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SUMMARY: The objective of the study was to determine the role of the angiopoietins in the regulation of gelatinase expression
during angiogenesis, and whether inhibition of the angiopoietin/Tek interaction in vivo can suppress the extent of retinal
neovascularization. Retinal microvascular endothelial cells were treated with angiopoietins and examined for the production of
gelatinases. The effects of inhibiting angiopoietin binding to the Tie-2 receptor was studied in newborn mice with experimentally
induced retinal neovascularization. Animals were treated with an ip injection of the Tie-2 antagonist, muTek delta Fc, while
oxygen-exposed mice treated with similar concentrations of murine IgG were used as controls. The effect of muTek delta Fc on
the gelatinase expression in the retina was examined by real-time RT-PCR analysis. The stimulation of cultured retinal endothelial
cells with Ang-1 and -2 resulted in the increased expression of matrix metalloproteinase (MMP)-9. Ang-2 expression was
up-regulated in experimental animals during the period of angiogenesis and was the greatest on Day 17 (the time of maximal
angiogenic response). Histologic analysis of mice treated with the Tie-2 antagonist, muTek delta Fc, showed significant (87%;
p � 0.001) inhibition of retinal neovascularization, and the response was dose-dependent. In vitro binding data support the fact
that both Ang-1 and Ang-2 bind with high avidity to muTek delta Fc. The RT-PCR analysis of the retinas of the Tek-treated animals
showed a similar (80%; p � 0.001) inhibition of the MMP-9 expression, which correlated with the decrease in angiogenesis. The
up-regulation of gelatinases in microvascular endothelial cells by Ang-2 may be an important early response during the
development of retinal neovascularization. Inhibition of the binding activity of the angiopoietins in vivo suppressed retinal
neovascularization concomitant with a reduction in the expression of MMP-9. (Lab Invest 2003, 83:1637–1645).

R etinal neovascularization is a type of pathologic
angiogenesis that is associated with a number of

diseases, including diabetic retinopathy, retinal vein
occlusion, and retinopathy of prematurity. The new
vessels in the retina are fragile and bleed easily,
leading to vitreous hemorrhage and loss of vision. It is
well accepted that hypoxia plays an important role in
the initiation of the angiogenic process in the retina by
up-regulating the production of specific growth fac-
tors. Among the growth factors involved in retinal
neovascularization, vascular endothelial growth factor
(VEGF) is thought to be the major mediator (Aiello,
1997). Hypoxia has been shown to up-regulate VEGF
mRNA in retinal endothelial cells, pericytes, retinal
pigment epithelial cells (RPE), Muller cells, and gan-
glion cells (Aiello et al, 1995a). In the retina, large
numbers of high-affinity VEGF receptors are ex-
pressed by microvascular endothelial cells. Interaction
of VEGF with these receptors leads to characteristic

phenotypic changes in the endothelial cells (Aiello,
1997) and subsequent regulation of specific parts of
the angiogenic pathway.
In addition to the VEGF receptors, a second class of

endothelial-specific tyrosine kinase receptors has
been implicated in vascular growth and development.
These receptors are the Tie receptors Tie-1 and Tie-
2/Tek (tyrosine kinase with Ig and epidermal growth
factor homology domain) (Sato et al, 1993). There are
four known angiopoietin ligands for the Tie receptors,
Ang-1, Ang-2, Ang-3, and Ang-4. One of these li-
gands, Ang-2, has been shown to be selectively
up-regulated by hypoxia similar to the well known
growth factor VEGF.
Experiments with mouse embryos lacking in Ang-1

develop a vasculature that fails to undergo remodel-
ing. The ultrastructural analysis of this vasculature
shows that endothelial cells in these vessels fail to
associate appropriately with supporting cells, which
provide the Ang-1 protein that acts on endothelial
Tie-2 receptors (Davis et al, 1996; Suri et al, 1996).
Transgenic mice with overexpression of Ang-1 have
enlarged and highly branched vessels that are resis-
tant to VEGF-mediated leakage. Ang-1 plays a role in
remodeling the developing vessels by maximizing the
interactions between endothelial and supporting cells,
thus promoting vessel maturation and stabilization.
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Experiments with transgenic mice overexpressing
Ang-2 show a phenotype similar to Ang-1–deficient
mice, demonstrating that Ang-2 probably acts as a
Tie-2 antagonist (Maisonpierre et al, 1997). More re-
cent studies also demonstrate that, depending on the
context, Ang-2 may also function as a Tie-2 agonist
(Teichert-Kuliszewska et al, 2001). In either case
Ang-2 is postulated to provide a key destabilizing
signal involved in initiating angiogenic remodeling.
Destabilized vessels would be prone to regression in
the absence of other growth factors; however, in the
presence of VEGF, the Ang-2–stimulated capillary
endothelial cells progress through the subsequent
angiogenic steps (Maisonpierre et al, 1997).
A crucial step during angiogenesis is the invasion

and migration of endothelial cells into and through the
surrounding basement membrane and extracellular
matrix. This invasive process is tightly coupled to the
production and activity of specific extracellular pro-
teinases, including the matrix metalloproteinases
(MMPs) and the serine proteinase, uPA (urokinase
plasminogen activator) and its receptor, uPAR (uroki-
nase plasminogen activator receptor) (Mignatti and
Rifkin, 1996; Pepper and Montesano, 1990). A bal-
anced interplay of these proteinases and their inhibi-
tors is implicated in the regulation of angiogenesis and
has been extensively studied in tumor growth and
development (Pepper and Montesano, 1990; Pepper
et al, 1994; Werb et al, 1999). We have previously
shown in an animal model of ischemia-induced retinal
neovascularization that specific proteinases (MMP-2,
MMP-9, and urokinase plasminogen activator) are up-
regulated in the retina of mice with experimentally in-
duced retinal neovascularization (Das et al, 1999b). A
similar up-regulation of proteinases was observed in
human epiretinal neovascular membranes from patients
with proliferative diabetic retinopathy (Das et al, 1999a).
Previous studies have demonstrated a major role for

Ang-2 in neovascularization of the ischemic retina.
The expression of Ang-2 was found to increase during
the angiogenic period, as opposed to that of Ang-1
whose expression remained constant during this pe-
riod (Hackett et al, 2000). In addition the Ang-2 null
mouse demonstrated a significantly blunted angio-
genic response in the retina compared with wild-type
mice (Hackett et al, 2002). Together these data sup-
port the hypothesis that Ang-2 functions as a major
promoter of vessel destabilization and retinal neovas-
cularization in this model.
In the present study, we have examined the role of

Ang-2 in the regulation of proteinase expression in
retinal capillary endothelial cells and determined
whether inhibition of the angiopoietin/Tek interactions
in vivo could suppress the extent of retinal neovascu-
larization in a well-established model of ischemia-
induced retinopathy.

Results

Expression of MMPs in Response to Ang-2

Treatment of cultured retinal microvascular endothelial
cells with increasing amounts of purified Ang-2 re-

sulted in a significant increase in the level of both the
pro and active form of MMP-9 secreted into the
conditioned media of these cells (p � 0.01) (Fig. 1, A
and B). This response was specific for MMP-9 be-
cause no significant increase was seen in the level of
MMP-2 in response to Ang-2 stimulation (Fig. 1C).
These cells also responded to stimulation with Ang-1.
Incubation of cells with 100 ng/ml of Ang-1 for 18
hours increased the level of MMP-9 in the culture
approximately 1.5 fold as compared with untreated
cells (Fig. 2).

Figure 1.
(A) Representative zymography gel of matrix metalloproteinase (MMP)-2 and
MMP-9 expression in cultures of retinal microvascular endothelial cells in
response to Ang-2 stimulation. Lane 1, 0 ng/ml Ang-2; Lane 2, 10 ng/ml
Ang-2; and Lane 3, 100 ng/ml Ang-2. Quantitation of zymography results
showing MMP-9 (B) and MMP-2 (C) levels in cells treated with 0, 10, and 100
ng/ml Ang-2 for 24 hours. *Significantly greater than untreated cells at p �
0.01. Values are the mean � SEM for n � 3 separate cultures for each
treatment.
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The increase in MMP-9 protein levels in response to
Ang-2 stimulation correlated with an increase in the
level of MMP-9 mRNA. Real-time RT-PCR analysis of
MMP-9 levels in Ang-2–treated cells showed a dose-
dependent increase (p � 0.01) of mRNA production
(Fig. 3).

Expression of Ang-2 and MMP-9 in an Experimental
Model of Retinal Neovascularization

Real-time RT-PCR analysis of Ang-2 mRNA expres-
sion in control and experimental retinas indicated that
Ang-2 expression is an important component of both
normal and abnormal vessel formation. In normal
room air–raised animals, Ang-2 mRNA was elevated
on Days 12 and 15 when development of the normal
retinal vasculature is taking place. This was followed
by a significant decrease on Day 17, which coincides

with the completion of the development of the super-
ficial retinal vascular layer (p � 0.001) (Fig. 4A).

In experimental animals during the development of
retinal neovascularization, Ang-2 mRNA levels were
significantly elevated at all ages compared with con-
trols of the same age (Fig. 4B). A dramatic increase in
Ang-2 mRNA was seen on Day 17 in experimental
animals corresponding to the time of maximal retinal
angiogenesis (p � 0.001). No changes in Ang-1 mRNA
were detected in the experimental animals between
Days 12 and 17 (data not shown), which agrees with
previously published data (Hackett et al, 2000).

Figure 2.
Western blot analysis of matrix metalloproteinase (MMP)-9 expression by
retinal microvascular endothelial cells in response to Ang-1 and Ang-2
stimulation. Cells were treated with 100 ng/ml Ang-1 (Lane 2) or 100 ng/ml of
Ang-2 (Lane 3) for 18 hours. Lane 1, no treatment; Lane 4, 10 ng purified
MMP-2 as a loading control; and Lane 5, 10 ng purified pro–MMP-9 as a
loading control.

Figure 3.
Real-time RT-PCR analysis of matrix metalloproteinase (MMP)-9 expression in
cultures of retinal microvascular endothelial cells treated with Ang-2. A
significant dose-dependent increase in the level of MMP-9 mRNA was
observed. *Significantly greater than untreated cells at p � 0.01. Values are
the mean � SEM for n � 3 separate cultures for each treatment.

Figure 4.
(A) Real-time RT-PCR analysis of Ang-2 mRNA in the retinas from control
(room air) animals on Days 12, 15, and 17. (B) Comparison of control and
experimental (oxygen-treated) animals. Ang-2 is increased at all ages com-
pared with controls, with the greatest increase seen at Day 17. Data are the
mean � SEM of values derived using the comparative Ct method of triplicate
reactions for n � 2 retinas at each age. *Significantly greater than control at
p � 0.001.
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MMP-9 expression has previously been shown to
be increased in the mouse model of ischemia-induced
retinal neovascularization (Das et al, 1999b). This
proteinase was localized by immunohistochemical
staining to the new vessels on the surface of the retina
in animals with retinal neovascularization on Day 17
(Fig. 5A). Control sections incubated without the pri-
mary antibody showed no specific staining (Fig. 5B).

Effect of Inhibiting the Ang-2/Tek interaction on
Retinal Neovascularization

We next examined whether inhibition of the angiopoi-
etin/Tek interaction in the experimental mice might
prevent the development of significant retinal neovas-
cularization. The ability of muTek delta Fc (the extra-
cellular domain of murine Tek receptor fused to the Fc
portion of murine IgG) to bind to murine Ang-1 and
Ang-2 was determined in a plate-based solid phase
binding assay. Results indicate that muTek delta Fc
bound well to immobilized murine Ang-1 and murine
Ang-2 compared with the control TNFR.Fc (the extra-
cellular domain of human TNF receptor fused to the Fc
portion of IgG), which did not show measurable bind-
ing (Fig. 6). In this assay format, the half maximal
binding concentration for muTek delta Fc to murine
Ang-1 was 14 nM. The half maximal binding concen-
tration for muTek delta Fc to murine Ang-2 was 10 nM.

Histologic analysis of mice treated with the Tie-2/
Tek soluble antagonist, muTek-delta Fc, demon-
strated a significant decrease in the numbers of cap-
illary tufts on the vitreal side of the inner limiting
membrane (Fig. 7, A and B). Quantitation of neovas-
cular nuclei showed up to 87% inhibition of retinal
neovascularization in the animal model compared with
the murine IgG-treated control animals (p � 0.01) (Fig.
7C). Furthermore, this response was found to be
dose-dependent (46% inhibition with 40 mg/kg Tek-
delta Fc, and 87% inhibition with 80 mg/kg Tek-delta
Fc treatment). Analysis of retinal sections from animals
treated with increasing doses of Tek-delta Fc showed
normal overall histologic structure, suggesting that
there was no toxic effect of the muTek delta Fc protein
on the retinal tissue. In addition, none of the treated
animals showed any signs of adverse reaction to the
protein therapy during the treatment period.

Effect of Inhibiting the Ang-2/Tek Interaction on
Expression of MMP-9 In Vivo

In some cases the retinal tissues from IgG and muTek
delta Fc–treated mice were collected and analyzed for
the level of MMP-9 mRNA. Real-time RT-PCR analysis

Figure 5.
Representative sections from a Day-17 experimental mouse eye stained for
matrix metalloproteinase (MMP)-9. (A) Section incubated with rabbit antirat
MMP-9 showing the localization of MMP-9 protein to the new vessels on the
surface of the retina (arrows). (B) Control section incubated without the
primary antibody. New vessels are indicated by arrows.

Figure 6.
Ang-1 and Ang-2 bind to murine Tek-delta Fc. Ang-1 and Ang-2 were
immobilized to a 96-well plate and incubated with either murine Tek-delta Fc
or human TNF receptor Fc. The degree of binding was quantitated using an
antimurine Europium conjugated antibody. The data are expressed as the mean
� SEM. The half maximal binding concentration for muTek-delta Fc to muAng-1
is 14 nM and to muAng-2, 10 nM.

Figure 7.
(A) Representative section of the retina from an oxygen-treated Day-17 animal
receiving ip injection of 80 mg/kg IgG on Days 12 to 16. Numerous capillary
tufts are seen on the vitreal side of the inner limiting membrane (arrows). (B)
Representative section of the retina from an oxygen-treated Day-17 animal
receiving 80 mg/kg ip injection of muTek delta Fc on Days 12 to 16. A
significant decrease in the number of capillary tufts on the vitreal side of the
inner limiting membrane was observed (arrow). (C) Quantitative analysis of the
extent of neovascularization in animals treated with either muTek delta Fc or
IgG. Animals treated at 40 mg/kg muTek delta Fc demonstrated up to 46%
inhibition of neovascularization. In animals treated with 80 mg/kg muTek delta
Fc, there was 87% inhibition of neovascularization compared with the
IgG-treated animals. Values are the mean � SEM for n � 5 animals (40
sections/animal) for each treatment group. *Significantly less than IgG-treated
animals at the p � 0.01 level.
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of the retinas from mice treated with Tek-delta Fc
showed a significant (80%) decrease in MMP-9 mRNA
expression compared with the IgG-treated control
animals (p � 0.01) (Fig. 8). muTek delta Fc treatment
significantly inhibited retinal neovascularization and
MMP-9 expression concomitantly. These results, to-
gether with the cell culture data, suggest that the
angiopoietin/Tek interaction regulates new blood ves-
sel formation in the retina, at least in part through the
induction of MMP-9 expression.

Discussion

The biological actions of angiopoietins are mediated
via specific binding interactions with Tie-2/Tek recep-
tors expressed predominantly on the surface of endo-
thelial cells (Maisonpierre et al, 1997). Although it was
originally believed that only Ang-1 induced Tie-2/Tek
tyrosine phosphorylation, recent reports have shown
that Ang-2 also induces Tie-2/Tek tyrosine phosphor-
ylation and endothelial cell survival (Teichert-
Kuliszewska et al, 2001). The activation of Tie-2/Tek is
postulated to mediate endothelial cell survival and
stabilization of capillary beds via the activation of PI-3
kinase and the induction of antiapoptotic pathways in
the cell (Jones et al, 1999; Kwak et al, 1999; Loughna
and Sato, 2001; Maisonpierre et al, 1997). Targeted
disruption of Ang-2 revealed that while Ang-2 was not
required for embryonic vascular development, it was
required for postnatal vessel formation and remodel-
ing. A previous study has suggested that angiogenesis
is dependent on the co-expression of both Ang-2 and
VEGF (Maisonpierre et al, 1997). In the absence of
VEGF, increased Ang-2 expression results in vessel
regression. These data suggest a role for Ang-2 in the
stimulation of angiogenesis by initial destabilization of
the existing capillary bed, which in the presence of

increased levels of VEGF will undergo the subsequent
steps of new vessel formation. Other studies suggest
that of the members of the angiopoietin family, Ang-2
plays the major role in pathologic retinal angiogenesis
(Hackett et al, 2000, 2002). For this reason we chose
to focus specifically on the effect of Ang-2 on endo-
thelial cell gelatinase expression.

The present study used real-time RT-PCR to quan-
titate Ang-2 expression in the mouse retina. In the
experimental mice, the level of Ang-2 was found to be
increased at all stages of neovascularization and was
most pronounced on Day 17 when the angiogenic
response is known to be maximal. Previous studies
have reported a similar finding of increased expres-
sion of Ang-2 mRNA in both the normal and ischemic
mouse retina (Oh et al, 1999; Hackett et al, 2000). The
in situ expression of Ang-2 was predominantly local-
ized to cells within and near the inner nuclear layer of
the retina, particularly the horizontal cells (Hackett et
al, 2000). The temporal expression of Ang-2 in the
retina during ischemic neovascularization is very sim-
ilar to that of VEGF (Adamis et al, 1994; Aiello et al,
1994; Miller et al, 1994; Ozaki et al, 1999; Pierce et al,
1995), further suggesting that successful angiogene-
sis in this tissue requires the co-expression of these
two growth factors.

The mechanism by which Ang-2 promotes angio-
genesis was investigated by examining the role of this
growth factor in the regulation of the critical step of
extracellular proteinase expression. Proteolysis of the
basement membrane is an important step that facili-
tates endothelial cell migration and subsequent tube
formation (Folkman, 1982, 1986). The effect of Ang-2
on proteinase expression in cultured retinal microvas-
cular endothelial cells was examined by both zymog-
raphy and real-time RT-PCR. The results revealed a
significant dose-dependent increase in MMP-9 ex-
pression by these cells. At this point it is unclear
whether this is a direct stimulation of Ang-2 on MMP-9
expression resulting from signaling via the Tie-2 re-
ceptor, or whether Ang-2 is antagonizing an inhibitory
activity of Ang-1, which might be present in the cell
cultures.

Previous studies from this lab have demonstrated
an increased expression of MMP-9 in both the mouse
model of retinal neovascularization as well as in hu-
man epiretinal membranes from diabetic patients (Das
et al, 1999a, 1999b; Majka et al, 2001). Further studies
using proteinase inhibitors confirmed the fact that
these proteinases may be appropriate targets for the
development of alternative therapies in the prevention
and treatment of retinal neovascularization (Das et al,
1999b). Taken together, these studies suggest that the
destabilization of vessels by Ang-2 during the early
events of angiogenesis may be through an up-
regulation of specific proteinases that alter cell/matrix
interactions or the availability and/or activity of spe-
cific growth promoting factors.

Several approaches have been undertaken to ther-
apeutically intervene in the development or progres-
sion of retinal neovascularization. These approaches

Figure 8.
Real-time RT-PCR analysis of matrix metalloproteinase (MMP)-9 expression in
the retina of IgG and muTek delta Fc–treated Day-17 animals. Data are the
mean � SEM of values derived using the comparative Ct method of triplicate
reactions from n � 3 animals for each treatment group. *Significantly less
than IgG at p � 0.01.
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include targeting the VEGF system (Adamis et al,1996;
Aiello et al, 1995b; Robinson et al, 1996), protein
kinase C� (Danis et al, 1998; Ozaki et al, 2000; Seo et
al, 1999), growth hormone (Smith et al, 1997), integrins
(Friedlander et al, 1996), and proteinases (Das et al,
1999b; Penn et al, 2001). The current treatment of
laser photocoagulation is effective in treatment of
proliferative retinopathies; however, there are signifi-
cant side effects, including the loss of peripheral and
night vision. In addition this treatment is not optimal
because neovascularization may recur or progress
requiring additional laser treatments.

The present study using an inhibitor of angiopoietin
activity resulted in the suppression of retinal neovas-
cularization by 87% at the highest dose tested (80
mg/kg). As reported in this study, the inhibitor has the
ability to bind both Ang-1 and Ang-2. However, be-
cause this and other studies suggest that Ang-2 might
be the more important stimulator of angiogenesis, we
postulate that the inhibition of Ang-2 activity leads to
the significant suppression of neovascularization. The
mice showed no side effects related to the treatment,
nor was there evidence of toxicity within the retinal
tissues. Previous studies have employed either an im
injection of an adenovirus expressing the extracellular
domain of the Tek/Tie 2 receptor (Hangai et al, 2001)
or an intraocular injection of a soluble Tie-2 recep-
tor/Fc fusion protein (Takagi et al, 2003) similar to the
one used in the present study. Results from these
studies have demonstrated a similar although signifi-
cantly lower degree of inhibition (47% and 23%,
respectively) of retinal neovascularization in the same
mouse model. These differences in results may reflect
differences in the effective dose or concentration of
protein actually presented to the retina, or differences
in the binding activity or stability of the different types
of proteins.

In an effort to define the mechanism by which
muTek delta Fc functions, we examined changes in
the expression of MMP-9 in the retinas of mice show-
ing a positive antiangiogenic response to this com-
pound. The inhibition of angiopoietin activity by
muTek delta Fc in the animal model resulted in a
similar (80%) inhibition of expression of MMP-9 in
these retinal tissues. This observed decrease in
MMP-9 expression may be due directly to a loss of
angiopoietin signaling or merely to a decrease in the
number of angiogenic cells present in the retina in
response to the treatment. MMP-9 and other extracel-
lular proteinases facilitate the degradation of the base-
ment membrane and surrounding extracellular matrix
during the early stages of angiogenesis and promote
the invasion and migration of capillary endothelial
cells. These results suggest that the up-regulation of
MMP-9 in microvascular endothelial cells by angiopoi-
etin may be an important early response during the
development of retinal neovascularization. The activity
of muTek delta Fc in this model system also suggests
that the stimulus for MMP-9 expression by endothelial
cells in the hypoxic retina may be the up-regulation of
Ang-2.

Our findings indicate that the retinal angiogenic
process is mediated at least in part by the up-
regulation of MMP-9 due to the increased activity of
Ang-2 in the tissue. Recombinant proteins such as
muTek delta Fc, which specifically target activated
capillary endothelial cells and reduce or suppress the
expression of MMP-9, may therefore prove to be
useful in the prevention or treatment of proliferative
retinopathies.

Materials and Methods

Cell Culture

Bovine retinal microvascular endothelial cells were
obtained from VEC Technologies (Rensselaer, New
York). The cells were grown on fibronectin-coated
dishes (VEC Technologies) and used at passages 3 to
5 for these experiments. The identity and purity of the
cultures were confirmed by immunostaining with fac-
tor VIII antibody.

Animal Model

Specific pathogen-free C57Bl/6J mice were bred at
the University of New Mexico Animal Care Facility. All
experiments were consistent with the Association for
Research in Vision and Ophthalmology (ARVO) state-
ment for the use of animals in ophthalmic and vision
research. Seven-day-old mice and nursing mothers
were placed into an oxygen chamber maintained at
75% oxygen until postnatal Day 12. Mice were re-
moved from the chamber on Day 12 and maintained in
room air until Day 15 or Day 17. By postnatal Day 17,
retinal neovascularization was present in 100% of the
animals (Smith et al, 1994). Newborn mice exposed
only to room air served as controls in these
experiments.

Gelatinase Expression

Zymography was used to quantitate the levels and
activity of MMPs produced by cultures of bovine
retinal microvascular endothelial cells following treat-
ment with Ang-2. Cells were plated onto fibronectin-
coated dishes and grown in media containing 0.5%
fetal bovine serum overnight. The cells were subse-
quently grown for 24 hours in serum-free medium in
the presence of 0, 10, or 100 ng/ml Ang-2 (R&D
Systems, Minneapolis, Minnesota). The conditioned
media from equal numbers of cells was collected, and
equal volumes were subjected to electrophoresis in
10% polyacrylamide minigels into which gelatin (1
mg/ml) was cross-linked. The zones of proteolysis
corresponding to the presence of MMP-2 and MMP-9
were visualized by staining with 0.125% Coomassie
brilliant blue. The size of the zone of clearing, which
correlated with the amount of enzyme present in the
sample, was quantitated using Alpha Innotech (San
Leandro, California) image analysis software.

In some experiments, cells were also treated with
100 ng/ml of Ang-1 and examined by Western blotting
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for MMP-9 expression using a biotin-labeled anti–
MMP-9 antibody (R&D Systems).

Histological Quantitation of Retinal Neovascularization

Control and experimental animals were killed on Day
17, and the eyes were enucleated and fixed overnight
in 10% neutral buffered formalin. Intact eyes were
embedded in paraffin, and serial 6-�m sections were
cut parallel to the optic nerve. Sections were mounted
on gelatin-coated slides and stained with GSL-FITC
(Griffonia simplicifolia lectin I-fluorescein isothiocya-
nate) (Vector Labs, Burlingame, California) and cover-
slipped with a mounting medium containing diamidi-
nophenylindole (Vector Labs). Every third section was
examined with a fluorescence microscope, and nuclei
belonging to GSL-positive cells on the vitreous side of
the inner limiting membrane were counted. Sections
containing the optic nerve were excluded because of
epiretinal vasculature that might be mistaken for neo-
vascular nuclei. The average number of neovascular
nuclei per section per eye was determined. Two
sample t tests were done to make comparisons be-
tween experimental and control animals.

muTek Delta Fc Treatment

In some studies experimental animals were injected ip
once a day from Day 12 to Day 16 with increasing
doses (40 mg/kg and 80 mg/kg) of the fusion protein,
muTek delta Fc (Amgen Washington, Seattle, Wash-
ington). The protein consists of the extracellular do-
main of the murine Tek receptor fused to the Fc
portion of murine IgG. As a control some oxygen-
treated experimental animals were treated with an
equivalent concentration of murine IgG rather than the
muTek delta Fc. Eyes were collected at Day 17 and
analyzed for the extent of retinal neovascularization as
described above.

Binding of muTek delta Fc and huTek delta Fc was
measured using a time-resolved fluorescence based
assay. Briefly, Delphia 96-well low fluorescence plate
wells (Wallac Perkin-Elmer) were coated with 50 ul per
well murine Ang-1 (100 ng/ml) or murine Ang-2 at 1
ug/ml (Amgen, Inc., Thousand Oaks, California) in PBS
overnight at 4° C. After washing in PBS-Tween, the
plate wells were blocked by adding 1% BSA in PBS
(100 ul/well, room temperature incubation). Standard
lots of purified recombinant muTek delta Fc and
huTNFR.Fc (the extracellular domain of human TNF
receptor fused to the Fc portion of IgG) were added to
angiopoietin-coated wells starting at 10 ug/ml (in 1%
BSA/PBS) and titrated 3-fold in triplicate. Sample-
containing wells were incubated for 1 hour at room
temperature with gentle agitation. Wells were washed
with 3 volumes of PBS-Tween, and 50 ul of Delphia
antimurine Europium conjugate (100 ng/ml) in Delphia
assay buffer (Wallac Perkin-Elmer, Boston, Massa-
chusetts) was added to each well and the plate
incubated at room temperature for an additional 30
minutes with gentle agitation. The wells were washed
with PBS-Tween and developed by addition of Del-

phia enhancement solution according to manufactur-
er’s instructions. After 5 minutes incubation at room
temperature, fluorescence was measured on a Victor
2 plate reader at 615 nm and results reported as
Europium counts.

RT-PCR

Total RNA was extracted from control and experimen-
tal retinal tissues and used to generate first strand
cDNA using superscript reverse transcriptase. For
real-time RT-PCR analysis, cDNA samples were ana-
lyzed using TaqMan probes and primers specific for
MMP-9, Ang-2, and 18s RNA. Primers were designed
using Primer Express software and purchased from
Integrated DNA Technologies (Coralville, Iowa). Reac-
tions were run in triplicate, and mean values were
characterized by comparing threshold cycle (Ct) val-
ues (Johnson et al, 2000). Transcripts of the 18s RNA
gene were used as an endogenous control, with each
unknown sample normalized to 18s content.

Immunostaining

Retinas from Day-17 experimental animals were col-
lected and frozen immediately in OCT compound for
frozen sectioning. Sections were blocked with 10%
normal goat serum and incubated with a rabbit antirat
MMP-9 antibody (Chemicon, Temecula, California) at
1:300 for 60 minutes at room temperature. The sec-
tions were washed with TBS/Tween and incubated
with a peroxidase-conjugated goat antirabbit antibody
(Jackson ImmunResearch, West Grove, Pennsylvania)
at 1:2000 for 60 minutes at room temperature. Sec-
tions were washed, incubated for 30 minutes with
buffered diaminobenzidine and hydrogen peroxide,
washed with water, and cover-slipped. Control sec-
tions were processed with the same protocol minus
the primary antibody.
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