
Introduction
One of the more distressing lesions caused by herpes
simplex virus (HSV) infection is vision impairment and
blindness resulting from a chronic immunoinflamma-
tory reaction in the corneal stroma. Studies on experi-
mental herpetic stromal keratitis (HSK) in animal
models have revealed that the pathogenesis involves
numerous cellular and molecular participants. One
early essential event appears to be neovascularization
of the normally avascular corneal stroma. This event is
assumed to be necessary to assist corneal access of
some of the cellular orchestrators of HSK (1). In line
with this notion, inhibition of new blood vessel devel-
opment serves to moderate the severity of HSK lesions
(2). Currently, the mechanisms by which HSV infection
results in corneal angiogenesis remain ill-defined, and
more than likely multiple participants could be
involved. These include the VEGF family of proteins,
potent angiogenesis factors under both physiological
and pathological circumstances and known to be pro-
duced following ocular infection with HSV (2). The
VEGF proteins, as well as certain chemokines, induce
angiogenesis by binding to receptors on vascular
endothelial cells, causing them to undergo growth and

movement. Other molecules influence angiogenesis by
breaking down the extracellular matrix, thus facilitat-
ing neovessel growth. Matrix-degrading proteases
include the collagenases, for example, matrix metallo-
proteinase-2 (MMP-2) and MMP-9 and heparanases
(3). Several MMP proteins appear involved in tumor
angiogenesis, but the role of such molecules in viral-
induced angiogenesis has not been described.

In the present report, we have evaluated if MMP-9 is
involved in angiogenesis following infection of the
mouse eye with HSV-1. Our results demonstrate that
MMP-9, while undetectable in normal eyes, is pro-
duced in the cornea in response to HSV infection. A
prominent cell type that produces MMP early after
infection is invading neutrophils. When MMP-9 levels
were suppressed (as could be achieved by neutrophil
depletion) by inhibition with the specific inhibitor
TIMP-1 or by using MMP-9 knockout mice, HSV-
induced angiogenesis was inhibited. In addition, the
results further demonstrate that inhibition of angio-
genesis is reflected in the reduced severity of subse-
quent HSK lesions. Our observations are discussed in
terms of the value of controlling angiogenesis in the
therapy of herpetic eye disease.

Methods
Mice. Female 4- to 5-week-old BALB/c mice were pur-
chased from Harlan Sprague Dawley Inc. (Indianapolis,
Indiana, USA). Female 4- to 5-week-old 129 Sv/Ev mice
were purchased from Taconic Farms (Germantown,
New York, USA). MMP-9 knockout mice were kindly
provided by Robert M. Senior and J. Michael Shipley
(Washington University School of Medicine, St. Louis,
Missouri, USA). BALB/c and 129 Sv/Ev mice were
housed conventionally, and knockout mice were housed
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in sterile microisolator cages in the animal facility. To
prevent bacterial infection, all mice received treatment
with sulfamethoxazole/trimethoprim (Alphama USPD
Inc., Baltimore, Maryland, USA) at the rate of 5 ml/200
ml of drinking water. All investigations followed guide-
lines of the committee on the Care of Laboratory Ani-
mals Resources, Commission of Life Sciences, National
Research Council. The animal facilities of the Universi-
ty of Tennessee are fully accredited by the American
Association of Laboratory Animal Care.

Virus. HSV-1 strain RE (kindly provided by Robert
Lausch, University of Alabama, Mobile, Alabama,
USA), HSV-1 KOS 1.1 (kind gift of David Knipe, Har-
vard Medical School, Boston, Massachusetts, USA),
and the mutant virus n12 (ICP 4–/–) (gift from David
Knipe) were used. HSV-1 KOS and RE viruses were
grown in Vero cell monolayers (ATCC no. CCL81,
American Type Culture Collection, Rockville, Mary-
land, USA). Ultraviolet (UV) inactivation of the wild-
type virus was carried out for 5 minutes. The mutant
virus n12 (ICP 4–/–) was propagated and titrated on a
Vero cell line expressing the deficient protein, which is
an ICP 4–expressing Vero cell line E-5 (4). Infected Vero
cells were harvested, titrated, and stored in aliquots at
–80°C until used.

Corneal HSV infection. Corneal infections of all mouse
groups were conducted under deep anesthesia induced
by the inhalant anesthetic methoxyfurane (Methofane;
Pittman Moore, Mondelein, Illinois, USA). The mice
were lightly scarified on their corneas with a 27-gauge
needle, and a 2.5-µl drop containing 106 PFU of HSV-1
RE for mice was applied to the eye and gently massaged
with the eyelids.

Plasmid DNA preparation. Plasmid DNA encoding
murine TIMP-1 was kindly provided by Dylan Edwards
(University of East Anglia School of Biological Sciences,
Norwich, United Kingdom). TIMP-1 DNA was insert-
ed into the pCDNA3 expression vector (Invitrogen
Corp., San Diego, California, USA). The pCDNA3 was
used as a negative control against TIMP-1 DNA. The
plasmid DNAs were purified by polyethylene glycol
precipitation by the method of Sambrook et al. (5) with
some modifications. The quality of DNA was measured
by electrophoresis on 1% agarose gel. The protein
expression of TIMP-1 DNA was determined by RT-PCR
and dot blot analysis after in vitro transfection into
Chinese hamster ovary (CHO) cells.

Plasmid DNA administration. One hundred micrograms
of plasmid DNA was suspended in 4 µl of sterile PBS.
Corneas were scarified using a 27-gauge needle in a
criss-cross pattern, and the plasmid was administered
on days 3 and 6 before virus infection.

Clinical observations. The eyes were examined on dif-
ferent days after infection for the development of clin-
ical lesions by slit-lamp biomicroscopy (Kawa Compa-
ny, Nagoya, Japan), and the clinical severity of keratitis
of individually scored mice was recorded. The scoring
system was as follows: 0, normal cornea; +1, mild
corneal haze; +2, moderate corneal opacity or scarring;

+3, severe corneal opacity but iris visible; +4, opaque
cornea and corneal ulcer; +5, corneal rupture and
necrotizing stromal keratitis. The severity of angiogen-
esis was recorded as described previously (6). According
to this system, a grade of 4 for a given quadrant of the
circle represents a centripetal growth of 1.5 mm toward
the corneal center. The score of the four quadrants of
the eye were then summed to derive the neovessel index
(range 0–16) for each eye at a given time point (6).

Gelatin zymography. Zymographic assays for gelatinase
were performed as described previously (7). In brief,
animals were sacrificed, corneas excised and pooled
from six eyes, then homogenized. Protein extracts (20
µg) of corneas from mice were subjected to SDS-PAGE
on gelatin-containing acrylamide gels (8% acrylamide
and 1% gelatin) under nonreducing conditions. After
electrophoresis, gels were washed three times with 2.5%
Triton X-100 for 3 hours to remove SDS. Gels were
then rinsed briefly with water followed by incubation
overnight at 37°C in reaction buffer containing 50 mM
Tris, pH 7.5, 0.15 M NaCl, 10 mM CaCl2, and 0.05%
(wt/vol) sodium azide. The gels were stained with 0.5%
(wt/vol) Coomassie brilliant blue R-250. Gelatinolytic
activity was detected as a transparent band against a
dark blue background. Standards of recombinant
human MMP-9 and MMP-2 (Chemicon International,
Temecula, California, USA) were included on the gels
for identification. Quantitative analysis of activity was
conducted using a densitometer.
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Figure 1
MMP-9 is present in cornea during HSK, and MMP-9 activities are
highly correlated with HSK lesion severity. Groups of animals were
infected with 106 PFU of HSV-1 RE on their scarified corneas. The
mice were examined clinically by slit-lamp microscopy, and the sever-
ity of lesion was scored on a 0 to 5 scale. At day 2 after infection, ani-
mals were sacrificed, and corneas were excised and pooled from six
eyes and homogenized. The concentrations of protein were measured
by the Bradford method. Corneal extract samples (20 µg/lane) were
analyzed by gelatin zymography. Numbers above the gel represent
days after infection. High MMP-9 activities were measured at day 2,
15, 18, and 20 after infection. Data represent the results of a single
experiment, which was one of three with similar results.



Depletion of neutrophils with mAb. Clone RB6-BC5 was
kindly provided by E. Balish (University of Wisconsin
Medical School, Madison, Wisconsin, USA) with per-
mission of R.L. Coffman (PharMingen, San Diego, Cal-
ifornia, USA). The cells were grown in RPMI-1640 with
10% FBS. Hybridoma cells were injected intraperi-
toneally (5 × 106 cells/mouse) into BALB/c nude mouse.
Ascitic fluid was collected, centrifuged at 400 g for 15
minutes, pooled, and stored at –20°C until ready for
use. Delipidized ascitic fluid containing rat IgG-2b Ab’s
against HLA-DR5 (clone SFR3-DR5; American Type
Culture Collection) was used as isotype control. The
ascitic fluids were titrated for the Ab content using an
indirect ELISA as described previously (8). BALB/c mice
were administered 500 µg of anti–Gr-1 Ab intraperi-
toneally on day 3 before and day 1 after treatment with
HSV-1 RE on the cornea. Control mice were treated sim-
ilarly with rat anti–HLA DR5 Ab.

Immunohistochemistry. Eyes were removed
and snap-frozen in OCT compound (Miles
Inc., Elkhart, Indiana, USA). Sections (6 µm
thick) were cut, air-dried, and fixed in cold
acetone for 10 minutes. The sections were
then blocked with 3% BSA and stained with
anti–mMMP-9 (Santa Cruz Biotechnology
Inc., Santa Cruz, California, USA) for 3
hours, which were followed with biotinylat-
ed anti–goat Ig (Santa Cruz Biotechnology
Inc.) for 1 hour. Frozen sections were also
stained with biotinylated anti–Gr-1

(PharMingen) for 3 hours. The sections were then
treated with horseradish peroxidase–conjugated
streptavidin (1:1,000; The Jackson Immunoresearch
Laboratories Inc., West Grove, Pennsylvania, USA)
and 3,3′-diaminobenzidine substrate (BioGenex Lab-
oratories, San Ramon, California, USA).

Corneal micropocket assay. In vivo angiogenic activity
was assayed in the avascular cornea of BALB/c mouse
eyes, as described previously (9). Briefly, mice were pre-
treated with plasmid DNA encoding TIMP-1 twice,
intraocularly, before implantation. Pellets for insertion
into the cornea were made by combining rhVEGF 
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Figure 2
TIMP-1 DNA expression and MMP-9 and neutrophil infil-
tration into corneas of BALB/c and MMP-9 knockout mice.
BALB/c and MMP-9 knockout mice were infected with 106

PFU HSV-1 RE or UV-inactivated RE on their scarified
corneas. At day 2 after infection, mice were sacrificed, and
the eyes were snap-frozen in OCT compound. (a and b)
TIMP-1 expression in (a) naive and (b) TIMP-1–treated
groups. (c and d) Histopathology of infiltrating cells in the
cornea of BALB/c. (c) Naive and (d) RE, day 2 after infec-
tion. (e–g) Immunohistochemistry for MMP-9. (e) Naive,
(f) UV-inactivated RE day 2 after infection, and (g) RE day
2 after infection. (h–j) Immunohistochemistry for Gr-1. (h)
UV-inactivated RE, (i) 129 Sv/Ev, and (j) MMP-9 KO. ×200.

Figure 3
Neutrophil depletion markedly diminishes MMP-9 production. Groups of mice received
intraperitoneally anti–Gr-1Ab twice as described in Methods, and groups of mice received
an irrelevant control isotype-matched rat Ab. Depletion of PMN by Gr-1 Ab was effective,
and levels of PMN could be kept at low levels during the period of study (data not shown).
Groups of mice were infected on the scarified cornea with 106 PFU of HSV-1 RE. At day 2
after infection, animals were sacrificed, and corneas were excised and pooled from six eyes
and homogenized. Corneal extract samples (20 µg/lane) were analyzed by gelatin zymog-
raphy (a). Lane 1: HSV-1–infected corneas after PMN depletion; Lane 2: HSV-1–infected
corneas after injection of isotype control Ig. Data represent the results of a single experi-
ment, which was one of three with similar results.



(40 µg; R&D Systems Inc., Minneapolis, Minnesota,
USA), sulcralfate (10 mg; BulchMeditec, Vaerlose, Den-
mark), and hydron polymer in ethanol (120 mg/1 ml
ethanol; Interferon Sciences, New Brunswick, New Jer-
sey, USA), and applying the mixture to a 15 × 15-mm2

piece of synthetic mesh (Sefar America Inc., Kansas
City, Missouri, USA). The mixture was allowed to air
dry, and fibers of the mesh were pulled apart, yielding
pellets containing 90 ng VEGF. Pellets containing
rhVEGF were implanted into an intracorneal pocket (1
mm from the limbus). Then the eyes were evaluated
for corneal neovascularization. The extent of the
neovessel ingrowth was recorded by direct measure-
ment using calipers (Biomedical Research Instru-
ments, Rockville, Maryland, USA) under stereomi-
croscopy. The number of vessels originating from the
limbus was counted over the entire orbit, and the area
of angiogenesis was calculated according to the for-
mula for an ellipse: A = [(clock hours) × 0.4 × (vessel
length in millimeters) × π]/2. Each clock hour is equal
to 30 at the circumstance.

Statistical analysis. Significant differences between
groups were evaluated using student’s t test.

Results
HSV infection results in MMP-9 expression. Corneas were
taken at various time points after ocular infection with
HSV-1 and analyzed by zymography for the presence of
the collagen-degrading enzymes MMP-2 and MMP-9.
Two bands of activity were evident. A band identified
as MMP-2 was present in normal corneal extracts.
Moreover, its levels appeared not to vary at different
times after virus infection (Figure 1). A second band,
identified as MMP-9, was not present in normal tissue,
but was present in varying amounts in extracts from
virus-infected animals. A peak of activity appeared at
48 hours after infection followed by a decline, then sub-
sequently a second rise of activity starting around day
7. The secondary peak corresponded with the develop-
ing clinically evident HSK (Figure 1).

The primary peak of MMP-9 activity was suspected to
derive from neutrophils, which were shown previously to

be prominent stromal invaders at around 2 days after
infection (10, 11). Evidence that such invading neu-
trophils were a source of MMP-9 was obtained by differ-
ent lines of experimentation. First, histological sections
of corneas at 2 days after infection revealed prominent
inflammatory cell infiltrates (Figure 2d). The majority of
invading cells were neutrophils, most of which could be
shown by immunocytochemistry to possess intracellular
MMP-9 (Figure 2f). Cells positive for MMP-9 were not
found in the virus-infected epithelium, nor was it evident
in any cells in sections from uninfected animals. A second
approach implicating neutrophils as a source of MMP-9
came from experiments that showed that if neutrophils
were deplet-ed from animals before and after infection by
treat-ment with specific anti-neutrophil mAb, then levels
of MMP-9 were diminished (Figure 3).

Finally, infection of eyes with UV-inactivated virus or
replication-defective HSV mutants, which induce neg-
ligible neutrophil responses (10), produced either non-
detectable (UV-inactivate HSV) or very minor (ICP 4–/–)
levels of MMP-9 production (Figure 4). Taken togeth-
er, these experiments support a role for corneal stroma-
invading neutrophils as a principal source of MMP-9
production early after ocular HSV infection.

MMP-9 knockout mice show diminished angiogenesis and
reduced severity of HSK. Mice lacking MMP-9 expression
because of gene knockout have reduced angiogenesis in
several tumor systems (12, 13). As shown in Figure 5, a
similar outcome was evident in mice ocularly infected
with HSV-1. Thus, in a comparison of the extent of ocu-
lar angiogenesis in MMP-9–/– mice compared with 125
Sv/Ev control animals, levels were around 50% less in
the MMP-9–/– animals when measured over a 20-day test
period. These differences were shown to be statistically
significant (P < 0.01). Furthermore, when animals were
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Figure 5
MMP-9 knockout mice are protected from HSK pathogenesis. Groups
of 129 Sv/Ev wild-type (4–5 weeks old) and MMP-9 knockout mice
(4–5 weeks old) were infected with 106 PFU of HSV-1 RE on their scar-
ified corneas. The mice were examined clinically by slit-lamp
microscopy, and the severity of lesions was scored on a 0 to 5 scale.
The mean clinical scores at day 5, 10, 15, and 19 are plotted for all
groups. Also, the animals were examined for the extent of angiogene-
sis as described in Methods. The data are compiled from three inde-
pendent experiments with seven individual mice in each group. 
P ≤ 0.05 between wild-type and knockout mice at day 5 and beyond
(angiogenic scoring; asterisk) and at day 10 and beyond (HSK lesion
severity; double asterisk).

Figure 4
Replication-defective HSV mutants fail to produce MMP-9. BALB/c
mice were infected on the cornea with 106 PFU of the specified virus
after scarifying the cornea with a 27-gauge needle. At day 2 after
infection, animals were sacrificed, and corneas were excised and
pooled from six eyes and homogenized. The concentrations of pro-
tein were measured by the Bradford method. Corneal extract sam-
ples (20 µg/lane) were analyzed by gelatin zymography. Similar
results were obtained in three independent experiments. Lane 1: 106

PFU of UV-inactivated HSV-1 RE; lane 2: 106 PFU of ICP 4–/–; lane 3:
106 PFU of HSV-1 KOS; lane 4: 106 PFU of HSV-1 RE; lane 5: trauma
control; lane 6: naive.



followed to measure the severity of HSK on days 12 and
21 after infection, the severity was significantly less in
the MMP-9–/– animals. In an additional experiment, ocu-
larly infected MMP-9–/– animals were analyzed to deter-
mine if a stromal neutrophil response was evident in
such animals. As shown in Figure 2c, a prominent
response was indeed present at 48 hours after infection.

Effect of MMP-9 inhibitor on HSV-induced angiogenesis. The
MMP-9 is known to be inhibited by TIMP-1, with this
molecule serving to minimize the duration of MMP-9
activity in some tumor angiogenesis systems (14). To
measure the effect of TIMP-1 on HSV-1–induced 
MMP-9 induction, animals were given either plasmid
DNA encoding TIMP-1 or control plasmid DNA vector
on the cornea. Animals were treated at 3 and 6 days
prior to HSV-1 infection, after which the extent of
angiogenesis was compared in TIMP-1 and vector
DNA–treated animals. Preliminary experiments in
uninfected mice revealed that TIMP-1 DNA treatment
led to TIMP-1 expression in frozen eye sections (Figure
2b). The results in Figure 6 indicate that the extent of
angiogenesis in TIMP-1 plasmid DNA–treated animals
was significantly decreased compared with vector-treat-
ed animals during the 3- to 5-day observation period. As
a further measure of the effect of TIMP-1 inhibition on
MMP-9, corneal extracts were taken at 48 hours from
TIMP-1 and vector DNA–treated animals for measure-
ment of MMP-9 levels by zymography. The results
shown in Figure 7 demonstrate significantly dimin-
ished MMP-9 signals in samples from TIMP-1–treated
animals. These experiments provide further evidence for
a role of MMP-9 in HSV-induced angiogenesis.

TIMP-1 DNA inhibits VEGF-induced angiogenesis by its effect
on MMP-9 activity. In a previous report, we demonstrated

that ocular infection with HSV induces the potent
angiogenesis factor VEGF family of proteins, with these
playing an important role in corneal angiogenesis (2).
Since TIMP-1 is not expected to inhibit VEGF and these
molecules are present following HSV infection, observ-
ing the inhibitory effects of TIMP-DNA on HSV angio-
genesis was perhaps surprising. Hence, experiments were
done using a corneal micropocket assay to measure the
effect of pretreating eyes with TIMP-1 DNA on the
angiogenic response to VEGF. The results shown in Fig-
ure 8 indicate that such pretreatment diminished neo-
vascularization to about 50% of VEGF control. To deter-
mine if levels of MMP-9 might account for such
differences, corneal extracts from mice with control and
VEGF-containing micropockets were tested by zymog-
raphy for MMP-9. Unlike normal corneas, VEGF-
implanted eyes do produce MMP-9. Moreover, in 
TIMP-1 DNA–pretreated VEGF-implanted eyes MMP-9
levels were markedly diminished compared with 
VEGF-implanted vector-treated eyes (Figure 9). These
results demonstrate that MMP-9 represents a significant
component of HSV-induced angiogenesis being also
involved indirectly in angiogenesis caused by other
known angiogenesis factors.

Discussion
In this report, we demonstrate that HSV infection of the
cornea results in the upregulation of the matrix-degrad-
ing metalloproteinase enzyme MMP-9. This enzyme
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Figure 6
TIMP-1 DNA inhibits angiogenic scoring and HSK lesion severity.
Groups of animals were treated twice with 100 µg of TIMP-1 DNA
and vector DNA intraocularly 6 and 3 days before virus infection and
were infected with 106 PFU of HSV-1 RE on their scarified corneas 3
days after a second treatment of DNAs. The mice were examined clin-
ically by slit-lamp microscopy, and the severity of lesions and the
extent of angiogenesis were scored as described in Methods. Data
are compiled from three independent experiments with seven indi-
vidual mice per group. Significant differences (P ≤ 0.05) between
TIMP-1 DNA– and vector DNA–treated mice are indicated by an
asterisk (angiogenic scoring) and a double asterisk (severity). Such
differences were present at day 5 and beyond (angiogenic scoring)
and at day 10 and beyond (HSK lesion severity).

Figure 7
TIMP-1 DNA inhibits MMP-9 activity at day 2 after infection. Groups
of animals were treated twice with 100 µg of TIMP-1, vector, and 
β-gal DNA intraocularly 6 and 3 days before virus infection and were
infected with 106 PFU of HSV-1 RE on their scarified corneas 3 days
after a second treatment of DNAs. At day 2 after infection, animals
were sacrificed, and corneas were excised and pooled from six eyes
and homogenized. Corneal extract samples (20 µg/lane) were ana-
lyzed by gelatin zymography. Lane 1: human zymography standard;
lane 2: corneas treated with vector DNA; lane 3: corneas treated with
β-gal DNA; lane 4: corneas treated with TIMP-1 DNA. The data rep-
resent a single experiment from two independent experiments with
four mice in each group.



was shown to contribute to the neovascularization
process that occurs in the corneal stroma in response to
HSV infection. The likely source of MMP-9, at least ini-
tially after infection, was neutrophils that are signaled
to invade the cornea soon after infection. Corneal-infil-
trating neutrophils were shown to express MMP-9, and
preventing the neutrophil response with specific mAb
diminished MMP-9 expression as well as the extent of
angiogenesis. Further supporting a role for MMP-9 in
HSV-induced corneal angiogenesis was the observation
that inhibition of MMP-9 with the specific inhibitor
TIMP-1 resulted in reduced angiogenesis. In addition,
angiogenesis was diminished in ocularly infected 
MMP-9–/– mice. Our results demonstrate that MMP-9 is
involved in angiogenesis caused by HSV. Since angio-
genesis appears to represent a vital step in the patho-
genesis of herpetic stromal keratitis (15), these results
indicate that targeting MMP-9 for inhibition should
prove useful for the therapy of HSK.

Neovascularization of the cornea is a prominent
event following HSV infection of the mouse eye.
Growth of new blood vessels from the limbus are evi-
dent as early as 24 hours after infection, with vessels in
some instances growing to the central cornea by 14
days after infection (16). By this time, lesions of HSK
have become evident. Characteristically, the virus repli-
cates for only a few days in corneal epithelial cells, but
angiogenesis and the stromal immunoinflammatory
reaction progress in severity for 2–3 weeks (17, 18).
Since inhibiting angiogenesis, at least if begun early,
diminished the severity of HSK, we have suggested
that neovascularization of the cornea is a necessary
step in the pathogenesis of HSK (18). It likely serves to
provide access to the cornea of T lymphocytes that
orchestrate the immunoinflammatory lesions of HSK.
A crucial unsolved problem is to explain how a rela-
tively brief period of HSV replication in the corneal
epithelium leads to the rapid angiogenic sprouting
from vessels at the corneal limbus, which ultimately
may involve almost the whole cornea. We anticipate
that the infection signals the production of many mol-
ecules involved both in angiogenesis and inflamma-
tion. This report is the first, to our knowledge to doc-
ument a potential role of MMP-9 in HSV-induced

angiogenesis. However, MMP-9 is well-known to be
involved in several tumor angiogenesis systems (19, 20,
21) and has also been shown to participate in ocular
wound healing (22, 23).

The role MMP-9 is assumed to play in angiogenesis
is that of to facilitating the growth of new blood ves-
sels by breaking down the extracellular matrix (24). As
observed in our experiments, the lack of MMP-9
reduced but did not abrogate angiogenesis. This
result was not unexpected, since many additional
groups of molecules can participate in angiogenesis,
usually by distinct stimulatory effects on vascular
endothelial cells (25, 26). For instance, we know from
previous results with ocular HSV infection that the
VEGF family of proteins are involved in angiogenesis
(2). In addition, certain chemokines produced fol-
lowing HSV-1 ocular infection, such as MIP-2 (27),
might also contribute to angiogenesis. Given this
complexity, it may prove difficult in clinical situations
to successfully control angiogenesis unless a cocktail
of inhibitors are employed.

MMP-9, however, represents a logical target for ther-
apy, since this component acts as the principal degrad-
er of the extracellular matrix (ECM), at least in certain
tumor angiogenesis systems (28, 29). Moreover, ECM
degradation appears to represent an essential step in
angiogenesis (30), facilitating the growth of angiokine-
stimulated vascular components. Consequently, the
function of MMP-9 is expected to amplify the effect of
other angiogenesis factors. Indeed, in our studies we
demonstrated that inhibiting MMP-9, as could be done
with the specific inhibitor TIMP-1, also served to inhib-
it angiogenesis mediated by VEGF. Such results could
mean that the combined use of reagents that inhibit
MMP-9, along with specific inhibitors of certain angio-
genesis factors, may achieve more complete control of
ocular angiogenesis. We are currently testing such
notions in our HSV angiogenesis model.

Early after HSV infection, the cellular source of
MMP-9 was shown to be the neutrophils that
promptly invade the corneal stroma following HSV
infection of the overlying epithelium. Preventing this,
neutrophil response both diminished detectable 
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Figure 9
TIMP-1 DNA reduces VEGF-induced angiogenesis by inhibition of
MMP-9 activity. Groups of mice were treated intraocularly with
TIMP-1 DNA or vector DNA, and hydron pellets containing rh VEGF
(90 ng) were implanted into the corneal pellets. At day 4 after treat-
ment, animals were sacrificed, and corneas were excised and pooled
from eight eyes and homogenized. The concentrations of protein
were measured by the Bradford method. Corneal extract samples (20
µg/lane) were analyzed by gelatin zymography. Similar results were
obtained in three independent experiments. Lane 1: corneal sample
from TIMP-1 DNA–treated group; lane 2: corneal sample from vec-
tor DNA–treated group.

Figure 8
Pretreatment of TIMP-1 DNA inhibits recombinant VEGF-induced
angiogenesis. Groups of mice were treated intraocularly with 
TIMP-1 DNA or vector DNA, and hydron pellets containing rhVEGF
(90 ng) were implanted into the corneal pockets. The total number
of neovessels originating in the limbus and the area of neovascular-
ization were calculated. Data are compiled from two separate exper-
iments (five mice per group) with similar results. P < 0.05.



levels of MMP-9 and reduced the extent of angiogen-
esis. However, it is not clear if neutrophils remain as
the only source of MMP-9 or, in fact, if the function
of MMP-9 is necessary after the initial stages of HSV-
induced angiogenesis. It could well be that only a cer-
tain degree of corneal neovascularization is actually
required to permit invasion by inflammatory T cells
and other cell types involved in lesions of HSK. In
line with this, our preliminary investigations have
indicated that there is no benefit, in terms of the
progress of HSK, of inhibiting neovascularization
after the initial stage. Ultimately, to fully control
HSK lesions could require approaches that reverse
established angiogenesis. This issue is under investi-
gation in our laboratory.
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