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PURPOSE. To examine the effect of free insulin-like growth
factor (IGF) binding protein-3 (IGFBP-3), independent of the
effect of insulin-like growth factors, in modulating retinal vas-
cular permeability.

METHODS. We assessed the ability of a form of IGFBP-3 that does
not bind IGF-1 (IGFBP-3NB), to regulate the blood retinal bar-
rier (BRB) using two distinct experimental mouse models,
laser-induced retinal vessel injury and vascular endothelial
growth factor (VEGF)-induced retinal vascular permeability.
Additionally, in vitro studies were conducted. In the animal
models, BRB permeability was quantified by intravenous injec-
tion of fluorescein labeled serum albumin followed by digital
confocal image analysis of retinal flat-mounts. Claudin-5 and
vascular endothelial-cadherin (VE-cadherin) localization at in-
terendothelial junctions was studied by immunofluorescence.
In vitro changes in transendothelial electrical resistance (TEER)
and flux of fluorescent dextran in bovine retinal endothelial
monolayers (BREC) were measured after IGFBP-3NB treatment.
Acid (ASMase) and neutral (NSMase) sphingomyelinase mRNA
levels and activity were measured in mouse retinas.

RESULTS. Four days postinjury, laser-injured mouse retinas in-
jected with IGFBP-3NB plasmid demonstrated reduced vascular
permeability compared with retinas of laser-injured mouse
retinas injected with control plasmid. IGFBP-3NB administra-
tion resulted in a significant decrease in laser injury-associated
increases in ASMase and NSMase mRNA and activity when

compared with laser alone treated mice. In vivo, intravitreal
injection of IGFBP-3NB reduced vascular leakage associated
with intravitreal VEGF injection. IGFBP-3NB partially restored
VEGF-induced in vivo permeability and dissociation of clau-
din-5 and VE-cadherin at junctional complexes. When IGFBP-
3NB was applied basally to bovine retinal endothelial cells
(BREC) in vitro, TEER increased and macromolecular flux de-
creased.

CONCLUSIONS. Intravitreal administration of IGFBP-3NB pre-
serves junctional integrity in the presence of VEGF or laser
injury by reducing BRB permeability in part by modulating
sphingomyelinase levels. (Invest Ophthalmol Vis Sci. 2011;52:
8278–8286) DOI:10.1167/iovs.11-8167

Breakdown of the blood retinal barrier (BRB) is a prominent
feature of a wide range of retinal diseases including dia-

betic retinopathy, venous occlusive diseases, and cystoid mac-
ular edema.1,2 The inner BRB constitutes a remarkable physical
and biochemical barrier between the retina and the circulation.
The BRB is composed of a monolayer of nonfenestrated vascu-
lar endothelial cells, which are surrounded by pericytes and
glial cells.1 Endothelial cells control the infiltration of blood
proteins and circulating cells through the vessel wall into the
surrounding tissues. Endothelial permeability occurs by the
paracellular pathway, which is mediated by the coordinated
opening and closure of endothelial cell-cell junctions.3 Paracel-
lular increases in endothelial permeability occur by the
changes in adherens junction (AJ) and tight junction (TJ)-
associated proteins.3–5 Cell-cell junctions act as signaling struc-
tures which communicate cell position, limit growth, apopto-
sis, and regulate vascular homeostasis. Cell-cell junctions
maintain endothelial integrity and prevent exposure of the
subendothelial matrix.3,4 AJs are formed by the homotypic
association of the extracellular segments of members of the
cadherin family of adhesion proteins. Retinal microvascular
endothelial cells express high levels of vascular endothelial
cadherin (VE-cadherin).6 While the barrier function of the
endothelium is supported by multiple intercellular adhesion
systems, disruption of VE-cadherin is sufficient to disrupt all
these intercellular junctions.7,8 In contrast to AJs, TJs are
formed by membrane-spanning proteins (claudins, occludins,
and junctional adhesion molecules), which interact with cyto-
plasmic proteins (AF-6 and ZO-1, -2, -3) that regulate their
assembly and maintenance.9 Of the claudin family, retinal vas-
cular endothelial cells predominantly express types 1, 3, and
5.10–13 The molecular composition of tight junctions is highly
regulated and changes rapidly in response to factors that affect
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permeability. One of the factors implicated in disrupting the
BRB integrity is vascular endothelial growth factor (VEGF), also
known as the vascular permeability factor, which is typically
increased in the eyes of patients with retinopathies.14–16

Ceramide, the proinflammatory and proapoptotic messen-
ger, increases vascular permeability by a mechanism that is not
yet fully understood, but involves the regulation of both endo-
thelial Ca2� signaling and nitric oxide (NO) formation.17–19 In
response to both acute and chronic cutaneous permeability
barrier disruption, sphingomyelinases (SMases) hydrolyze sph-
ingomyelin to ceramide. Several isoforms of sphingomyelinases
have been identified and are further distinguished by their
catalytic pH optimum, cellular localization, primary structure,
and cofactor dependence. Alkaline sphingomyelinase activity
is confined to the intestinal mucosa, bile, and liver and does not
participate in signal transduction.20–22 Neutral (NSMase) and
acid (ASMase) sphingomyelinases, however, are crucially in-
volved in the pathophysiology of metabolic disorders23 and
play an active role in cellular signaling.24 Dysregulation of
sphingolipid metabolism is believed to play a major role in
many chronic diseases. Both NSMase and ASMase can be acti-
vated by tumor necrosis factor (TNF) and interleukin-1� (IL-1�)
to induce the proinflammatory state in tissues.25,26 Opreanu et
al.27 report that docosahexaenoic acid (DHA) downregulates
basal and cytokine-induced ASMase and NSMase activity in
human retinal endothelial cells and inhibition of sphingomyeli-
nases in retinal endothelial cells prevent cytokine-induced in-
flammatory responses. Furthermore, ASMase is upregulated in
the diabetic retina and blocking ASMase protects the retina
from diabetes-induced damage.28

Previously, we and others, have examined the vascular
protective effect of insulin-like growth factor (IGF) binding
protein-3 (IGFBP-3) in both the early developing and adult
retinal vasculature. IGFBP-3 can reduce pathologic neovascu-
larization in the oxygen-induced retinopathy (OIR) model29–31

and more importantly serum levels of IGFBP-3 predict the
outcome of retinopathy of prematurity (ROP), with increased
IGFBP-3 levels associated with reduced ROP.30 IGFBP-3 in-
creases recruitment of bone marrow-derived cells into areas of
injured retina and facilitate vascular repair mechanisms31 and is
neuroprotective.32 However, the effects of IGFBP-3 on perme-
ability have not been studied. The purpose of this study was to
determine whether free IGFBP-3, independent of IGF-1, can
modulate the BRB. We used IGFBP-3NB in our experiments to
assess the IGF-1 independent effects of IGFBP-3 in our studies,
because this form of IGFBP-3 cannot bind IGF-1.33–35 We as-
sessed permeability in vivo using two murine retinal vascular
injury models. We studied the direct effects of IGFBP-3 in the
retina and asked whether IGFBP-3 modulates vascular barrier
properties. We found that intravitreal administration of IGFBP-
3NB protected the BRB by partially restoring tight junction and
adherens junction integrity of murine retinal blood vessels,
which is likely due to the ability of IGFBP-3 to decrease pro-
inflammatory sphingomyelinase levels in injured retina.

METHODS

Animals

All animals were treated in accordance with the Guiding Principles in
the Care and Use of Animals (NIH) and the ARVO Statement for the Use
of Animals in Ophthalmic and Vision Research. The studies were
approved by the Institutional Animal Care and Use Committee at the
University of Florida. C57BL/6 mice were obtained from The Jackson
Laboratory (Bar Harbor, ME) and housed in the institutional animal care
facilities at the University of Florida. A total of 156 C57BL/6 mice were
used for in vivo permeability studies.

Retinal Vessel Occlusion by Photocoagulation

Plasmid encoding IGFBP-3 with undetectable low affinity for IGF-1
(IGFBP-3NB)34 was placed under the control of a proliferating endo-
thelial-cell specific promoter composed of 7 � 46-mer multimerized
endothelin enhancer upstream of a human Cdc6 promoter.36 IGFBP-
3NB plasmid was placed into liposomes and delivered intravitreally
immediately after laser injury.31 Three groups of C57BL/6 mice were
used in these experiments. The groups consisted of laser only (n �
12), laser with IGFBP-3NB plasmid injection (n � 12), and IGFBP-3NB
plasmid injection only (n � 12). The mice were anesthetized with
ketamine/xylazine before treatment. The animals were photocoagu-
lated by delivering approximately 35 spots at 150 watts for 0.2 seconds
with a diode laser to the retinal vessels of the right eye. All three groups
of mice were euthanized 4 days post laser and/or IGFBP-3 treatment.

In Vivo Permeability Assay

Recombinant human IGFBP-3NB was expressed and purified as previ-
ously described.34 In the first set of experiments, a total of five exper-
imental groups were included and permeability assessed as previously
described.37 The groups included IGFBP-3NB alone (n � 12), VEGF
alone (n � 12), VEGF followed by IGFBP-3NB injected at 6 hours (n �
12), VEGF followed by IGFBP-3NB injected at 24 hours (n � 12), and
the vehicle control for IGFBP-3NB consisting of 10 mM acetic acid (n �
12). One microliter of 40 ng/�L recombinant VEGF (Sigma, St. Louis,
MO) was injected into the vitreous. This was followed by 1 �L of 100
ng/�L recombinant IGFBP-3NB. Recombinant VEGF was administered
first to induce permeability followed by the blocking agent, in this
case, IGFBP-3NB, 6 hours later as per our established protocol.37,38

After 48 hours following the initial VEGF injection, mice received a tail
injection of FITC albumin. As an additional control only IGFBP-3NB
was injected in each series of studies. Two hours later the mice were
euthanized by cardiac perfusion with 4% paraformaldehyde (PFA) in
PBS. The mice eyes were fixed in 4% PFA for 24 hours. Retinas were
isolated, prepared as flat-mounts and digital images generated of ran-
dom areas using a confocal microscope and FITC filter. All images were
generated using identical settings within each experiment. Fluores-
cence intensity was determined by ImageJ software (developed by
Wayne Rasband, National Institutes of Health, Bethesda, MD; available
at http://rsb.info.nih.gov).

In the second set of studies, C57BL/6 mice underwent laser injury
and injection within the vitreous with plasmid expressing IGFBP-3NB
under control of proliferating endothelial cell-specific promoter placed
in liposomes as previously described.31 There were a total of three
experimental groups: laser only (n � 12), IGFBP-3 injection only (n �
12), and laser and IGFBP-3 injection (n � 12). Four days post laser
treatment, the mice received a tail vein injection of FITC albumin. Two
hours later the mice were euthanized by cardiac perfusion with 4%
PFA. The eyes were fixed in 4% PFA for 24 hours. Retinas were
harvested and processed for fluorescence analysis and confocal micros-
copy as described above.

In Vitro Permeability Assay

Bovine retinal endothelial cells (BREC) were isolated from bovine eyes
as previously described37 and grown in M131 media (Mediatech, Man-
nasses, VA). For barrier assays P1 or P2 BRECs were seeded into
transwell inserts (6.5 mm diameter, 0.4 �m pore size; Transwell,
Corning, Cambridge, MA) and grown until transendothelial electrical
resistance (TEER) stabilized at values �20 � � cm2. Macromolecular
flux or TEER changes were measured in the absence or presence of
IGFBP-3NB (100 ng/mL) during 12 hours. IGFBP-3NB was added to
the basal side of the BREC monolayer to mimic the in vivo condi-
tions as closely as possible (i.e., abluminal application through
intravitreal injection). Changes in TEER were measured using a
volt-ohmmeter (EVOM; World Precision Instruments, Sarasota, FL).
At the indicated times, resistance readings (�) were obtained from
each insert and multiplied by the membrane area (� � cm2). The
resistance value of an empty culture insert (no cells) was subtracted
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to result in TEER of cells only. Macromolecular flux across BREC
monolayers was measured by adding 1 mg/mL 40 kDa Rhodamine-
dextran (Sigma) to the upper chamber of transwell inserts. At
various time points 50 �L of media was removed from the lower
chamber and then replaced with fresh media. The relative fluores-
cence was measured using a fluorescent plate reader (Biotek, Win-
ooski, VT) with excitation at 530 nm and emission at 590 nm. Data
shown represents changes of relative fluorescence between consec-
utive time points. For both TEER and flux measurements data were
collected from triplicate inserts from separate experiments and
expressed as mean � SEM.

Immunofluoresence Histochemistry

Eyes from C57BL/6 mice were fixed with 4% paraformaldehyde/PBS
overnight. The neural retina was dissected from the posterior cup
and washed with PBS and then permeabilized in 10% normal goat
serum with 0.2% Triton X-100 in PBS overnight at 4°C. The neural
retinas were stained for detection of Claudin-5 (Abcam Inc., Cam-
bridge, MA) at 1:3000 and VE-cadherin at 1:3000 (Cell Signaling
Technology, Inc., Danvers, MA) overnight at 4°C for detection of
tight or adherens junctions. The retinas were transferred to second-
ary antibody for 24 hours at 4°C after washing in PBS with 0.2%
Triton X-100. The secondary antibody was Cy3 conjugated goat
anti-rabbit IgG (1:250). The retinas were then incubated 30 minutes
at room temperature in 1:500 FITC-conjugated agglutinin in 10 mM
HEPES, 150 mM NaCl and 0.1% Tween-20 to visualize the retinal
blood vessels. Retinas were flat-mounted onto microscope slides by
making three or four radial cuts and covered in aqueous mounting
medium (VectaShield; Vector Laboratories, Inc., Burlingame, CA)
for observation by confocal microscopy. Digital confocal images
were captured with a confocal microscope (Olympus DSU-Olympus
IX81; Olympus America, Inc., Center Valley, PA). Digital images
from experimental and control retinas with identical photomulti-
plier tube gain settings were captured by using imaging software
(SlideBook4.2; Olympus America, Inc.). Maximum projections gen-
erated from z-section stacks of confocal images were processed
identically in experimental and control retinas.

Reverse Transcription–Polymerase
Chain Reaction

Total mRNA of mouse retinas was isolated (Total RNA Mini Kit; Bio-
Rad, Hercules, CA) per the manufacturer’s instructions. The mRNA
was transcribed (iScript cDNA Synthesis Kit; Bio-Rad), and real-time
PCR was performed (ABI Master Mix; ABI Biosystems, Foster City, CA).

Primers for mouse TATBP, VEGF, and sphingomyelinase (both acid and
neutral forms) were purchased directly from ABI Biosystems. All sam-
ples were normalized to TATBP (ABI Biosystems). Real-time PCR was
performed (ABI 7500 Fast PCR machine; ABI Biosystems) for 60 cycles.
All reactions were performed in triplicate.

FIGURE 1. IGFBP-3NB overexpression improved retinal vascular per-
meability in laser-injured retinas. Graph represents FITC-conjugated
albumin leakage from retinal vessels 4 days post laser treatment. The
IGFBP-3NB plasmid (2 micrograms/microliter) was overexpressed in
the retina for 4 days after which time the mice were subjected to laser
retinal vessel occlusion. The mice were euthanized 4 days after laser
treatment and retinas were isolated for analysis. *P � 0.02 when
compared with laser treatment alone. RFU, relative fluorescence units.

FIGURE 2. IGFBP-3NB decreases ASMase mRNA and activity levels in
laser-injured mouse retina. (A, B) RT-PCR assessing ASMase (acid form)
and NSMase (neutral form) levels in mouse retina. (A) Four days after
treatment, when the IGFBP-3NB expressing plasmid is highly ex-
pressed in the retina, ASMase levels are significantly decreased in
laser-treated retinas injected with IGFBP-3NB compared with laser-
treated only retinas. (B) Four days after treatment, when the IGFBP-
3NB expressing plasmid is highly expressed in the retina, NSMase
levels are significantly decreased in laser-treated retinas injected with
IGFBP-3NB compared with laser-treated only retinas. (C) ASMase ac-
tivity levels were significantly decreased in lasered retinas injected
with IGFBP-3NB after 4 days post laser treatment compared with the
laser-treated control. *P � 0.05.
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ASMase Activity Assay
Mouse retinas were homogenized with acid lysis buffer consisting of 50 mM
sodium acetate, pH 5; 1% Triton X-100; 1 mM EDTA with freshly added
protease inhibitor cocktail (Sigma-Aldrich, St. Loius, MO). Sphingomyelinase
activity was measured (Amplex Red Sphingomyelinase Assay Kit; Molecular
Probes, Eugene, OR) as described in the manufacturer’s protocol.

Statistical Analysis
All experiments were repeated at least three times. The TEER and
paracellular permeability data at different time points were assessed
using a Student’s t-test plus ANOVA for multiple comparisons. Results
are expressed as mean � SEM. Statistical analysis was performed using
commercial software (Prism 5; GraphPad Software, La Jolla, CA) with
P � 0.05 considered statistically significant.

RESULTS

IGFBP-3NB Expressing Plasmid Reduces Vascular
Permeability in a Retinal Ischemia–Induced Laser
Injury Model
We first tested the effects of IGFBP-3NB in a laser injury model
associated with retinal vascular leakage. In this model, laser

injury initiates retinal vascular damage and subsequent vascular
leakage. Retinas injected with IGFBP-3NB expressing plasmid
alone or injected with the IGFBP-3NB expressing plasmid fol-
lowed by laser injury demonstrated minimal leakage compared
with the control plasmid-injected laser-treated retinas, which
showed a dramatic increase in retinal vascular leakage (Fig. 1).

IGFBP-3NB Reduces ASMase and NSMase mRNA
and Activity Levels in a Retinal Ischemia–Induced
Laser Injury Model

Previously, we showed in this laser injury model that injection
with IGFBP-3-expressing plasmid reduced the levels of cer-
amide generated31 and reduced inflammation. Therefore, we
questioned whether IGFBP-3NB reduced SMase levels in this
model. As expected, laser-treated retinas showed a dramatic
increase in ASMase and NSMase expression. Injection of IGFBP-
3NB plasmid normalized ASMase and NSMase mRNA levels
(P � 0.05) (Figs. 2A, 2B). The ASMase mRNA levels were
induced more than the NSMase mRNA levels in the laser-
treated retinas. This corresponded to increased ASMase activity
levels in the laser-treated retinas (P � 0.05) that was brought
back to normal in the IGFBP-3NB and laser-treated retinas (Fig.
2C). This suggests that IGFBP-3NB can reduce leakage in in-
jured retinas by reducing SMase levels, particularly ASMase
levels, which may promote BRB integrity.

IGFBP-3NB Regulates Vascular Permeability
Induced by Intravitreal VEGF Injection

In addition to studying vascular permeability in the laser injury
model, we also tested the effects of IGFBP-3NB in a VEGF-
induced permeability model. We specifically asked whether
IGFBP-3NB would directly impact VEGF-induced permeability.
Figure 3A shows quantification of fluorescent leakage after
either VEGF (40 nanograms/microliter) followed by IGFBP-3NB
(40 nanograms/microliter), VEGF alone, IGFBP-3NB alone, or
the vehicle for VEGF, which was saline. VEGF injection in-
creased permeability compared with vehicle-injected eyes.
When IGFBP-3NB was injected post VEGF treatment, retinal
vascular permeability was decreased. In Figures 3B–E, repre-

FIGURE 3. IGFBP-3NB regulates vascular permeability in vivo.
(A) Quantification of fluorescent leakage after either VEGF (40 ng/�L)
alone, VEGF followed by IGFBP-3NB (100 nanograms/microliter),
IGFBP-3NB alone, or vehicle for VEGF (saline) injection. VEGF injec-
tion increased permeability compared with vehicle (saline)-injected
eyes. When IGFBP-3NB was intravitreally injected post VEGF treat-
ment, retinal vascular permeability was decreased compared with the
VEGF-injected only control. (B-E) Representative retinal flat-mounts
from animals described in Fig. 2A. (B) Saline, (C) VEGF, (D) VEGF
followed by IGFBP-3NB, and (E) IGFBP-3NB. Arrows indicate repre-
sentative areas of vascular leakages.

FIGURE 4. IGFBP-3NB enhances barrier properties of BREC in vitro.
(A) BREC were isolated and grown on permeable transwell inserts. At
time 0 recombinant IGFBP-3NB (100 ng/mL) protein or vehicle (con-
trol) was added to lower chambers (i.e., the basal sides of the mono-
layer; to mimic the conditions of intravitreal injections as closely as
possible) and changes in TEER (A) or 40 kDa macromolecular flux (B)
recorded at the indicated times. Enhanced TEER occurred within 5
minutes of IGFBP-3NB application. Significantly higher TEERs were
observed in IGFBP-3NB-treated cells compared with control cells for
the entire length of the experiment (12 hours). This indicated im-
proved interendothelial junction integrity in response to IGFBP-3 and
in agreement a nearly twofold reduction in macromolecular flux was
observed within 30 minutes of IGFBP-3 treatment, which was main-
tained for at least 12 hours. *P � 0.05 when compared with control.

IOVS, October 2011, Vol. 52, No. 11 IGFBP-3 Modulates Retinal Vascular Permeability 8281

Downloaded from iovs.arvojournals.org on 04/24/2024



sentative retinal whole mounts showing FITC albumin leakage
from the retinal vessels of animals described in Figure 3A are
shown. The vascular leakage induced by VEGF was attenuated
by IGFBP-3NB administration.

IGFBP-3NB Enhances In Vitro Retinal Endothelial
Cell Barrier Characteristics

To better understand vascular barrier protection by IGFBP-3 in
the retina, we assessed its effect in cultures of isolated bovine
retinal endothelial cells (BREC). The addition of IGFBP-3NB to
BREC monolayers led to a significant increase in TEER, which
peaked within 5 minutes of protein addition. Significantly
higher TEER were observed for at least 12 hours in cultures
treated with IGFBP-3NB, suggesting that endothelial barrier
was improved (Fig. 4A). Consistent with this idea we also
found that the macromolecular flux across BREC cultures was
significantly reduced in the presence of IGFBP-3NB (Fig. 4B).
Flux of 40 kDa dextran was reduced by 50% within half an
hour of treatment and remained low during the next 12 hours.

Taken together these data showed that IGFBP-3 can enhance
the barrier function of the retinal vasculature by acting directly
on retinal endothelial cells.

IGFBP-3NB Prevents the Dissociation of Tight
Junction and Adherens Junction Integrity after
VEGF Injection

To evaluate the integrity of the BRB, immunohistochemical
analysis of retinal flat-mounts were performed for claudin-5 and
VE-cadherin expression. Retinal flat-mounts were prepared
from mice that underwent intravitreal injection of either VEGF,
IGFBP-3NB, both IGFBP-3NB and VEGF, or saline. As shown in
Figure 5, saline-injected vehicle control eyes showed clear
expression of claudin-5 in the retinal vessels (Figs. 5A–C), as
did the IGFBP-3NB-injected retinas (Figs. 5D–F). In contrast,
VEGF injected eyes displayed a significant attenuation of clau-
din-5 expression in the retinal vessels (Figs. 5G–L). However,
in retinas in which VEGF was injected followed by injection of

FIGURE 5. IGFBP-3NB maintains
tight junction integrity by maintain-
ing claudin-5 expression in mice in-
jected with VEGF. (A–O) Immuno-
histochemical analysis of retinal
flat-mounts for claudin-5 expres-
sion at magnification �60. The red
stain is claudin-5 and the green
stain is FITC-conjugated albumin
used to visualize the retinal blood
vessels. (A–C) Saline-injected vehicle
control retinas showing expression
of claudin-5 levels in the retinal ves-
sels. (D–F) IGFBP-3NB-injected reti-
nas showing expression of claudin-5
levels in the retinal vessels. (G–I)
VEGF-injected retina showing a sig-
nificant loss of claudin-5 expression
in the retinal vessels. (J–L) VEGF-
injected retina followed by saline in-
jection 6 hours later. There is signif-
icant loss of claudin-5 expression in
the retinal vessels. (M–O) VEGF-
injected retina followed by IGFBP-
3NB injection 6 hours later. There is
preservation of claudin-5 expression
levels in the retinal vessels when
IGFBP-3NB is intravitreally adminis-
tered to VEGF-injured retinas.
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IGFBP-3NB, there was partial restoration of claudin-5 expres-
sion in the retinal vessels (Figs. 5M–O). VE-cadherin expression
was apparent in the saline-injected vehicle control in the reti-
nal vessels (Figs. 6A–C). Likewise, the IGFBP-3NB-injected eyes
demonstrated distinct VE-cadherin staining in the retinal ves-
sels (Figs. 6D–F). However, VEGF-injected eyes displayed a loss
of VE-cadherin expression in the retinal vessels (Figs. 6G–I) and
was similar in appearance to the VEGF followed by saline-
injected retinas (Figs. 6J–L). VEGF followed by IGFBP-3NB
injection demonstrated no dissociation of VE-cadherin (Figs.
6M–O). These results suggest that IGFBP-3NB partially pre-
vents dissociation of adherens and tight junctions in eyes in-
jected with VEGF.

IGFBP-3NB Expression Decreases SMase mRNA
Levels in VEGF-Injected Mice

Our results suggest that IGFBP-3NB reduces vascular permea-
bility induced by intravitreal injection of VEGF. To investigate
a possible mechanism for this effect, mice underwent intravit-

real injection with either IGFBP-3NB expressing plasmid or
control plasmid and 4 days later retinas were exposed to
recombinant VEGF protein. Twenty-four hours later, both AS-
Mase and NSMase mRNA levels were measured in these retinas.
Both ASMase and NSMase levels were increased by VEGF ad-
ministration but were normalized in retinas of IGFBP-3NB plas-
mid-injected eyes compared with retinas from control plasmid-
injected eyes (Fig. 7).

DISCUSSION

In this study, we used either recombinant IGFBP-3NB or plas-
mid expressing IGFBP-3NB, under the direction of an endothe-
lial cell specific promoter, to examine the effects of free
IGFBP-3. Our results show that IGFBP-3 influences BRB integ-
rity and does so independent of IGF binding. In vivo, IGFBP-3
reduces permeability induced by either direct VEGF adminis-
tration or VEGF expression by laser occlusion-induced isch-
emia.

FIGURE 6. IGFBP-3NB maintains ad-
herens junctions by preventing disso-
ciation of VE-cadherin expression in
mice injected with VEGF. Immuno-
histochemical analysis of retinal flat-
mounts for VE-cadherin expression
at magnification �60. The red stain
is VE-cadherin and the green stain is
FITC-conjugated albumin used to vi-
sualize the retinal blood vessels.
(A–C) Saline-injected vehicle control
showing VE-cadherin expression in
the retinal vessels. (D–F) IGFBP-3NB-
injected showing VE-cadherin ex-
pression. (G–I) VEGF-injected depict-
ing loss of VE-cadherin expression
in the retinal vessels. (J–L) VEGF
followed by saline injection show-
ing decreased VE-cadherin expres-
sion. (M–O) VEGF followed by
IGFBP-3NB injection illustrating
maintenance of VE-cadherin ex-
pression by IGFBP-3NB.
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The deleterious effect of intravitreal VEGF on vascular per-
meability in normal rats has been successfully blocked with an
inhibitor of protein kinase C (LY 333531) and by pigment
epithelium-derived factor (PEDF) and placenta growth factor-1
(PLGF) in mice.37,39 LY 333531 also reduced BRB permeability
in short-term diabetic rats. While we focused on the effects of
IGFBP-3 on changes in the anterior blood retinal barrier, stud-
ies already exist demonstrating that VEGF exposure of ARPE-19
cells results in increased expression of IGFBP-3,40,41 which we
believe represents a direct protective response to VEGF-in-
duced injury and suggests a protective role for IGFBP-3 in the
retinal pigment epithelial cells (RPE), which compose the pos-
terior blood retinal barrier. Slomiany and Rosenzweig40 also
report an autocrine loop of IGF-1-induced VEGF secretion with
subsequent IGFBP-3 secretion in RPE cells. This suggests that
under physiological conditions, there exists a delicate balance
between the VEGF-IGF systems. Mukherjee and Guidry42 and
Ainscough et al.43 further corroborated the beneficial effect of
IGFBP-3 secretion in response to IGF-induced VEGF secretion
in human RPE cells. In our in vivo laser studies, we infer that
the prolonged IGFBP-3 expression generated by the plasmid
acts to dampen the endogenous VEGF response to laser injury
and likely explains the decrease in vascular permeability we
observed.

In agreement with our in vivo findings, IGFBP-3 reduced
monolayer permeability of highly purified BREC cultures in
vitro, indicating that its effect on vascular integrity could be
attributed to direct action on retinal endothelial cells, rather
than any perivascular cells. Barrier enhancement in response to
IGFBP-3 occurred rapidly and was observed 5 minutes post
treatment and was sustained for at least 12 hours. Barrier
improvement increased TEER and a substantially reduced mac-
romolecular flux, indicating that IGFBP-3 altered interendothe-
lial junctions rather than vesicular transport in BREC. More-
over, we demonstrated IGFBP-3 prevented dissociation of TJ
and AJ in retinal blood vessels by partially restoring expression
levels of claudin-5 and VE-cadherin, respectively.

It is unclear whether in vivo IGFBP-3 that does bind to IGF-1
would act the same way as the nonbinder mutant; however,
there are several possibilities. The response to the mutant
IGFBP-3 could be considered as the response to “free” IGFBP-3
(not complexed to IGF-1), which has physiological effects.
However, the nonbinder mutant IGFBP-3 is not simply IGFBP-3
without IGF-1 on it. This particular IGFBP-3 is mutated at
residues 80, 81, 217, and 223 and residues 217 and 223 are

involved in nuclear receptor binding (Robert Baxter, unpub-
lished). Because the mutant is active in reducing vascular
permeability, this action does not require nuclear receptor
binding or IGF binding, nonetheless wild type IGFBP-3 could
still be modulated by nuclear receptor binding or IGF-1 bind-
ing. Also, because IGF-1 is known to affect vascular permeabil-
ity by stimulating VEGF, IGFBP-3 may oppose this by binding
IGF-1. This study shows that IGFBP-3 has a separate, IGF-
independent action on VEGF-stimulated permeability. There-
fore, IGFBP-3 could act in two ways: inhibiting VEGF expres-
sion by an IGF-binding-mediated mechanism or inhibiting
VEGF action by an IGF-binding-independent mechanism.

Previously, we have examined the effect of PEDF and PLGF
on VEGF-induced vascular permeability using the identical ex-
perimental design and time course as in the present study.37,38

In this study, we show that IGFBP-3NB can also block VEGF-
induced vascular permeability. The in vivo effect of IGFBP-3NB
was supported by our in vitro studies. IGFBP-3NB applied to
the basal side of the endothelium in vitro demonstrated in-
creased TEER and reduced macromolecular flux across the
BREC monolayers. This basal administration represents ablu-
menal administration as would occur during an intravitreal
injection. We also showed that IGFBP-3NB reduced vascular
permeability induced by VEGF administration or by laser-in-
duced injury. Furthermore, we demonstrate that IGFBP-3NB
facilitates the reassociation of tight junctions and adherens
junctions in retinal blood vessels after their disassociation by
VEGF.

Using GFP� chimeric mice that underwent the laser injury
model, we showed that exposure of retinal vessels to IGFBP-3
increases recruitment of hematopoietic stem cells to sites of
injury and their differentiation into endothelial cells, pericytes,
and astrocytes.31,32 Pericyte and astrocyte ensheathment serve
to strengthen the BRB after ischemia-induced injury,31,32

which is consistent with our current findings. Astrocytes are
known to play a role in maintaining the BRB,44,45 while glial
dysfunction has been linked to BRB breakdown.46 Astrocytes
surround capillary endothelial cells and regulate retinal capil-
laries by paracrine interactions.46,47 Equally important,
IGFBP-3 can reduce inflammation as we previously reported,
after vessel occlusion by laser injury, and was associated with
a reduced retinal ceramide/sphingomyelin ratio, which is an
indicator of the inflammatory or proapoptotic state of cells.31

Our present study supports this as we show that IGFBP-3
reduces sphingomyelinase mRNA expression and activity lev-
els in the laser-occluded retinas. This in turn would result in a
decrease in the ceramide/sphingomyelin ratio, since sphingo-
myelinases are the enzymes responsible for the generation of
ceramide from sphingomyelin (Fig. 8). We have shown previ-
ously IGFBP-3 can reduce the number of activated microglial
cells after retinal injury and can increase apoptosis of these
cells lending support that IGFBP-3 is anti-inflammatory.32 In
this same setting, IGFBP-3 reduces levels of activated macro-
phages, while these studies are supportive of the effect of
IGFBP-3 they were performed using the form of IGFBP-3 that
binds IGF-1 making it difficult to exclude the contribution of
IGF-1 to these findings.31 However, our current studies are in
agreement with our earlier work showing IGFBP-3 can reduce
inflammation in the retina, which can provide vascular stability
to injured retinal vessels.31,32

Another novel finding of this study is that ASMase and
NSMase activation is an integral part of VEGF or laser-induced
increase in permeability. Inhibition of ASMase and/or NSMase
may represent an important part of the protective effects of
IGFBP-3. Activation of SMases leads to an increase in ceramide
production and/or another possible mediator, sphingosine-1-
phosphate (S1P).

FIGURE 7. IGFBP-3NB expressing plasmid decreases VEGF-induced in-
creases in ASMase and NSMase mRNA levels in mouse retina. The
IGFBP-3NB plasmid (2 micrograms/microliter) was overexpressed in
the retina for 4 days after which time the mice were intravitreally
injected with recombinant VEGF (40 nanograms/microliter). The mice
were euthanized 48 hours post VEGF injection and retinas were iso-
lated for analysis. *P � 0.05, **P � 0.005 when compared with control
plasmid/VEGF-injected control.
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Previously, we and others, have shown that IGFBP-3
increases the expression of sphingosine kinase 1 (SphK1) in
both endothelial cells and epithelial cells.31,48,49 This in-
crease in SphK1 serves to generate S1P. There are several
studies showing S1P regulates endothelial cell barrier func-
tion. Depending on the cellular milieu, the concentration of
S1P and the type of injury or vascular bed, S1P can regulate
vascular permeability.50 Zhang et al.51 report S1P prevents
permeability increases via activation of endothelial S1P re-
ceptor-1 in rat venules and Lee et al.52 show a balance of
S1P1 and S1P2 signaling regulates peripheral microvascular
permeability in rat muscle vasculature. Tauseef et al.53 show
that activation of Sphk1 reverses the increase in lung vascu-
lar permeability through S1P receptor signaling in endothe-
lial cells. Also, Camerer and colleagues54 show S1P in the
plasma compartment regulates basal and inflammation-
induced vascular leak in mice. S1P can also influence tight
junction protein integrity as Sun et al.55 reported an en-
hanced interaction between focal adhesion and adherens
junction proteins after S1P exposure. Also, noteworthy are
the observations by Jensen et al.56 that show NSMase is
critically involved in modulation of skin edema.

In summary, we showed that IGFBP-3 can regulate BRB
integrity as schematically illustrated in Figure 8. Thus, by
enhancing the BRB, IGFBP-3 can provide vascular stabiliza-
tion to injured retinal vessels and preserve vascular integ-
rity. IGFBP-3, due to its beneficial effects on the restoration
of tight junctions and adherens junctions, may represent a
potential therapeutic agent in the treatment of eye diseases,
such as retinopathies, where the BRB is commonly compro-
mised.
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