturing at 94 �C for 45 s, annealing at 55 �C for 45 s, and
extending at 72 �C for 60 s, total 32 cycles. The primers were: 50-
CCA TGA ATT TGA CCT CTA TG-3’ (sense) and 5’-CTG TAA CCT TCT
CCT TGG CC-3’ (anti-sense) for HGF; 5’-AGG CTG CAC CCA CGA CAG
AA-3’ (sense) and 5’-CTT TGG TCT GCA TTC ACA TC-3’ (anti-sense)
for VEGF; 5’-GGC TTC TTC CTG CGC ATC CA-3’ (sense) and 5’-GCT
CTT AGC AGA CAT TGG AAG A-30 (anti-sense) for bFGF. For each
experiment, b-actin was used as a control gene. All PCR products
were electrophoresed on a 1.5% agarose gel. The appropriate
product size was determined by comparison with a DNA ladder. The
image was captured by the ChemiDoc XRS system (Bio-RAD Labo-
ratories, Hercules, California) and processed with Quantity One
analysis software. The intensity of bands obtained by this semi-
quantitative method were then exported to an excel spreadsheet
where values were expressed relative to the internal b-actin
control. Two independently obtained tissue samples were analyzed
3 times for each time point to ensure reproducibility and reliability
of the results.

For quantitative real-time qRT-PCR measurements of mRNA
expression (two-step method: denature, annealing/amplication),
total RNA was isolated from retinal and RPE/choroidal tissues from
lasered eyes of 3 rats at designated time points (30 and 60 min, 6,
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24, and 72 h and 1 week) and from nonlasered eyes of 3 controls (21
animals total) using the RNeasy Mini Kit with DNase I on-column
digestion (Qiagen, Valencia, California) following the manufactur-
er’s protocol. Each RNA sample was analyzed on the Agilent Bio-
Analyzer 2100 using an RNA 6000 Nano LabChip and verified that
there were sharp bands and peaks for the 28S and 18S ribosomal
RNA. RNA samples also were verified so that the ratio of A260/A280

was closely around 2.0 and the ratio of A260/A230 was greater than
1.7. RNA samples were reverse transcribed into cDNA using the
Superscript II cDNA synthesis Kit (Invitrogen, Carlsbad, California)
and oligo(dT)18 primers (Ambion Inc., Austin, Texas). Real-time
qPCR was performed in triplicate using 50 ml of reaction mixture
containing primer, cDNA (equivalent to 20 ng of total RNA), and
SYBR Green Supermix (Bio-Rad, Hercules, California) on a single-
color real-time PCR detection system (MyiQ; Bio-Rad). Reactions
were started with denaturing at 94 �C for 5 min and followed by 40
cycles of denaturing at 94 �C for 30 s, annealing and extending at
60 �C for 45 s. The resulting threshold cycle values for all genes
were exported to Excel spreadsheet for analysis. Both threshold
cycles of the No Template Control and No Reverse Transcription
Control were verified to be greater than 35, indicating no DNA
contamination in the system. Glyceraldehyde-3-phosphate dehy-
drogenase (GAPDH) was used as an internal control, and relative
levels of HGF, VEGF and bFGF compared with that of GAPDH were
calculated. The primers for all real-time qRT-PCR analyses were:
CCC AAA TGT GAC GTG TCA AG (forward primer) and ATC CCA AGG
AAC GAG AGG AT (reverse primer) for HGF, GCC CAT GAA GTG GTG
AAG TT (forward primer) and ACT CCA GGG CTT CAT CAT TG
(reverse primer) for VEGF, CGG TAC CTG GCT ATG AAG GA (forward
primer) and CCG TTT TGG ATC CGA GTT TA (reverse primer) for
bFGF, and GGC ATT GCT CTC AAT GAC AA (forward primer) and TGT
GAG GGA GAT GCT CAG TG (reverse primer) for GAPDH. These
samples were analyzed 2 times for each time point and these
results were verified by an independent laboratory to ensure
reproducibility and reliability of the results.

To further clarify the reliability and reproducibility of the
previously described two-step qRT-PCR analysis, a second labora-
tory independently verified the data (not shown) by evaluating the
RNA samples from the same eyes using a different qRT-PCR method
(iScript One-Step RT-PCR Kit with SYBR Green, Bio-Rad). For addi-
tional details about this analysis method, consult Rajashekhar et al.
(2008).

2.5. Western blot protein analysis

Samples were homogenized in ice-cold lysis buffer containing
1% Nonidet P-40, 0.1% sodium dodecyl sulfate (SDS), 1 mM PMSF,
1 mM sodium orthovanadate (Na3VO4), 1 mM NaF, 1 mg/ml aproti-
nin, 1 mg/ml leupeptin, 1 mg/ml pepstatin, and 50 mM Tris–HCl at
pH 7.4. The protein concentration of the resultant supernatants was
measured by Bio-Rad protein assay.

The supernatants containing 50 mg of proteins were resolved on
10% SDS-PAGE polyacrylamide gel under reducing condition with
diothiothreitol (DTT) and electroblotted to PVDF membrane. After
blocked for 1 h at room temperature in 5% nonfat dry milk in Tris-
buffered saline (TBS), the membranes were incubated with goat
anti-HGF antibody (R&D Systems, Minneapolis, MN) at a dilution of
1:1000 with 1% nonfat dry milk in TBS for overnight at 4 �C.
Horseradish peroxidase (HRP) conjugated anti-goat IgG (R&D
Systems) was used as the secondary antibody at a dilution of
1:10,000 for 1 h at room temperature.

For Western blot analysis of VEGF and bFGF, 12% SDS-PAGE
polyacrylamide gels were used. Rat VEGF164-specific goat IgG (R&D
Systems) and rabbit anti-bFGF polyclonal antibody (Advanced
Targeting Systems, San Diego, CA) were applied as the primary
antibodies at a dilution of 1:1000. HRP-conjugated anti-goat IgG
(R&D Systems) and HRP-conjugated anti-rabbit IgG (Santa Cruz
Biotechnology, Santa Cruz, CA) were used correspondingly as the
secondary antibodies at a dilution of 1:10,000. These antibody
concentration ratios were determined to provide the best signal
detection of growth-factor protein isoforms versus background
labeling of nonspecific bands. Two independent sample analyses
were conducted at each time point to verify the reproducibility of
the results.

For each analysis, anti-actin antibody (Sigma-Aldrich, Saint
Louis, MI) was used at a dilution of 1:2000 as the control protein.
All membranes were incubated with ECL Plus detection reagent
(Amersham Biosciences, Piscataway, NJ). The images were captured
by the ChemiDoc XRS system, and the intensity of bands was
analyzed with Quantity One software. Similar to mRNA analyses,
the semi-quantitative data obtained by this method were then
exported to an Excel spreadsheet where values were expressed
relative to the internal b-actin control. Two independently obtained
tissue samples were analyzed 3 times for each time point to ensure
reproducibility and reliability of the results.

2.6. Immunofluorescence microscopy of tissue cytokine expression

To remove blood cells/components as potential targets for
immunolabeling of cytokines, 7 deeply anesthetized rats were
transcardially perfused with 50 ml of phosphate-buffered saline.
The eyes were enucleated and fixed in 4% paraformaldehyde at 4 �C
overnight, and processed for routine paraffin-embedded
sectioning. Serial retinal/choroidal tissue sections (5 mm thickness)
containing laser sites were mounted on Superfrost/Plus slides
(Fisher Scientific) and incubated at 58 �C for 2 h. After deparaffi-
nization and rehydration, the sections were boiled in Tris–EDTA
buffer (10 mM Tris base, 1 mM EDTA, 0.05% Tween-20, pH 9.0)
using a pressure cooker for 2 min, incubated in 0.1% sodium boro-
hydride for 30 min, blocked with 2% bovine serum albumin, 2%
normal donkey or goat serum, and 0.5% Triton X-100 in PBS for
30 min, incubated in the primary antibodies (goat anti-HGF, 1:50,
and goat anti-rat VEGF, 1:200, R&D Systems, Minneapolis, Minne-
sota; rabbit anti-bFGF, 1:200, Advanced Target Systems, San Diego,
California) at 4 �C for overnight and in the secondary antibodies
(Fluorescein [FITC]-conjugated donkey anti-goat IgG or Rhoda-
mine-conjugated goat anti-rabbit IgG, 1:200, Jackson ImmunoR-
esearch, West Grove, Pennsylvania) at room temperature for
45 min. Mounted with a ProLong Gold antifade DAPI reagent
(Invitrogen, Carlsbad, California), immunolabeled tissue sections
were visualized under an inverted fluorescence microscope (Leica
DM IRB, Leica Microsystems Inc., Bannockburn, Illinois). Negative
controls were included by omitting the primary antibody to
confirm the specificity of the antibodies.

2.7. Histologic tissue preparation

Intravenous (I.V.) administration of a fluorescent albumin dye
allowed visualization of general neovascular development and also
permitted a general evaluation of interstitial vascular leakage from
neovessels at CNV sites. Administration of a fluorescent cationic
liposome dye that expresses high affinity binding for negatively-
charged new endothelial cells made it possible to observe and
evaluate dynamic changes in neovascularization over time (Kras-
nici et al., 2003). For in vivo colocalization of FITC-albumin (Alexa
488) and rhodamine-cationic liposomes (LipoRed, Munich Biotech
AG), 2 rats at times of 3, 6, 9, 12 and 15 days after induction of laser
trauma plus 2 nonlasered controls received a slow I.V. injection of
400 ml total volume, consisting of 5 mg FITC-albumin in 50 ml
rhodamine-cationic liposome stock (9.5 mM lipid/0.5 mM rhoda-
mine) plus 350 ml of sterile saline. After 15 min of dye circulation,
eyes were enucleated.
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Eyes were fixed in 4% phosphate-buffered paraformaldehyde
solution (2 h at room temperature). For each eye, a single square-
shaped tissue block (approximately 8–10 mm/side), of the posterior
segment (retina, choroid, sclera), containing the photocoagulation
sites and optic disk, were hand-sectioned from the eyecup. The
resultant tissue sections for flat-mount confocal microscopic and
radial light microscopic analyses were transferred to PBS for direct
examination or further immunohistochemical processing.

Tissues from 3 animals at 2 and 7 days after lasering were
processed for light microscopic examination. Posterior segments
were dehydrated, embedded in paraffin, and serially sectioned
(6 mm thickness). The resultant radial tissue sections were pro-
cessed with CD31 antibodies for immunolabeling of endothelial
cells, with CD68 antibodies for immunolabeling of monocytes and
macrophages (DakoCytomation Inc.), or with hematoxylin and
eosin for histochemical staining.

2.8. Confocal microscopy

Confocal microscopy was performed using a Zeiss LSM. The
scope’s krypton/argon laser was set to 30% intensity; the gains and
offsets were kept the same for all sample groups. Using a focus
motor, 50–75 optical sections were made through whole tissue
samples that ranged from 100 to 150 mm in thickness. As a note, the
thickness of tissues increased with post-trauma CNV membrane
development. Confocal images were collected such that they
transversed the entire thickness of the particular sample though
the retina and into the choroid. Images were taken using a 10�
objective in four quadrants for an entire overview and were taken
Fig. 1. Differences in messenger RNA expression for HGF, VEGF, and bFGF cytokines were det
induction of CNV. In the RPE/choroidal tissues (A, C), HGF mRNA was significantly upregula
around 24 h, and then elevating again from 72 h to 4 weeks. No significant increase in VEGF
photocoagulation. A significant upregulation of bFGF mRNA was noticed from 90 min, and th
In the retinal tissues (B, D), the mRNA levels for HGF, VEGF and bFGF were not significantly c
the same at all time points. The mRNA level for VEGF was slightly increased after 24 h thro
(C, D). Intensity ratios of HGF, VEGF and bFGF bands were compared to the internal control, b
point to ensure reproducibility and reliability of the results.
with a 20� water immersion objective for detailed analyses of
individual CNV membrane sites. Images were obtained using Zeiss
LSM Browser digital camera software. Subsequently, the four
quadrants around the optic disk were brought together in a 3-
dimensional montage format using Amira software. Images of
individual CNV sites were analyzed for background fluorescence
(due to capillary perfusion) and changes in labeled areas of neo-
vascularization were evaluated using Metamorph software
(Universal Imaging). Detailed 3-dimensional analyses of stacked
images were carried out using Voxx software.

2.9. Statistical analysis

Results were expressed as the mean� SD. Differences were
evaluated by one-way ANOVA using SPSS software (SPSS Inc., Chi-
cago, IL). P< 0.05 was defined as statistically significant.

3. Results

3.1. Differential expression of HGF, VEGF and bFGF mRNA in laser-
induced CNV

To determine potential changes in the expression of HGF, bFGF
and VEGF in laser-induced CNV, mean mRNA expression levels for
these 3 growth factors in RPE/choroidal and in retinal tissues were
first evaluated and compared at different times after lasering by
a traditional reverse transcriptase RT-PCR method and by real-time
qRT-PCR. Results from the traditional RT-PCR are shown in Fig. 1. In
the RPE/choroidal tissues (Fig. 1A, C), mRNA expression for HGF was
ermined by traditional reverse transcriptase RT-PCR at different time points after laser-
ted after laser photocoagulation, starting from 30 min, peaking around 6 h, decreasing
mRNA was observed before 24 h. VEGF mRNA peaked around 72 h to 1 week after laser
e level was decreased but still higher than the control level after 24 h through 4 weeks.
hanged after laser photocoagulation. HGF mRNA was slightly elevated, and was roughly
ugh 4 weeks. A small upregulation of bFGF mRNA was also noticed from 90 min to 6 h
-actin. Two independently obtained tissue samples were analyzed 3 times for each time
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substantially upregulated by 30 min (as denoted by a 39% increase
in the relative intensity, P< 0.05), peaked at around 6 h (67%
intensity increase relative to that of the control baseline, P< 0.05),
decreased slightly below the baseline level at 24 h, increased again
to a secondary peak (31% relative increase, P< 0.05) at around 72 h,
and then returned to around baseline for the remainder of the 4-
week period. Similarly, a rapid upregulation of bFGF mRNA
occurred after lasering, which doubled in expression (104–107%
relative increase, P< 0.05) compared to baseline at its peak around
90 min to 6 h; subsequently, values slowly decreased but remained
above baseline during the period from 1 week to 4 weeks (P< 0.05).
After laser photocoagulation, VEGF mRNA expression generally
remained unchanged through 6 h, then gradually increased to peak
(57–59% relative increase, P< 0.05) during the period between 72 h
and 1 week and, similar to bFGF, was still elevated at 4 weeks.

In retinal tissues (Fig. 1B, D), increases in mRNA expression for
these three growth factors remained small in comparison to
changes measured in the RPE/choroidal tissues; maximum
expression for each growth factor (23–28% relative increase) was
comparable to the other two. Nevertheless, small temporal differ-
ences in expression were discernable. HGF mRNA levels increased
somewhat after lasering (achieving a 28% relative increase at 6 h)
and then remained partially elevated for all subsequent time points.
A small transient elevation (23% relative increase) of bFGF mRNA
expression occurred from 90 min to 6 h after lasering and then
returned to baseline. Expression of VEGF mRNA increased to
a maximum at 72 h (25% relative increase) and continued along
a low-level plateau for the remainder of the 4-week period.

Results from real-time qRT-PCR to evaluate mean mRNA
expression differences are shown in Fig. 2. Subtle increases in RPE/
choroidal expression of HGF mRNA within the first 6 h after
Fig. 2. Differences in messenger RNA expression (fold differences) of HGF, VEGF, and bFGF
subsequent to laser-induced CNV. Statistically significant (P< 0.05) increases in mRNA expr
each time point. No increase in expression was found for HGF. VEGF demonstrated a sig
a significant increase occurred at 1 week. Significant increases in bFGF expression occurr
expression was found at 6 h and 1 week. Further verification of these data was provided by a
PCR method of analysis.
lasering, and subsequently a larger increase was measured at 2
weeks post-laser. Unfortunately, no statistically significant findings
were found. In the neural retina, expression at all time points
approximated the control values.

For VEGF expression of mRNA, qRT-PCR indicated a significant
increase (>2 fold difference) at 1 week post-laser in the RPE/
choroidal tissue samples (Fig. 2). In the neural tissue samples, this
method demonstrated a small but significant increase at 30 min,
while at 6 h a much larger increase (>16 fold difference compared
to control) was measured.

Large statistically significant increases (>6 fold difference) in
bFGF mRNA expression were demonstrated at 6 h in both the RPE/
choroidal and neural retinal samples (Fig. 2). Significant, but
reduced expression continued to be measured at 24 h in the neural
retinal samples. In addition, a secondary increase (>2 fold differ-
ence) in bFGF mRNA expression was detected at 1 week in the RPE/
choroid (Fig. 2).

3.2. Western blot analysis for HGF, bFGF and VEGF

To confirm the mRNA data and to directly compare the protein
expression of HGF, VEGF, and bFGF, Western blot analysis was
performed. HGF and bFGF upregulated quickly and reached their
peak expression levels within hours, as compared to days for
maximum VEGF expression. Increases in precursor and activated
HGF isoforms and a low-molecular weight bFGF isoform were
measured, but VEGF isoforms within RPE/choroid initially were not
detected.

HGF is secreted as an inactive precursor form, and becomes two
active subunits after cleavage by serine protease. In RPE/choroidal
tissues (Fig. 3A, C), maximum levels of HGF protein were expressed
cytokines were determined by quantitative real-time qRT-PCR at different time points
ession are designated by asterisks. Samples from 3 animals were analyzed 2 times for
nificant increase in the retinal samples at 30 min and 6 h, while in the RPE/choroid
ed in the RPE/choroid at 6 h and again at 1 week, while in retinal tissues increased
n independent laboratory, using the same sample sources, but a slightly different qRT-



Fig. 3. Western blot analysis of HGF in laser-induced CNV. In RPE/choroidal tissues (A), maximum levels of HGF protein occurred between 90 min and 6 h after laser photoco-
agulation, and three distinct bands of approximately 69, 54 and 30 kDa were present, corresponding to the precursor, a- and b- subunits of HGF respectively. The a- and b- subunits
of the activated form of HGF were apparent from 30 min, peaked between 90 min and 6 h, and stayed noticeable through 72 h (images after 12 h not shown). The graph (C)
illustrates the ratio of relative HGF intensities, as the sum of all of three bands for the nonlasered control and at each time point, as compared to b-actin. In retinal tissues (B, D), HGF
protein levels increased at 30 min after laser treatment, peaked between 6 and 12 h, and then stabilized at a slightly lower level through 72 h (images after 12 h not shown). Only
the precursor form of HGF was observed in retinal tissues. Differences between each time point compared to the nonlasered control were evaluated statistically by one-way ANOVA
testing, asterisk indicating P< 0.05.
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at 90 min and 6 h after lasering, and three distinct bands at
apparent molecular weights (MW) of 69, 54 and 30 kDa were
present. The 54 and 30 kDa bands, that correspond to the a- and b-
subunits of activated HGF, were upregulated by 30 min (consti-
tuting a 111% mean increase in expression compared to the control
HGF protein level, P< 0.05), achieved peak expression between
90 min and 6 h (262–278% mean increase, P< 0.05). After 12 h, HGF
a- and b- subunits were no longer detectable, although elevated
levels of the precursor protein slowly regressed to approximately
20% above baseline during the period from 12 to 72 h.

Meanwhile in retinal tissues (Fig. 3B, D), only one major HGF
isoform of 69 kDa MW was expressed, which corresponded to its
precursor form. HGF protein levels had increased by 82% over
Fig. 4. Western blot analysis of bFGF in laser-induced CNV. In RPE/choroidal tissues (A, C), on
around 6 h and maintained a higher level through 1 week. Basic FGF protein was expressed
bFGF peaked around 12 h. A low-molecular weight band of approximately 14 kDa was obs
baseline at 30 min after lasering, peaked between 6 and 12 h (207–
246% increase, P< 0.05), and then stabilized at a slightly lower level
(103% above baseline) through 72 h before returning to baseline at
1 week.

In RPE/choroidal tissues (Fig. 4A, C), only the 14 kDa low-
molecular weight (LMW) isoform of bFGF was expressed during
blot analyses. Upregulation was apparent by 30 min (231% increase
compared to baseline expression, P< 0.05). Protein expression
maximized (an increase of 472% over baseline, P< 0.05) during the
period from 90 min to 12 h and then slowly decreased, but
remained at elevated levels through 1 week.

Unlike the RPE/choroidal tissues, in retinal tissues (Fig. 4B, D)
bFGF proteins were expressed as multiple bands of 14, 18, 21, and
ly a 14 kDa band was observed. Basic FGF expression increased from 30 min, maximized
as multiple bands of 14, 18, 21 and 23 kDa in retinal tissues (B, D). The total protein of

erved only from 6 to 24 h. Asterisk indicated P < 0.05.



Fig. 5. Western blot analysis of VEGF in laser-induced CNV. In RPE/choroidal tissues
(A, B), VEGF occurred as a single band of 25 kDa at 72 h after laser photocoagulation,
peaked around 1 week, and then was expressed at lower levels through 4 weeks. VEGF
protein was not detectable by this antibody in retinal tissues (C).
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23 kDa. The composite mean expression of all bFGF proteins peaked
around 12 h (126% increase compared to baseline, P< 0.05) and
returned to slightly above baseline by 24 h. However, peak
expression of the 14 kDa LMW isoform of bFGF in the retina
selectively occurred at 6 h, instead of at 12 h. Peak expression of the
14 kDa isoform at 6 h corresponded to a point midway through the
broader time period when this particular isoform was maximally
expressed in the RPE/choroid. Within the retina, however, expres-
sion of the 14 kDa isoform had decreased by 12 h and was
measurable only through 24 h, as compared to the continued
protein expression for this particular isoform at 1 week in RPE/
choroidal samples.

VEGF protein levels in RPE/choroidal tissues (Fig. 5A, B) were
below detectable limits in nonlasered control samples, as well as in
eyes at 6 and 24 h after induction of laser photocoagulation sites.
VEGF protein expression, as a single band of 25 kDa, was first
measured at 72 h after lasering, peak expression occurred around 1
week, continued to be well-expressed at 2 weeks, and then
decreased to a much lower level at 4 weeks. In retinal tissues
(Fig. 5C), VEGF protein levels remained below the detectability of
this antibody method at all of the sampled time points.
3.3. Immunofluorescence studies of HGF, VEGF, and bFGF

Immunolabeling of radial tissue sections for HGF with green
fluorescein isothiocyanate (FITC) fluorescence exhibited intense
labeling shortly after the induction of laser lesions. At 6 h post-laser
(Fig. 6A, arrow), intense and focal HGF labeling was localized within
the choriocapillaris of lesion sites. By 72 h, and again at 1 week
(Fig. 6B, C), this labeling had almost disappeared, with only inter-
mittent staining around the developing CNVM. A somewhat similar
result was observed for bFGF immunolabeling with red rhodamine
fluorescence. Intense, localized immunolabeling (Fig. 6G, arrow) of
the choroid and particularly the choriocapillaris occurred within
the region of the lesion site at 6 h. At 72 h and 1 week (Fig. 6H, I),
labeling had diminished and was more diffuse within the devel-
oping and expanding CNVM.

Immunolabeling (with FITC fluorescence) for VEGF was inter-
esting because at 6 h very little labeling was present within the
central lesion site as noted with HGF and bFGF. Instead, intense
VEGF staining was localized to the region immediately adjacent to
the lesion site (Fig. 6D, arrows) and could be attributed to distal
Müller cell processes. At 72 h, Müller cells continued to be labeled,
but not as intensely (Fig. 6E, arrows) as at 6 h. In addition, sub-
retinal labeling now had become evident within the developing
CNVM. At one week, VEGF labeling in and around the CNVM had
diminished (Fig. 6F).

3.4. Histologic time course of CNV development and
vascular perfusion

To better understand the potential relationships between
expression patterns and functions, the differential expression of
these three growth factors were compared to the histologic
proliferation of endothelial cells, neovascular development, and
temporal changes in vascular permeability at laser-induced CNV
sites.

Neovascular formation and increased endothelial cell labeling
already could be identified at developing CNV sites with light and
confocal microscopy by 2–3 days after induction of laser trauma
(Figs. 7 and 8). The presence of new endothelial cells was evident by
fluorescent labeling with cationic liposomes at 3 days within the
central trauma site as well as in neovessels that were expanding
tangentially beyond the newly-formed CNV membranes (Fig. 8).
Neovascular activity was most prominent within the central
(lasered) portion of the CNV site at 3 days (Fig. 8A).

At 6 days, angiogenic endothelial cell labeling had continued
within the central site and along newly-formed vessels (Fig. 8B),
but in addition, a ring of labeled cells was obvious around the
expanding circumference of the CNV membrane. By day 12,
maturing vessels had established a network lattice appearance and
some had further expanded asymmetrically to establish vascular
connections with neovessels in neighboring CNV sites (Fig. 8C). As
summarized in Fig. 9A, liposomal labeling intensified at 3 days,
peaked dramatically around 6 days, and then fell off slightly to
a plateau level that continued until at least day 15. Measurements
of interstitial albumin, denoting vascular filling and leakage
(Fig. 9B), initially peaked at 3 days, decreased at 6 days, reintensi-
fied to a secondary peak at 12 days, and then decreased to near
baseline levels at 15 days.

In mature CNV sites, w4 weeks after lasering, the presence of 1–
3 chorioretinal anastomoses typically can be identified and traced
within consecutive serial radial-tissue sections. In this temporal
study, developing anastomotic vessels were observed in radial
tissue sections at 2–3 days after lasering, a much earlier time than
anticipated (Fig. 7B, D). Surprisingly, 3-dimensional reconstructions
of several CNV sites, with confocal microscopy, revealed that
numerous anastomoses (varying from 10 to 20 per site) had formed
both at and adjacent to the CNV membranes (Fig. 10).

4. Discussion

This investigation produced unexpected findings and demon-
strated the complexity of the angiogenic process in this choroidal
neovascular model. Table 1 summarizes the comparative similari-
ties and differences noted in this current study by the different
qualitative and semi-quantitative methods for cytokine



Fig. 6. Immunofluorescent labeling of HGF, VEGF and bFGF expression at 6 h, 72 h and 1 week after laser trauma. Note the localized labeling within the choroid of lesion sites for
HGF (A, arrow) and bFGF (C, arrow) at 6 h. Alternately, VEGF immunolabeling was present at 6 h in Müller cells located adjacent to the lesion site (D and E, arrows). VEGF labeling
first becomes noticeable within the developing CNVM at approximately 72 h (E). Bar¼ 75 mm.

Fig. 7. Comparison of developing CNV sites in radial tissue sections. Early vascular development (yellow arrows) within the newly forming CNV membrane already is observed at
two days (A) after lasering in hematoxylin and eosin stained tissues and increased vascular maturation is evident by 7 days (C). CD-31 immunolabeled endothelial cells (brown) are
diffusely labeled within the initial CNV membrane against a methylene-blue stained background at 2 days post-laser (B), while more sophisticated lattice-like structuring of labeled
vessels is apparent at 7 days (D). Note also the early presence of anastomotic vessels (white arrows), forming between the CNV membrane and retinal blood vessels (R), discernable
at both 2 days (B) and 7 days (D) in tissue sections located just peripheral to the central laser trauma site. Infiltrating monocytes/macrophages also are evident in and around CNV
sites at both time points (A–D) and have been identified by CD-68 immunolabeling (not shown). Bar¼ 75 mm.
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Fig. 8. Fluorescence confocal microscopy of CNV sites (flat-mount views) at (A) 3 days (B), 6 days, and (C) 12 days after lasering with rhodamine-cationic liposome (red) labeling to
indicate new endothelial cells/angiogenic activity and with FITC-albumin (green) labeling of vessels and leakage. (A, B) Images were obtained at the depth of the junction between
the photoreceptors (honeycombed in appearance; at upper left of figs.) and the retinal pigment epithelium cells (mossy in appearance and orange-brown in color; at lower right in
figs). (C) Image is at the level of the choriocapillaris. At 3 days (A) note the neovascular development and leakage around the central trauma site with some early collateral vessels
(green labeled for albumin) and circumference around the central site (punctuated, bright red liposomal labeling) indicative of expanding neovascularization. At 6 days (B)
continued lateral expansion of the neovascular membrane (red liposomes), vascular maturation, and the formation of collateral processes (green) were evident between adjacent
CNV sites. By 12 days (C) neovascular development still continued within the central membrane (red) and further differentiation of maturing peripheral vessels (green) was
apparent peripherally. Bar¼ 75 mm.

Fig. 9. Graphical expression (A) of changes in new endothelial cells in control (nonlasered) and at successive post-induction time points in lasered eyes. Angiogenic endothelial cells
(negatively-charged) were labeled with rhodamine-cationic liposomes (red). Note that peak labeling occurred at 3 days after laser-induction of CNV sites (see also Fig. 7B). Semi-
quantitative analyses of changes in rhodamine mean total fluorescence (i.e., pixel intensity; n¼ 4 samples per each control/time point) in confocal fluorescence images were
performed using Vioxx and Metamorph software. Graphical expression (B) of changes in FITC mean thresholded fluorescence (i.e., pixel intensity; n¼ 4 samples per each control/
time point) denoting vascular filling and leakage in control (nonlasered) and at successive post-induction time points in lasered eyes with FITC-albumin labeling. The initial increase
at 3 days may depict a combination of edema from the laser trauma site and leakage from early neovascularization; whereas the secondary spike at 12 days may represent possible
vascular hyperperfusion by maturing blood vessels.

Fig. 10. Confocal microscopy illustrating radial views (A, C, D) of multiple anastomotic vessels that formed by 12 days after lasering at and near two adjacent CNV membrane sites
and a flat-mount, composite 3D view (B) of a single anastomosis at 12 days post-laser that was located adjacent to a CNV membrane. Fluorescence demonstrates: (A) cationic
liposomal (red) labeling of angiogenic endothelial cells; (B) anastomotic vessel (arrow) connecting a large-diameter retinal vessel above with choroidal vessels below; (C) FITC-
albumin (green) labeling of vessels; and (D) extent of CNV development (yellow fluorescence) by integrating images of both (A, C) fluorescent labels. V: vitreous; Ch: choroid; RV:
retinal vessel; CV: choroidal vessel. Bar (A, C, D)¼ 50 mm; (B)¼ 25 mm.
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Table 1
Comparison of cytokine activity in the choroid and retina at different time points after laser-induction of choroidal neovascularization using different qualitative and semi-
quantitative methods of evaluation. Values in parentheses represent times and locations of maximum expression or labeling. Values designated with bold lettering are
statistically significant (P< 0.05).

Cytokine bFGF HGF VEGF

Sample RPE/Choroid Retina RPE/Choroid Retina RPE/Choroid Retina

Traditional RT-PCR 30 min–72 h (6 h) 6 h (12 h) 30 min–6 h (90 min) 6 h (12 h) (1 week)
Real-time qRT-PCR (6 h) 1 week (6 h) 24 h (1 week) 30 min (6 h)
Protein (western analysis) (6 h) (6 h) (1 week)
Immunofluorescence (6 h Within choriocapillaris

lesion site) 72 h & 1 week in CNVM
(6 h Within choriocapillaris
lesion site) 72 h & 1 week in CNVM

72 h & 1 Week
in CNVM

(6 h in Müller cells)
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identification and expression. After trauma to Bruch’s membrane,
increased growth factor expression in the RPE and choroid were
expected; however, individual differences characterized each
cytokine. Within 6 h, all three cytokines demonstrated increased
mRNA expression, but there were differences as to where upregu-
lation occurred (choroidal samples for HGF and bFGF, retinal
samples for VEGF). At 6 h, immunolabeling for HGF and bFGF was
localized to the choroidal region within laser lesion sites. During
this same time, HGF and bFGF also exhibited early protein upre-
gulation. Meanwhile, at 6 h, VEGF appeared confined to Müller cells
located immediately adjacent to the lesion site and was first
observed in the developing CNVM at 72 h. In this model, early
neovascularization within the developing CNV membrane becomes
histologically evident (to us and others) by 2–3 days after trauma
(Edelman and Castro, 2000). Expression of VEGF protein was first
measurable at 72 h and did not peak until 7 days. Although an
increase in VEGF protein was not detectable until 3 days after
lasering, some level of upregulation probably occurred neverthe-
less during this time, but detection remained below threshold
sensitivity. In addition, the antibody used was selective for the
VEGF164 isoform. Therefore, how should the results about VEGF
from this investigation be interpreted and how might this unde-
tectable increase in VEGF expression be related to the overall
initiation and mediation of angiogenic processes during this time
period? While this may depend partially upon VEGF potency,
a definitive answer simply is not available. These data do not imply
that VEGF is uninvolved in early CNV formation, but they do bring
into question the relative role of VEGF early in this process. One
possibility might be that other more soluble isoforms of rat VEGF
(e.g., VEGF120) could conceivable be involved in a rapid response by
the Müller cells to provide neuroprotection to the photoreceptors
following laser injury.

At low concentrations, VEGF has been reported to promote
microvascular endothelial cell proliferation by a phosphorylative
response via the cellular ERK and MAPK pathways (Cai et al., 2006).
At least in this rat model, the early involvement of VEGF would
seem to rely principally on pre-expressed levels of soluble VEGF164

and, to a lesser extent, possibly VEGF120, as well as membrane
bound isoforms (i.e., VEGF144 and VEGF188) that could be cleaved as
an activated but less potent VEGF110 isoform. During this initial
phase of neovascularization exogenous VEGF could participate, as
also could HGF and bFGF, as a signaling molecule for vascular CEC
recruitment and migration to CNV sites (Asahara et al., 1999;
Papetti et al., 2003; Gerritsen, 2005; Wang et al., 2005). In culture,
VEGF can increase the number of CECs in a dose-dependent manner
(Imanishi et al., 2003); however, soluble VEGF functions as
a chemotactic gradient for transmigration of choroidal endothelial
cells across the RPE monolayer, which suggests that other growth
factors may subsequently be necessary for endothelial cell prolif-
eration (Geisen et al., 2006). Obviously, angiogenesis is not
mediated singularly by only one growth factor, but rather from
the integrated activities of many regulatory molecules. VEGF, HGF,
and/or bFGF can function synergistically to evoke and drive
angiogenesis.
HGF demonstrates maximum potency for angiogenesis in the
presence of bFGF and VEGF (Schmidt et al., 1999; Gerritsen, 2005).
HGF stimulates VEGF expression in many cells and induces VEGF
transcription through an increased phosphorylation of transcrip-
tional factor Sp1 (Gille et al., 1998; Wojta et al., 1999; Reisinger
et al., 2003). The combination of HGF and VEGF, which results in the
cooperative activation of different signaling pathways (Gerritsen
et al., 2003) may have an additive or greater effect on endothelial
cell proliferation, a synergistic effect on endothelial cell migration
in vitro, and increased neovascularization in the rat corneal assay
(Van Belle et al., 1998; Xin et al., 2001; Gerritsen, 2005).

Current findings, that activated isoforms of HGF were first
detected in the RPE/choroid during the first several days after laser-
ing, suggest that HGF may play an early regulatory role in CNV
development. In various tissues and organs, HGF exhibits pleiotropic
angiogenic functions including proliferation, migration, and
morphogenesis (Bhargava et al., 1992; Liou et al., 2002; Kuhlmann
et al., 2005). Although expressed predominantly by, but not limited
to, cells of stromal origin (Birchmeier et al., 1995), sources of ocular
HGF include fibroblasts, vascular smooth muscle cells, glial cells,
retinal microvascular endothelial cells, ganglion cells, and RPE cells
(Koochekpour et al., 1997; He et al., 1998; Lashkari et al., 1999; Cai
et al., 2000; Shibuki et al., 2002). HGF is considered more potent in the
proliferation of endothelial cells as compared to other factors,
including VEGF, bFGF and interleukin-6 (Bussolino et al., 1992;
Nakamura et al., 1996). HGF mediates the expression of the cell
adhesion molecule, vascular endothelial cadherin, which conse-
quently stimulates endothelial cell motility, migration, and angio-
genesis (Martin et al., 2001). HGF stimulates growth and migration of
endothelial cells in vitro (Rosen et al., 1991; Bussolino et al., 1992;
Kuhlmann et al., 2005), and potently induces angiogenesis both in
vitro and in vivo (Grant et al., 1993; Rosen et al., 1993b) HGF-induced
endothelial cell growth is augmented by bFGF (Nakamura et al.,1996).

Similarly, the early upregulation and persistence of bFGF
expression in this model suggests that it too may be an initial and
possibly continuing mediator of CNV development. Basic FGF is
produced by a variety of cell types in culture, immunohistochem-
ical, and in situ hybridization studies, including vascular endothelial
cells of the choriocapillaris, fibroblasts, smooth muscle cells,
astrocytes, and RPE cells (Schweigerer et al., 1987; Amin et al., 1994;
Matsushima et al., 1996; Ohsato et al., 1997; Martin et al., 2004;
Gerritsen, 2005; Rosenthal et al., 2005). Basic FGF is found in
extracellular matrix (ECM) from which it can be released by ECM-
degrading enzymes such as serine proteases and metalloproteases
(Vlodavsky et al., 1987). Basic FGF induces the secretion of VEGF and
HGF by Müller glial cells and stimulates cell proliferation (Garcia
and Vecino, 2003; Hollborn et al., 2004; Rosenthal et al., 2005). As
with VEGF and HGF, neovascularization involves integrated VEGF
and bFGF signaling (Tobe et al., 1998; Rosenthal et al., 2005).
Maximum co-labeling of VEGF and bFGF in rat RPE and chorioca-
pillaris cells occurs within CNVM sites between 2 and 7 days after
lasering (Frank, 1997).

Rat bFGF typically occurs in three isoforms, a low-molecular
weight (LMW) form of 18 kDa and two high molecular weight
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forms (21, 23 kDa), representing alternative translation products
from a single mRNA (Müller-Ostermeyer et al., 2001). The 18 kDa
isoform occurs mainly in the cytoplasm, whereas the 21/23 kDa
bFGF are localized in the nucleus (Claus et al., 2003). In this current
study, all three isoforms of bFGF were expressed in the retinal
tissues. In addition, a less typical 14 kDa low-molecular weight
(LMW) isoform of bFGF was detected in retinal tissue samples
between 6 and 24 h after laser photocoagulation, whereas this
isoform was the only band detected in RPE/choroidal tissue
samples. Others have reported this bFGF LMW isoform in the rat
retina after retinal vein occlusion, as well as in the rat brain and in
hepatoma cells (Klagsbrun et al., 1987; Powell and Klagsbrun, 1991;
Hayashi et al., 1999). The functional significance of this LMW bFGF
remains unknown. Because a variety of protease inhibitors were
used procedurally to prepare samples for analyses, the 14 kDa LMW
isoform of bFGF could have been derived in vivo by retinal and
choroidal proteases and possibly could represent a proteolytic
byproduct of bFGF.

Interestingly, differences in the temporal expression of growth
factors are not unprecedented. In a rat ischemic injury model,
mRNA expression for VEGF and its receptor decreased immediately
and at 6 h after ischemic injury, but returned to control levels by
24 h; whereas immunohistochemistry revealed that VEGF was first
evident in endothelial cells after 24 h (Ogata et al., 1998). Mean-
while, RT-PCR analyses revealed that gene expression of bFGF
peaked at 6–12 h while FGF receptor expression peaked at 3–12 h
(Miyashiro et al., 1998). Likewise, a 3-fold increase in HGF expres-
sion was measured at 6 h which remained highly elevated for
a period from 48 h (by RT-PCR) to 96 h (by Western blot). Corre-
sponding immunohistochemistry revealed increased HGF labeling
of RPE cells at 6 h and in several retinal locations by 24 h (Shibuki
et al., 2002).

Previously with a rat laser CNV model, increased expression of
bFGF was detected by in situ hybridization and immunohisto-
chemical labeling in ‘‘RPE-like’’ and proliferating RPE cells,
migrating macrophages, fibroblast-like’’ cells and choroidal
vascular endothelial cells at sampling times from 3 days to 2 weeks
after lesion induction (Ogata et al., 1996; Yamamoto et al., 1996a,b).
An initial report employing RT-PCR and immunohistochemistry
indicated that VEGF expression was comparable to control levels at
the ‘‘early stage’’ of laser-induced CNV development; moderate
VEGF immunostaining of the choriocapillaris was detected after 1
day, RPE cells and macrophages within the lesion site were labeled
at 3 days and 1 week, and RPE cells continued to exhibit staining at
4 weeks (Yi et al., 1997). Recent ELISA and RT-PCR studies with the
murine laser CNV model described low VEGF expression at 24 h,
which increased on days 3 and 5, and then decreased or returned to
baseline values by 7 days (Bora et al., 2005, 2006).

In the current investigation, evaluation of albumin-labeled
vasculature and leakage using confocal microscopy indicated that
an initial increase in staining was measured at 3 days after laser-
induction (Fig. 9B) and this increase may correspond to initial
trauma-induced edema as well as leakage from the initially-
developing CNV. The substantial increase in albumin staining at
approximately 12 days after lasering is more intriguing because it
may represent a time, just after peak expression of VEGF, when
permeability of maturing CNV is increased.

Recent investigations have proposed that two processes, post-
natal vasculogenesis and angiogenesis, underlie CNV development
(Espinosa-Heidmann et al., 2003, 2005; Sengupta, N., et al., 2003;
Csaky et al., 2004; Chan-Ling et al., 2006; Sheridan et al., 2006).
During the first three days of neovascular development, the onset of
endothelial cell infiltration and proliferation result from CEC and
endothelial precursor cell recruitment from the blood stream
through a rapid postnatal vasculogenic response. Blood-derived
macrophages from circulating monocytes and smooth muscle cells
derived from vascular precursor cells also are important in early
neovascularization (Espinosa-Heidmann et al., 2003, 2005; Caicedo
et al., 2005). This process then decreases as resident cells continue
neovascular development through angiogenesis (Murayama and
Asahara, 2002; Sheridan et al., 2006). Angiogenic mediation of
resident cells for CNV development begins slowly, but increases
over time and sustains neovascularization to completion. The two
processes achieve parity at approximately 1 week into neovascular
development (Espinosa-Heidmann et al., 2005). While many
factors may help regulate both processes, their relative contribu-
tions to each process may be different, just as functional differences
also may exist during neovascularization in different ocular
(choroidal, retinal, corneal) and other bodily tissues (Rousseau
et al., 2003; Campochiaro, 2006). The mRNA and protein expres-
sions, in conjuction with immunofluorescence data suggest that
bFGF and perhaps HGF may be involved postnatal vasculogenic and
possibly extend into angiogenic phases of neovascularization;
unfortunately, their regulatory functions and whether these roles
might change with time is unknown. Results from this investigation
seem to suggest that early maximal expression of bFGF, in
conjunction with HGF and soluble VEGF, may serve as initial
regulators of neovascularization in this CNV model, whereas the
subsequent peak protein expression of VEGF164 at 7 days may
correspond more appropriately to CNV maturation, stability, and
survival, or to regulation of CNV hyperpermeability (Issbrücker
et al., 2003).

Meanwhile, in retinal tissues, protein upregulation of cytokines,
particularly bFGF, also was an unusual result. Moreover, the retinal
expression of precursor HGF and multiple molecular weight iso-
forms of bFGF, as compared to those isoforms expressed in the RPE/
choroid, suggest that retinal vascular homeostasis may be influ-
enced by distal RPE/choroidal changes. Conceivably, the heightened
expression of certain growth factors within both the RPE/choroid
and their precursors within the retina may contribute to the rapid
and proliferative formation of anastomoses between the two
vascular networks.

These current findings represent only one step in specifically
defining the complex roles of growth factors in the initiation and
progression of CNV. Additional studies are needed to fully charac-
terize the diverse and interactive roles of VEGF, HGF and bFGF, as
well as the multitude of other growth factors, extracellular matrix
proteins, and receptors that participate in CNV development
(Eichler et al., 2006). This information is crucial in determining
which regulators should be selectively targeted therapeutically, in
order to achieve the most beneficial outcome for neovascular AMD
patients at different time points in CNV progression (i.e., to inhibit
mitogenic initiation of neovascularization, to interrupt and desta-
bilize vascular development, or perhaps to bring vascular perme-
ability under control in already established neovessels).
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