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Purpose: To evaluate whether transfection of human retinal endothelial cells (HRECs) with plasmids expressing ribozymes
designed to specifically cleave the mRNA and reduce expression of either vascular endothelial growth factor (VEGF)
receptor-1 (VEGFR-1), or VEGF receptor-2 (VEGFR-2), or insulin-like growth factor-I receptor (IGF-IR) modulates
occludin expression in high glucose-treated cells.
Methods: Hammerhead ribozymes that specifically cleave the human VEGFR-1, VEGFR-2, and IGF-IR mRNAs were
developed and tested in vitro to determine ribozyme kinetics and cleavage specificity. HRECs grown in normal (5.5 mM)
and high (25 mM) glucose medium were transfected with plasmids expressing VEGFR-1, VEGFR-2, or IGF-IR hammerhead ribozymes. VEGF and IGF-I levels were measured in conditioned medium of HREC exposed to high glucose conditions, and the effect of varying glucose concentration on VEGFR-1 and VEGFR-2 phosphorylation was examined. The
amount of the tight junction protein occludin was determined by western analysis, and the protein was localized by
immunohistochemistry.
Results: Exposure of HRECs to high glucose resulted in increased VEGF and IGF-I expression as well as VEGFR-2 but
not VEGFR-1 phosphorylation. Immunocytochemistry and western analysis revealed that HRECs exposed to high glucose had reduced occludin staining and protein expression, respectively. Transfection of HRECs exposed to high glucose
with either VEGFR-1, VEGFR-2, or IGF-IR hammerhead ribozymes prevented the downregulation of occludin protein
expression.
Conclusions: Our studies support that activation of VEGFR-1, VEGFR-2, and IGF-IR by high glucose contributes to
disruption of tight junctions by decreasing occludin expression and may be important in the pathogenesis of blood-retinal
barrier dysfunction in diabetic retinopathy.

(VEGF) caused a similar decrease in occludin [8]. Moreover,
streptozotocin-induced diabetes or VEGF treatment increased
paracellullar vascular permeability in the rat retina and was
associated with redistribution of occludin [9].
The early stages of vascular dysfunction in diabetes involve a permeability defect of the retinal vasculature and correlate with increases in expression of VEGF [10-12]. VEGF
exerts its functions on endothelial cells via interaction with
cellular receptors, VEGFR-1 and VEGFR-2 [13-15]. It is generally considered that activation of VEGFR-1 regulates the
metabolism of a range of vascular and nonvascular cells, while
activation of VEGFR-2 promotes cell migration and proliferation of endothelial cells [16]. Some studies have suggested
that VEGFR-2 is the receptor responsible for the permeability
activity [17,18]. However, a mutant form of VEGF that lacks
VEGFR-2 activation retained the ability to induce permeability [19], suggesting that changes in permeability may be mediated by a receptor other than VEGFR-2.
Other cytokines, in particular insulin-like growth factor-I
(IGF-I), may be involved in retinal vascular permeability [20].
Altered serum IGF-I levels may be clinically meaningful in
both type 1 [21] and type 2 diabetes [22,23] associated with
macular edema [24,25]. Brausewetter and coworkers con-

Chronic hyperglycemia in diabetes is associated with the
development and progression of pathological changes in the
retinal vasculature involving breakdown of the blood-retinal
barrier (BRB) [1,2]. The endothelium forms the BRB in retinal capillary vessels and its permeability is regulated by tight
junctions between adjacent endothelial cells [3]. Occludin and
claudins span the plasma membrane and limit flow of vascular fluids between endothelial cells, while other proteins, zonula
occludens-1, 2, 3 (ZO-1, 2, 3), symplekin, 7H6, and cingulin
are tight junction-associated proteins that reside in the peripheral cytoplasm and organize the junction [4]. Occludin, a 65
kDa transmembrane protein of the tight junction, is primarily
responsible for forming the permeability barrier [5,6].
A study involving streptozotocin-induced diabetic rats
showed a reduced quantity of occludin at the tight junctions
of endothelial cells in retinal arterioles and capillaries [7]. Furthermore, three months of streptozotocin-induced diabetes in
rats caused an increase in retinal permeability to albumin. In
the same study, treatment of bovine retinal endothelial cell
cultures (BRECs) with vascular endothelial growth factor
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cluded that capillary permeability is increased in both types
of diabetes mellitus, and that IGF-I is a key mediator affecting microvascular permeability [26].
Local tissue levels of IGF-I may be even more relevant
than serum levels to the initiation of vascular pathology including changes in permeability. We and others have demonstrated an increase of IGF-I in the vitreous of diabetics with
PDR compared to nondiabetic individuals and levels correlated with severity of macular edema and preretinal
neovascularization [27-29]. Furthermore, intravitreal injection
of high levels of IGF-I results in the breakdown of the BRB
and neovascularization in pig [30] and rabbit [31] models.
IGF-I has been shown to increase VEGF gene expression, regulate VEGF-dependent retinal neovascularization, and
act as an indirect angiogenic factor in animal models of retinal ischemia [32]. IGF-IR has been shown to regulate VEGF
action through control of VEGF activation of p44/42 mitogen-activated protein kinase (MAPK), establishing a hierarchical relationship between IGF-IR and VEGF receptors [33].
The converse is also true in that VEGF induces IGF-I expression in HREC [34].
For the current studies, we synthesized and tested hammerhead ribozymes that specifically cleave VEGFR-1,
VEGFR-2, and IGF-IR mRNAs, respectively [35]. Ribozymes
are catalytic RNA molecules that cleave phosphodiester bonds
between RNA nucleotides [36]. Two types of ribozymes that
are based on self-cleaving viral agents, hairpins and hammerheads, have been used as potential gene therapy agents. Hammerhead ribozymes have been used more commonly because
they have a greater range of target sites [37]. Previously, we
demonstrated the efficacy of this IGF-IR ribozyme to reduce
IGF-I receptor protein and function [28].
In this study, we validated the specificity of the VEGFR1 and VEGFR-2 ribozymes for their respective targets, characterized the effect of VEGF receptor reduction on IGF-I receptor levels, and determined the effect of IGF-I receptor reduction on VEGF receptor levels.
We also investigated the effect of high glucose (25 mM)
on VEGF-1 and IGF-I protein expression, VEGFR-1 and
VEGFR-2 phosphorylation, and occludin protein expression
in cultured retinal endothelial cells (RECs). Finally, we evaluated whether transfection with these ribozymes modulate the
effect of glucose on occludin expression.

Promega), and MgCl2 (20 mM final) were added, and the mixture was incubated at 37 °C for 10 min. Cleavage was initiated by the addition of the 32P-end labeled target RNA oligonucleotide, and the reaction proceeded at 37 °C. Variations on
this protocol include incubation at 25 °C at 1, 5, 10, and 20
mM MgCl2. Aliquots were removed at various times and added
to an equal volume of formamide stop buffer (90% formamide,
50 mM EDTA, 0.05% bromophenol blue, 0.05% xylene
cyanol) and held on ice. The samples were then heat denatured at 95 °C for 2 min, placed on ice and the reaction products were separated on 10% polyacrylamide-8M urea gels.
The gels were analyzed on a Molecular Dynamics
PhosphoImager.
Cloning of the hammerhead ribozymes into the rAAV vector: To produce a double-stranded DNA fragment coding for
each hammerhead ribozyme, two complementary DNA oligonucleotides (Life Technologies, Gaithersburg, MD) were
annealed. All DNA oligonucleotides were synthesized with
5'-phosphate groups. The DNA oligonucleotides were designed
to generate a cut HindIII site at the 5' end and a cut SpeI site at
the 3' end after annealing. The DNA oligonucleotides were
incubated at 65 °C for 2 min and annealed by slow cooling to
room temperature for 30 min. The resulting double-stranded
DNA fragment was ligated into the HindIII and SpeI sites of
the recombinant adeno-associated viral vector p21NewHp [39].
The ligated plasmids were transformed into SURE
electroporation competent cells (Stratagene, La Jolla, CA) in
order to maintain the integrity of the inverted terminal repeats.
The ribozyme clones were verified by sequencing.
Time course of cleavage analysis of hammerhead
ribozymes: Time course of cleavage analysis was carried out
as previously described [39,40]. RNA oligonucleotides representing the VEGFR-1, VEGFR-2, and IGF-IR ribozymes (34
nucleotides) and targets (13 nucleotides) were purchased from
Dharmacon. Cleavage reactions were carried out at 37 °C and
in 20 mM MgCl2 at a 1:10 M ratio of ribozyme:target. Target
oligonucleotides were 5'-end labeled with α-32P-ATP and products of cleavage were separated on 10% polyacrylamide-8M
urea gels and analyzed on a Molecular Dynamics
PhosphorImager (Model Storm 820, GE Healthcare, Fairfield,
CT).
Human retinal endothelial cell culture: Human eyes from
six donors were obtained from the National Disease Research
Interchange within 36 h of death. Human retinal endothelial
cells (HRECs) were prepared and maintained as previously
described [41]. The identity of HRECs was validated by demonstrating endothelial cell incorporation of fluorescence-labeled, acetylated LDL, and by fluorescence-activated cell-sorting analysis, as previously described [41]. Cells in passages 3
to 5 were used in the studies [42]. To determine the effect of
high glucose, HRECs were grown for 7 days in normal (5.5
mM) or high (25 mM) D-glucose medium.
Bovine retinal endothelial cell culture: BRECs were isolated as previously described [43]. In brief, isolated bovine
retinas in ice cold Eagle’s minimal essential medium (MEM)
with HEPES were homogenized by a Teflon-glass homogenizer and microvessels trapped on an 83 mm nylon mesh.

METHODS
Synthetic RNA targets and ribozymes: RNA oligonucleotides
for the hammerhead ribozymes and targets were purchased
from Dharmacon (Boulder, CO) and deprotected following
the manufacturer’s protocol. RNA oligonucleotides were 5'end labeled with [γ-32P]-dATP (ICN, Irving, CA) using polynucleotide kinase (Promega, Madison, WI).
Time course analysis of ribozyme cleavage: Time course
analysis of cleavage was performed using the RNA oligonucleotides as described elsewhere [35,38]. For each reaction two
picomoles of ribozyme (15 nM final) in 40 mM Tris-HCl, pH
7.5 was incubated at 65 °C for 2 min then incubated at 25 °C
for 10 min. Dithiotheritol (DTT, 20 mM final), RNasin (4 units,
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Vessels were transferred into 2X MEM containing 500 µg/ml
collagenase, 200 µg/ml pronase (BDH, Poole, UK) and 200
µg/ml DNase at 37 °C for 20 min. The resultant vessel fragments were trapped on 53 µm mesh, washed with cold MEM,
and centrifuged at 225x g for 10 min. The pellet was suspended
in microvascular endothelial cell basal medium (MECBM)
with growth supplement (TCS Works Ltd., Buckingham, UK)
at 37 °C, 5% CO2 for 3 days. Confluent cells were used between passages 1 and 3.
Transfection of HRECs with Lipofectamine: HRECs
grown to confluence on 150 mm plates in normal and high
glucose medium were transfected with the VEGFR-1, VEGFR2, and IGF-IR ribozyme plasmid constructs using
Lipofectamine 2000 as described elsewhere [44]. Opti-MEM
I (728 µl) was combined with Lipofectamine 2000 (52 µl,
Invitrogen, Carlsbad, CA) and kept at room temperature for 5
min. Then, 780 µl of Opti-MEM I was combined with 13 µg
of DNA and allowed to sit at room temperature for 5 min.
These two solutions were then combined and complexed for
20 min at room temperature. While the solutions were
complexing, the cultures were removed from the incubator
and the medium from each petri dish was aspirated and replaced with fresh medium without antibiotics. These plates
were then returned to the incubator until the time of addition
of the complexes. After 20 min of complexing the Opti-MEM
I/DNA/Lipofectamine 2000 was added to the cultures at 1560
µl per petri dish. The culture medium was replaced after 24 h.
The cells were harvested after 72 h of incubation for further
analysis.
Reverse transcription: Total RNA was extracted from
HRECs using Trizol reagent (Invitrogen) according to

manufacturer’s protocol. For each reverse transcription reaction 4 µg of total RNA was reverse transcribed using iScript™
cDNA synthesis Kit (BioRad, Hercules, CA) according to the
manufacturer’s protocol.
Real-time PCR: Real-time PCR was performed on 4 µl
of the cDNA reverse transcription product using iQ™ SYBR
Green Supermix (BioRad) according to the manufacturer’s
protocol. Primer pairs for VEGFR-1 and VEGFR-2 (R & D
Systems, Minneapolis, MN) were used at 7.5 nM. All reac-

Figure 2. VEGFR-1 and VEGFR-2 mRNA expression is inhibited
by the ribozymes. The VEGFR-1 (A) and VEGFR-2 (B) ribozymes
specifically reduce levels of their respective target mRNAs. The graph
shows the results of real-time PCR on cDNAs produced from total
RNA isolated from nontransfected (NT) human retinal endothelial
cells (HRECs), from HRECs transfected with plasmids expressing
the VEGFR-1 (VEGFR-1 Rz) or VEGFR-2 (VEGFR-2 Rz)
ribozymes. For each sample the level of the VEGFR-1 or VEGFR-2
mRNA was determined relative to β-actin mRNA.

Figure 1. All three ribozymes have similar catalytic activity. Time
course of cleavage analysis for VEGFR-1, VEGFR-2, and IGF-IR
ribozymes (Rz) on 13-nucleotide synthetic RNA targets (Tar) demonstrates that the catalytic activities of the ribozymes are similar. In
addition, this graph demonstrates the specificity of the VEGFR-1
and VEGFR-2 for their respective targets.
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tions were performed in duplicate using positive control cDNA
(R & D Systems). Samples were normalized to β-actin
(Ambion, Austin, TX). Real-time PCR was performed on a
DNA engine Opticon system with continuous fluorescence
detector (MJ Research, Waltham, MA). Thermal cycler conditions were denaturation at 94 °C for 1 min, annealing at 55
°C for 1 min, elongation at 72 °C for 1 min, for 60 cycles.
Opticon Monitor analysis software (MJ Research, Waltham,
MA) was used for analysis.
ELISA for VEGF: VEGF protein concentration was determined from HREC-conditioned medium using the
Quantikine® Human VEGF Immunoassay ELISA kit (R & D
Systems). HREC were treated with either 5.5 or 25 mM glucose and aliquots were taken daily for analysis.
ELISA for IGF-I: IGF-I protein concentration was determined from HREC-conditioned medium using the
Quantikine® Human IGF Immunoassay ELISA kit (R &D
Systems). HRECs were treated with either 5.5 or 25 mM glucose and aliquots were taken daily for analysis.
Isolation of protein from HRECs: Cells were grown in
150 mm tissue culture plates and transfected as described
above. The cells were washed with ice cold phosphate buffered saline (PBS; catalog number MT21-040-CV, Mediatech,
Herndon, VA) and scraped in 30 ml of lysis buffer (150 mM
Tris-HCL, 150 mM NaCl, 1 mM EDTA, 1% Igepal CA-630
(Sigma, St. Louis, MO) 1% protease inhibitor cocktail (Sigma),
1 mM DTT [Fisher Scientific, Pittsburgh, PA]). The lysed cells
were sonicated for 20 s and centrifuged at 16,100x g for 15
min at 4 °C. The pellet was discarded and the amount of protein in the supernatant was determined using a bicinchoninic
acid (BCA) protein assay kit (Pierce, Rockford, IL).
FACS analysis: Transfected cells were harvested 48 h
following transfection. Cells were lifted off the plate using a

cell stripper (Mediatech) and centrifuged to pellet the cells.
The cell pellets were suspended in 1 ml of 0.1% BSA in 10
mM NaCl and kept on ice for the remainder of the procedure.
An equal amount (10 µg) of either VEGFR-1 antibody (Santa
Cruz Biotechnology Inc., Santa Cruz, CA) or VEGFR-2 antibody (Neomarkers, Fremont, CA) was added to the cells and
the cells incubated for 30 min on ice. The cells were then
washed twice with 0.1% BSA and incubated with 22.5 µg of
goat anti-rabbit-FITC antibody (Jackson Immuno Research,
West Grove, PA) in 1 ml of 0.1% BSA for 30 min in the dark.
The cells were washed twice with 0.1% BSA and 5000 cells
analyzed on a FACScan (BD Biosciences, San Jose, CA).
The effect of glucose on the phosphorylation of VEGFR1 and VEGFR-2: Confluent cultures were exposed to microvascular endothelial cell basal medium containing either
5.5 or 25 mM D-glucose for up to 6 h. Cells were lysed in
RIPA buffer (50 mM Tris-HCL, pH 7.4, 150 mM NaCl, 1%
NP-40, 0.25% sodium deoxycholate, 1 mM NaF, 1 mM
Na3VO4, and 1 mM EDTA containing protease inhibitors
phenylmethylsulfonyl fluoride, aprotonin, leupeptin, and
pepstatin) at 4 °C for 30 min. The lysate was centrifuged at
12,000x g for 20 min, and the protein content of the supernatant was determined using the Coomassie blue technique
(BioRad). To determine the phosphorylation status of VEGFR1 and VEGFR-2, phosphorylated proteins were immunoprecipitated from the microvascular endothelial cell lysate (suspended in PBS (Mediatech) at a final concentration of 200 µg
cell pellet/ml PBS) by 10 µl mouse anti-tyrosine phosphorylation monoclonal antibody (PY 20; BD Biosciences, San Jose,
CA) for 1.5 h at 4 °C followed by addition of 20 µl protein A/
G agarose (Santa Cruz Biotechnology) overnight at 4 °C. After the mixture was washed with RIPA buffer, it was centrifuged at 12,000x g for 20 min. The pellet was mixed with 40

Figure 3. Reduction of vascular endothelial growth factor (VEGF)
receptor levels following transfection with ribozymes. Transfection
with the VEGFR-1 ribozyme reduced VEGFR-1 surface expression
while also reducing VEGFR-2 levels. Transfection with VEGFR-2
ribozyme reduced VEGFR-2 levels and also VEGFR-1 levels. These
results suggest a level of coregulation of VEGF receptor expression.
The graph shows non-transfected HRECs (NT), HRECs transfected
with the VEGFR-1 ribozyme (R1 Rz), and HRECs transfected with
the VEGFR-2 ribozyme (R2 Rz), and HRECs tranfected with both
the VEGFR-1 and VEGFR-2 ribozymes (R1+R2 Rz).

Figure 4. Percent of the human retinal endothelial cell (HREC) surface expressing the VEGF receptor. HRECs express lower levels of
VEGFR-1 than VEGFR-2 basally. Reduction of VEGFR-1 results in
a coordinate reduction of VEGFR-2, whereas reduction of VEGFR2 has less of an impact on VEGFR-1 expression. The graph shows
non-transfected HRECs (NT), HRECs transfected with the VEGFR1 ribozyme (R1 Rz), and HRECs transfected with the VEGFR-2
ribozyme (R2 Rz), and HRECs tranfected with both the VEGFR-1
and VEGFR-2 ribozymes (R1+R2 Rz).
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µl 1X Laemmli buffer, heated at 80 °C for 5 min and subjected to SDS-PAGE and western blotting using antibodies
against VEGFR-1 and VEGFR-2 (Santa Cruz Biotechnology).
Western analysis for occludin: A total of 80 µg of protein
was separated on a Criterion 4-15% gradient polyacrylamide
gel (BioRad) at 120 V for 20 min and 140 V for 65 min and
transferred (80 V for 5 h) to a nitrocellulose membrane
(Millipore Corp., Bedford, MA) using a blot cell apparatus
(BioRad) on ice at 4 °C. The membranes were blocked in TBS
containing 0.05% Tween-20 (Sigma) and 5% milk for 1 h at
room temperature. For occludin detection, the membrane was
incubated with anti-rabbit occludin antibody (2 µg/ml; Zymed
Laboratories Inc., San Francisco, CA) at 4 °C overnight. Blots
were then washed with TBS containing 0.05% Tween and 5%
milk 5% (w/v) nonfat dry milk for 5 min and incubated with a
1:2000 dilution of horseradish peroxidase (HRP)-conjugated
mouse ant-rabbit antibody (Santa Cruz Biotechnology) for 1
h at room temperature. After being incubated with the sec-

ondary antibody, the membranes were washed twice for 5 min
and twice for 10 min with (TBS containing 0.05% Tween20).
After occludin protein detection, the membranes were also
used to detect β-actin protein levels. The levels of β-actin were
determined with the same protocol used to determine occludin
levels. The primary antibody was mouse monoclonal anti-βactin antibody (1:5000 dilution, Sigma) and the secondary
antibody HRP-conjugated anti-mouse IgG (1:7500 dilution,
Sigma). The protein bands were visualized on X-ray film with
an enhanced chemiluminescence (ECL) western blot detection kit (GE Healthcare, Fairfield, CT). Standard molecular
weight markers (BioRad) served to verify the molecular size
of occludin at 65 kDa and of β-actin at 42 kDa. Analysis of
occludin and β-actin protein levels were performed on scanned
X-ray film images using ScionImage (version 4.0.3.2; Scion
Corp., Frederick, MD).
Occludin immunolocalization by immunostaining: To
study the distribution pattern and relative amounts of occludin
immunofluorescence staining was performed on HRECs
grown to confluence in low (5.5 mM) and high (25 mM) glucose on 2% gelatin and fibronectin (5 µg/ml)-coated chamber
slides (Lab-Tek, Naperville, IL). HRECs were washed with
PBS and fixed with freshly prepared 4% paraformaldehyde
for 15 min, permeabilized with 0.1% Triton X-100 for 5 min,
and then blocked with PBS containing 10% normal goat serum for 30 min at room temperature. After washing in PBS
containing 100 mM glycine, primary antibody to rabbit antioccludin (20 µg/ml; Zymed) in blocking buffer was added and
cells incubated for 1 h on ice. After three PBS washes, the
secondary antibody, fluorescein isothiocyanate-conjugated
goat anti-rabbit IgG (1:200 dilution, Vector Labs., Burlingame,

Figure 5. Effect of high glucose on growth factor expression in human retinal endothelial cells (HRECs). Exposure of HRECs to high
glucose conditions resulted in a time-dependent increase in both vascular endothelial growth factor (VEGF) and insulin-like growth factor I (IGF-I) levels. Effect of high glucose on growth factor expression in human retinal endothelial cells (HRECs). Exposure of HRECs
to high glucose conditions (green lines) resulted in a time-dependent
increase in both VEGF (A) and IGF-I (B) levels greater than seen in
low glucose conditions (red lines).

Figure 6. Effect of glucose on VEGFR-1 and VEGFR-2 phosphorylation in HRECs. Lysates from HRECs grown under low glucose
(5.5 mM) or high glucose (25 mM) conditions were immunoprecipitated to isolate the phosphorylated versions of VEGFR-1 and VEGFR2. Immunoprecipitated proteins were then analyzed by western blotting and detected with antibodies to VEGFR-1 or VEGFR-2. Exposure to 25 mM glucose resulted in an increase in VEGFR-2 phosphorylation at 30 min and 1 h in HRECs. Exposure to 25 mM glucose
had minimal effect on VEGFR-1 phosphorylation.
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CA), was applied to the cells for 30 min at room temperature.
After three PBS washes the cells were covered with VectaShield DAPI (Vector Labs) for nuclear staining and a coverslip. Negative control samples were processed in exactly the
same way except that the primary antibody was omitted. The
cells were viewed and photographed using a fluorescence
microscope (Axiovert 135; Carl Zeiss, Thornwood, NY).
Statistical analysis: Data was analyzed using the Student’s
t-test and reported as mean±standard deviation (SD). A p value
<0.05 was considered significant.
RESULTS
Hammerhead ribozymes reduce expression of VEGFR-1,
VEGFR-2, and IGF-IR mRNAs: We designed and tested three
hammerhead ribozymes that are specific for mRNAs of
VEGFR-1, VEGFR-2, and IGF-IR. All ribozymes were cloned
into expression vectors for transfection of HRECs [38]. Figure 1 shows the time course of cleavage analysis for all three
ribozymes on 13-nucleotide RNA target oligonucleotides and
demonstrates that the catalytic activities of VEGFR-1,
VEGFR-2, and IGF-IR are similar. This figure also demonstrates that the VEGFR-1 and VEGFR-2 ribozymes will only
cleave their respective targets.

©2006 Molecular Vision

Plasmids expressing the VEGFR-1 and VEGFR-2
ribozymes and the expression plasmid p21NewHp [39] were
transfected into HRECs to determine their effect on expression of VEGFR-1 and VEGFR-2 mRNAs. Reverse transcription was performed on total RNA isolated from HRECs. Figure 2 shows the results of real time PCR performed on reverse
transcription products used to determine the levels of VEGFR1 and VEGFR-2 mRNA relative to β-actin. Transfection with
the active VEGFR-1 ribozyme resulted in a reduction of the
VEGFR-1 mRNA by 71.1±2.1%, (p<0.0002). Transfection
with the active VEGFR-2 resulted in a reduction of VEGFR2 mRNA levels by 85.1±1.9%, (p<0.008). Similarly, previous
transfection with the active IGF-IR ribozyme resulted in a reduction of IGF-IR mRNA levels by 70.5±10.1%, (p<0.003)
[39].
FACS analysis was performed to confirm reduction of
expression of the respective receptors as shown in Figure 3.
The transfection of HRECs with the ribozyme to VEGFR-1
resulted in a reduction of VEGFR-1 surfaces expression by
67%; however, VEGFR-2 levels were also reduced by 35% of
original levels with the VEGFR-1 ribozyme. Transfection with
the VEGFR-2 ribozyme resulted in reduction of VEGFR-2 by
42% of original levels and VEGFR-1 by 15% of the original

Figure 7. Loss of tight junction integrity in human retinal endothelial cells (HRECs) grown in 25 mM glucose. Representative photomicrographs of HRECs grown in low glucose medium (A,B,E,F) or high glucose medium (C,D). A-D: Tight junctions are visualized with an
antibody to occludin (FITC, green) and nuclei are visualized with DAPI (blue). E,F: Controls for background were not treated with the
occludin antibody; nuclei are visualized with DAPI (blue). Note the reduced fluorescence and disruption of the tight junctions formed between
HRECs grown in high glucose (C,D) compared to HRECs grown in low glucose (A,B). Less occludin detection with clear areas of disruption
are seen (C); however, some cytoplasmic autofluorescence is evident. The original magnifications were 200x (A,C,E) and 630x (B,D,F). The
scale bars represent 50 µm.
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levels. Cotransfection of both ribozymes resulted in reduction
of VEGFR-1 levels by 64% of initial levels and reduction of
VEGFR-2 by 30% of the initial levels. While the ribozymes
were highly specific for their own targets and did not cleave
mRNA for the other receptor, they appeared to reduce levels
of the other receptor. These results suggest a level of
coregulation of expression between these two receptors. Analysis of the percent of the cell surface expressing the respective
receptor protein demonstrated that HREC express lower levels of VEGFR-1 than VEGFR-2 basally and that reduction of
VEGFR-1 results in a coordinate reduction of VEGFR-2,
whereas reduction of VEGFR-2 has less of an impact on
VEGFR-1 expression (Figure 4).
Effect of high glucose on growth factor expression in
HRECs: Exposure of HRECs to high glucose conditions resulted in a significant increase in both VEGF and IGF-I levels
by day 8 (Figure 5).
Effect of glucose on VEGFR-1 and VEGFR-2 phosphorylation: Cells exposed to 5.5 mM glucose demonstrated significant phosphorylation of VEGFR-2 and weak phosphorylation of VEGFR-1 (Figure 6). Exposure to 25 mM glucose
resulted in an initial decrease in VEGFR-2 phosphorylation
followed by a large increase in VEGFR-2 phosphorylation at
30 min and 1 h.
Effect of high glucose on occludin expression: The distribution of occludin expression was determined using immunofluorescence microscopy. Under normal glucose conditions
the fluorescent staining for occludin was located to the lateral
membranes of the endothelial cells (Figure 7A,B). By contrast high glucose conditions resulted in a decrease in occludin
staining, which became more diffusely distributed on the lateral membranes with evidence of focal aggregation between
adjacent cells (Figure 7C,D). Nonspecific staining of the cytoplasm was apparent, however, in some cells (Figure 7C,D,F).
Reduction in expression of VEGFR-1, VEGFR-2, and IGFIR prevents occludin downregulation in high glucose: We isolated protein from HRECs transfected with plasmids expressing the VEGFR-1, VEGFR-2, and IGFR-1R ribozymes, and
we used western analysis to examine occludin levels (Figure

8) in the isolated protein. Occludin levels in nontransfected
HRECs grown in high glucose were significantly reduced by
(19%±1.75%, p<0.0002) compared to HRECs grown in low
glucose. Similarly, occludin levels in HRECs grown in high
glucose and transfected with control vector (p21NewHp) were
reduced by (38%±4.1%, p<0.0002) compared to HRECs
grown in normal glucose.
HRECs grown in high glucose and transfected with active VEGFR-1, VEGFR-2, or IGF-IR ribozymes did not have
reduced occludin levels. The combination of the VEGFR-1
and VEGFR-2 ribozymes increased occludin levels in high
glucose by (54%±16%, p=0.02) over low glucose levels.
DISCUSSION
The major findings of this report are that the tight junction
protein, occludin, decreases in HRECs grown in high glucose.
Furthermore, hammerhead ribozymes against VEGFR-1,
VEGFR-2, or IGF-IR prevented this downregulation of
occludin. That both VEGFR-1 and VEGFR-2 ribozymes prevented the glucose-induced downregulation of occludin suggests the involvement of both VEGF receptors in glucose-induced permeability. The effect of VEGF on vascular permeability is well established, yet the mechanisms of this action
remains poorly understood. VEGFR-2 has been implicated in
VEGF-induced permeability [17] although receptor cross-talk
may also play a role [19]. In support of this, we have shown
that transfection of HRECs with VEGFR-1 ribozyme down
regulated the VEGFR-2 mRNA. This may explain in part the
beneficial effect observed with the VEGFR-1 ribozyme. The
transfection of HRECs with VEGFR-2 ribozyme down regulated VEGFR-2 and also VEGFR-1 mRNAs. This has been
previously observed and supports intra- and intermolecular
cross-talk between VEGF receptors [45]. Numerous studies
have shown that VEGFR-1 can negatively regulate VEGFR-2
action through different intramolecular mechanisms including the PI3 kinase pathway and nitric oxide [45-47]. Our study
suggests that the opposite also may be true and that VEGFR2 regulates VEGFR-1.
It is clear from our study that high glucose was able to

Figure 8. Occludin downregulatin in
low glucose is prevented by
ribozyme expression. Western
analysis demonstrates that the
VEGFR-1, VEGFR-2, and IGF-IR
ribozymes prevent occludin
downregulation in high glucose. The
blue bars represent occludin levels
in HRECs grown in low glucose (set
to 100%) and the green bars represent HRECs grown in high glucose.
“Combo” represents occludin levels isolated from HRECs transfected
with both the VEGFR-1 and
VEGFR-2 ribozymes. Occludin levels were determined relative to βactin.
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activate VEGFR-2 but not VEGFR-1. The phosphorylation of
VEGFR-2 in high glucose is not unexpected since high glucose is known to stimulate VEGF expression [48]. However,
this may be temporally regulated since dephosphorylation was
observed following 5 min exposure to high glucose prior to a
significant increase in VEGFR-2 phosphorylation at 30 and
60 min. The VEGFR-1 response is not unexpected since
VEGFR-1 is typically weakly phosphorylated in response to
ligand binding.
Our study suggests that both VEGF and IGF-I family
members can regulate vascular permeability through occludin
expression. However, the ability of VEGF to increase permeability may arise from a number of other mechanisms distinct
from its effects on occludin. VEGF may stimulate endocytosis and vesicular transport by inducing fenestrations and fused
clustered caveolae-like vesicles known as vesiculovacuolar
organelles (VVOs) [49], which have been observed in endothelial cells in vitro [50]. VVOs occur consistently in tumor
vessels known to be leaky [51]. However, in vivo studies have
shown that the vasculature of the retina does not contain many
vesicles [52] and production of VVOs in retinal blood vessels
has not been reported in diabetes. Others propose that permeability may also include paracellular routes in which solutes
diffuse between cells [53]. VEGF-induced permeability has
also been shown to be mediated by activation of urokinase
plasminogen activator (uPA) and its receptor (uPAR) causing
downregulation of occludin [54]. uPA cleaves tissue plasminogen into the active enzyme plasmin, which in turn has been
shown to activate latent TGF-β1 [55] that subsequently induces increased permeability via VEGFR-1 and VEGFR-2.
VEGF-induced permeability also involves interaction with a
variety of other factors and pathways. Nitric oxide (NO) generation and subsequent activation of extracellular signal-regulated kinase (ERK), mitogen-activated kinase (MAK) [56],
prostacyclin generation [17], or VEGF-induced protein kinase
C (PKC) activity [57] have all been proposed to contribute to
increased vascular permeability. NO disrupts both cytoskeletal
protein complexing in cells and the arrangement of the actin
cytoskeleton [11,58-60], resulting in dilation of the tight junction due to ATP depletion [60]. Recent studies, using
streptozotocin-induced diabetic rats have shown that the initial BRB breakdown is associated with increases in expression of both neuronal and endothelial NO synthetase (nNOS
and eNOS, respectively) as well as increases in VEGF expression [10,61,62]. Moreover, a VEGF neutralizing receptor
construct has been shown to prevent diabetes-induced increases
in expression of VEGF and eNOS, and prevent breakdown of
the BRB [12,62].
The reason for the disappearance and reorganization of
occludin protein may be linked with phosphorylation since
activation of VEGF signaling pathways results in the phosphorylation of tight junction proteins occludin and ZO-1 [11],
creating leaky endothelial cell-cell contacts [63,64]. Recently,
it has been shown that tyrosine phosphorylation of the C-terminal tail of occludin resulted in a reduced interaction with
ZO-1, ZO-2, and ZO-3 that may prevent the assembly of the
tight junction or destabilize it. In addition, the C-terminal tail

of occludin binds c-Src, suggesting a possible role of the Src
family kinases in the regulation of the tight junction [65].
Autocrine regulation of HRECs is supported by the observation that HRECs express protein and mRNA for IGF-IR,
VEGFR-1, and VEGFR-2 [39,66], and the HRECs secrete their
ligands, VEGF and IGF-I. Furthermore, VEGF and IGF-I may
interact since elevated IGF-I levels in vivo increase VEGF
gene expression [32] and may contribute to the vascular permeability changes observed in diabetes. This is supported by
(1) our previous observations that intravitreal injections of IGFI result in an acute increase in vascular permeability and vascular engorgement, followed by development of preretinal
angiogenesis in rabbit eyes [67]; and (2) IGF-I production by
HRECs in turn stimulates increased VEGF production [33]
and vice versa [68]. This IGF-I/VEGF interaction could account for the reduction of occludin protein observed.
Our findings indicate that hammerhead ribozymes targeted
for VEGFR-1, VEGFR-2, and IGF-IR are potentially useful
in regulating vascular permeability. Hammerhead ribozymes,
the catalytic RNA molecules that cleave phosphodiester bonds
between RNA nucleotides [36], offer the potential to block
expression of genes prior to protein translation. Because of
their catalytic activity, a lower concentration of ribozyme
molecules is required to achieve inhibition of mRNA expression compared to antisense oligonucleotides. However, the
application of these ribozymes to prevent vascular permeability in conditions, such as diabetic macular edema, requires in
vivo delivery. We have demonstrated the in vivo efficacy of
the IGF-IR ribozyme in inhibiting preretinal neovascularization
in the oxygen-induced retinopathy model [39]. VEGFR-1 and
VEGFR-2 hammerhead ribozymes demonstrate similar inhibition [69].
In conclusion, our results demonstrate that high glucose
induces expression of VEGF and IGF-I in HRECs, and glucose directly or indirectly induces phosphorylation of VEGFR2 but not VEGFR-1. The expression of VEGFR-1 and VEGFR2 appear to be coregulated as they influence the levels of each
other’s mRNA. All three receptors are involved in regulating
occludin levels as VEGFR-1, VEGFR-2, and IGF-IR
ribozymes reverse the effect of high glucose-induced changes
in occludin content in HRECs. The end result is that the reduced expression of occludin by RECs leads to structural failure and BRB breakdown. Thus, it is conceivable that delivery
of VEGFR-1, VEGFR-2 and IGF-IR ribozymes in retinal vascular cells could provide a powerful means of regulating BRB
permeability and a tool in the understanding of the
pathophysiogy of diabetic retinopathy.
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