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Extensive limbal injury is a leading cause of irrevers-
ible blindness. The destruction of corneal limbal stem
cells often results in corneal neovascularization and
an optically inferior epithelium. Previous work has
shown that the neovascularization after limbal injury
is vascular endothelial growth factor (VEGF)-depen-
dent, with much of the VEGF emanating from the
inflammatory cells that invade the cornea. Using a
relevant mouse model of limbal injury, we examined
the role of CD18 and intercellular adhesion mole-
cule-1 (ICAM-1) in limbal injury-induced neovascular-
ization. The results show that CD18- and ICAM-1-defi-
cient mice developed 35% (n 5 5, P 5 0.003) and 36%
(n 5 5, P 5 0.002) less neovascularization than strain-
specific normal controls, respectively. The corneal
neutrophil counts were similarly reduced by 51%
(n 5 5, P < 0.003) and 46% (n 5 5, P < 0.006),
respectively. When VEGF mRNA levels were analyzed,
they were reduced by 66% (n 5 3, P 5 0.004) and 48%
(n 5 3, P 5 0.024), respectively. Taken together, these
data identify CD-18 and ICAM-1 as mediators of the
inflammatory and VEGF-dependent corneal neovas-
cularization that follows limbal injury. The targeting
of CD18 and ICAM-1 may prove useful in the treat-
ment of inflammation-associated neovascularization
in the cornea and elsewhere. (Am J Pathol 2000,
157:1277–1281)

When the ocular surface suffers extensive damage, as
occurs with alkali injury, corneal limbal stem cells are
destroyed. When the corneal limbal stem cells are de-
pleted below a certain threshold, the cornea becomes
covered by an abnormal conjunctiva-like epithelium. The
process has been termed “conjunctivalization.”1 A con-
junctivalized corneal epithelium lacks the smoothness
and cohesion of the normal corneal epithelium, making it

optically inferior and prone to erosions. It is also heavily
vascularized.

Corneal neovascularization may be required for con-
junctivalization. When a laser was used to selectively
photothrombose corneal vessels in an animal model of
limbal injury, the conjunctivalized corneal epithelium re-
verted to a more normal corneal epithelial phenotype.2

Although the epithelium covering the cornea remained
conjunctival in origin, it adopted many of the phenotypic
characteristics of corneal epithelium.

The neovascularization that follows limbal injury re-
quires, in part, vascular endothelial growth factor
(VEGF).3 Immunolocalization studies in rats have demon-
strated that transmigrating and invading corneal leuko-
cytes provide much of the requisite VEGF that drives
corneal neovascularization.3 Because leukocytes use ad-
hesion molecules in the course of the inflammatory re-
sponse, the role of these molecules, specifically CD18
and intercellular adhesion molecule-1 (ICAM-1), was ex-
plored in a mouse model of limbal injury and corneal
neovascularization.

Materials and Methods

Corneal Neovascularization Model

All animal experiments were approved by the Children’s
Hospital Animal Care and Use Committee and conformed
to the Association for Research in Vision and Ophthal-
mology guidelines. Male CD 18-deficient mice (C57BL/
6J-Itgb2tm1bay)4and ICAM-1-deficient mice (C57BL/6J-
Icam1tm1Bay)5 were purchased from Jackson Labs. (Bar
Harbor, ME), as were normal male C57BL/6J mice, which
served as controls. The mice were anesthetized with 70
to 80 mg/kg intraperitoneal Nembutal sodium solution
(Abbott Laboratories, North Chicago, IL). NaOH (1.2 ml of
0.15 mol/L) was applied topically and the corneal and
limbal epithelia were removed using a Tooke corneal
knife (Arista Surgical Supply, Inc., New York, NY). A
rotary motion parallel to limbus was used to remove the
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limbal epithelium. Erythromycin ophthalmic ointment
(Pfizer Inc., New York, NY) was instilled immediately after
epithelial debridement.

Measurement of Corneal Neovascularization

On days 2, 4, and 7 after epithelial debridement, cohorts
of mice received 8 mg/g tail vein injections of an endo-
thelial-specific fluorescein-conjugated lectin (Lycopersi-
con esculentum) (Vector Laboratories, Burlingame, CA).
Thirty minutes later, the eyes were harvested and fixed
with 10% neutral buffered formalin for 24 hours. The
corneas were isolated and flat-mounted on glass slides.
The fluorescence in the perfused vessels was captured
using a CD-330 charge-coupled device camera (Dage-
MTI, Inc., Michigan, IN) attached to a Leica MZ FLIII
fluorescence microscope (Leica Microsystems Inc.,
Deerfield, IL) controlled by Openlab software (Improvi-
sion Inc., Lexington, MA). The images were fed into a
Macintosh 6500 computer (Apple, Cupertino, CA) and
were resolved at 624 3 480 pixels and converted to
tagged information file format (.tiff) files. NIH Image 1.62
(National Institutes of Health, Bethesda, MD) was used
for the image analysis and a modified quantitation proto-
col was used.6 Briefly, the neovascularization was quan-
tified by setting a threshold level of fluorescence, above
which only vessels were captured. The entire flat-
mounted cornea was analyzed to minimize sampling
bias. The neovascularization quantitation was performed
in a masked manner. The total corneal area was outlined
using the innermost vessel of the limbal arcade as the
border. The total neovascularization area was then nor-
malized to the total corneal area. The percent of the
cornea covered by vessels was then calculated.

Corneal Polymorphonucleocyte (PMN) Counts

PMN were quantified in the corneas on days 2, 4, and 7
after epithelial debridement. The corneas were fixed in
10% neutral buffered formalin, embedded in paraffin, cut
into 5-mm-thick sections and transferred to glass slides.
The cornea sections were stained in modified Geimsa
(Sigma Diagnostics, St. Louis, MO) diluted 1:20 with dis-
tilled water for 30 minutes followed by rinsing in distilled
water. A cell was deemed a PMN when a multilobed
nucleus was clearly identified in cross-section. One
cross-sectional slide from the anatomical center of each
cornea was analyzed. Five standardized high-powered
fields per tissue section were counted using a 3100
objective (two peripheral, two mid-peripheral, and one
central). The two peripheral high-powered fields abutted
the limbus. The central high-powered fields encom-
passed the anatomical center of the cornea. The two
mid-peripheral high-powered fields were midpoint be-
tween the central and peripheral high-powered fields The
PMN counts from all five high-powered fields were com-
bined and expressed as PMN counts/five high-powered
fields The counts were performed in a masked manner.

Measurement of Corneal VEGF mRNA Levels

On days 2, 4, and 7 after epithelial debridement, total
RNA was isolated using the RNAqueous (Ambion Inc.,
Austin, TX) or RNAzol (Tel-Test, Inc., Friendswood, TX)
kits, according to the manufacturer’s instructions. One
microgram of total RNA was reverse-transcribed using
the RETROscript kit (Ambion Inc.) according to manufac-
turer’s instructions. Reverse transcriptase-polymerase
chain reaction (RT-PCR) was performed on corneal VEGF
mRNA using the Gene-Specific Relative RT-PCR system
(Ambion Inc.) according to the manufacturer’s instruc-
tions. Briefly, the VEGF and 18S primer pairs produced
products of 322 bp or 495 bp, respectively. To compen-
sate for the variations in RT and PCR reactions, multiplex
RT-PCR was performed using the VEGF and 18S primer
sets in a single PCR reaction. The 18S cDNA served as
an endogenous control. The level of VEGF product was
normalized against the amplified 18S control. A prelimi-
nary PCR amplification experiment was performed to de-
termine the range of cycles over which the PCR reaction
was quantifiable. The amplification efficiency of the 18S
cDNA was titrated to that of VEGF cDNA using the Com-
petimer supplied in the kit (Ambion Inc.). The exponential
phases of the amplifications were made to overlap. All
PCR quantitation data were obtained from the exponen-
tial phase of the amplification. The PCR reaction took
place in a 50-ml total volume containing 1-ml cDNA solu-
tion, 103 PCR buffer, 2.5 mmol/L each of dNTPs, the
supplied VEGF primer pair, the supplied 18S primer:
Competimer mixture, 5 U of Taq polymerase, and distilled
water. The amplification was performed in a GeneAmp
PCR System 2400 (Perkin Elmer Inc., Norwalk, CT) using
one cycle at 94°C for 5 minutes, 29 cycles at 94°C for 30
seconds, annealing at 59°C for 30 seconds, extension at
72°C for 30 seconds, and one cycle of final extension at
72°C for 7 minutes. Twenty ml of PCR product was elec-
trophoresed in a 5% acrylamide gel and was stained with
CYBR Green (FMC BioProducts, Rockland, ME). The op-
tical density of the bands was quantitated using NIH
image 1.62 and expressed in arbitrary units as a ratio of
VEGF:18S electrophoretic band optical density.

Statistical Analysis

Statistical analysis was performed using the two-way fac-
torial analysis of variance test followed by Fisher’s pro-
tected least significant difference for multiple compari-
sons. All tests were completed using StatView 5.0 (SAS
Institute Inc., Cary, NC). A P value of ,0.05 was deemed
significant.

Results

Corneal Neovascularization Is Reduced in
CD18- and ICAM-1-Deficient Mice

To determine whether CD18 and ICAM-1 are important in
the development of the corneal neovascularization after
limbal injury, neovascularization was quantitated 2, 4,
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and 7 days after epithelial debridement. Compared to
strain-specific controls, the CD18-deficient mice had
35% less neovascularization (day 7, n 5 5, P 5 0.003)
(Figures 1 and 2). Similarly, the ICAM-1 deficient mice
had 36% less neovascularization than the control mice
(day 7, n 5 5, P 5 0.002) (Figures 1 and 2). Uninjured
corneas did not exhibit any neovascularization.

Corneal PMN Density Is Reduced in CD18- and
ICAM-1-Deficient Mice

To determine whether the inhibition of corneal neovascu-
larization was associated with decreased inflammation,
corneal PMN counts were performed 2, 4, and 7 days
after epithelial debridement. The 2-day time point mani-
fested maximum corneal opacity and corneal leukocyte

infiltration via slit lamp. Compared to the strain-specific
controls, the CD18- and ICAM-1-deficient mice had 51%
(day 2, n 5 5, P , 0.003) and 46% (day 2, n 5 5, P ,
0.006) fewer PMN, respectively (Figure 3). Uninjured cor-
neas did not possess any PMN.

VEGF mRNA Levels Are Reduced in CD18- and
ICAM-1-Deficient Mice

Semiquantitative PCR was performed to assess relative
VEGF mRNA levels in the corneas of mice 2, 4, and 7
days after epithelial debridement. The 2-day time point
previously manifested maximal VEGF expression.3 VEGF
mRNA levels were decreased by 65% (day 2, 4.72 6
1.97, P 5 0.004) and 48% (day 2, 7.07 6 2.22, P 5 0.024)
in the CD18- and ICAM-1-deficient mice, respectively, as
compared to the strain-specific controls (day 2, 1.318 6
0.401) (mean 6 SD) (Figure 4). VEGF was not detected in
the uninjured corneas using the RT-PCR protocol de-
scribed above.

Discussion

The results of the current study indicate that CD18 and
ICAM-1 are required, in part, for the corneal neovascu-
larization and inflammation that follow limbal injury. Nota-
bly, the extent of the requirement for CD18 and ICAM-1
may be greater than what was documented in these
studies. This is because the mice used in these studies
possess hypomorphic rather than null alleles for CD184

and ICAM-1.7 In the case of the CD18-deficient mice, the
homozygous mutant mice retain 2 to 16% of normal gran-
ulocyte CD18 expression, the exact amount varying with
the state of granulocyte activation.4 A mild systemic leu-
kocytosis in both knockout mice has been previously

Figure 1. Examples of corneal neovascularization 7 days after epithelial
debridement. The corneas come from a normal C57BL6J mouse (left), an
ICAM-1-deficient mouse (middle), and a CD18-deficient mouse (right).
Vessels were highlighted via intravenous injections of fluorescein-linked
Lycopersicon esculentum lectin. KO, knockout. Original magnification,
35.12; scale bar, 100 mm. Image size of 200 3 300 pixels is shown from the
acquired image of 624 3 480 pixels.

Figure 2. Percent area of corneal neovascularization 2, 4, and 7 days after
epithelial debridement. The area of neovascularization is shown as the
percent of total corneal area. KO, knockout. *, Denotes P , 0.05 versus other
conditions at same time point.

Figure 3. The total number of PMN in five standardized high-power fields
from corneas 2, 4, and 7 days after epithelial debridement. KO, knockout. *,
Denotes P , 0.05 versus other conditions at same time point.
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reported4,5 and was confirmed here (data not shown).
The systemic leukocytosis makes the corneal granulocy-
topenia documented in the mutant mice all the more
significant. Nevertheless, it is also likely that non-ICAM-
1/CD18/VEGF mechanisms are operative. The continued
neovascularization after the early peak in VEGF expres-
sion and PMN infiltration on day 2 suggests the partici-
pation of additional factors. However, taken together, the
results strengthen the conclusion that CD18 and ICAM-1
are required for corneal inflammation in this model of
limbal injury.

VEGF has previously been shown to be required for
corneal neovascularization in this model.3 The current
study extends these data by showing that CD18 and
ICAM-1 seem to be causally linked to the VEGF-depen-
dent corneal neovascularization. Corneal leukocytes, via
their own VEGF, have been shown to constitute the ma-
jority of the VEGF gene expression in the injured cornea.3

The current data suggest that with the prevention of
CD18- and ICAM-1-dependent leukocyte emigration,
less leukocyte VEGF is present, thereby suppressing
corneal neovascularization. VEGF is known to exist in
leukocytes, including neutrophils,8 monocytes,9 eosino-
phils,10 lymphocytes,11 and platelets.12 It is therefore not
surprising that VEGF is present in the neutrophils and
monocytes that infiltrate the cornea after limbal injury.3

The fact that some leukocytes possess high-affinity VEGF
receptors and migrate in response to VEGF13 suggests a
positive feedback loop may also be operative. Another
potential contributor to the feedback loop is VEGF itself,
as it can up-regulate ICAM-1, VCAM, and P-selectin, and
E-selectin on endothelial cells.14–16

The results of the current study are also consistent
those of Sholley and co-workers.17 In that study, leuko-
cyte depletion via somatic irradiation and anti-neutrophil

antibody infusion was shown to reduce corneal neovas-
cularization. Although their method of inducing corneal
neovascularization did not involve limbal injury, a link
between inflammation and neovascularization was estab-
lished.

Finally, because limbal injury characterizes a number
of difficult-to-treat conditions, including alkali injury,
Stevens-Johnson syndrome, and cicatricial pemphigoid,
the current findings suggest that CD18 and ICAM-1 inhi-
bition may be useful in these conditions. All three condi-
tions are characterized by the destruction of limbal stem
cells and corneal neovascularization. Small molecule
CD18 and ICAM-1 inhibitors may prove useful when ap-
plied topically. The current findings may also prove rele-
vant to neovascularization elsewhere in the body, where
leukocytes and growing vessels are often found in close
proximity.18
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