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PURPOSE. To evaluate the effects of dry eye on ocular surface protease activity and sight
threatening corneal complications following ocular surface chemical injury.

METHODS. C57BL/6 mice were subjected to unilateral alkali burn (AB) with or without
concomitant dry eye for 2 or 5 days. Mice were observed daily for appearance of corneal
perforation. Whole corneas were harvested and lysed for RNA extraction. Quantitative real-
time PCR was performed to measure expression of inflammation cytokines, matrix
metalloproteinases (MMP). Matrix metalloproteinase–9 activity, gelatinase activity, and
myeloperoxidase (MPO) activity were evaluated in corneal lysates. Presence of infiltrating
neutrophils was evaluated by immunohistochemistry and flow cytometry.

RESULTS. Eyes subjected to the combined model of AB and dry eye (CM) had 20% sterile
corneal perforation rate as soon as 1 day after the initial injury, which increased to 35% by 5
days, delayed wound closure and increased corneal opacity. Increased levels of IL-1b, -6, and
MMPs-1, -3, -8, -9, and -13, and chemokine (C-X-C motif) ligand 1 (CSCL1) transcripts were
found after 2 days in CM compared with AB corneas. Increased MMP-1, -3, -9, and -13
immunoreactivity and gelatinolytic activity were seen in CM corneas compared with AB.
Increased neutrophil infiltration and MPO activity was noted in the CM group compared with
AB 2 days post injury.

CONCLUSIONS. Desiccating stress worsens outcome of ocular AB, creating a cytokine and
protease storm with greater neutrophil infiltration, increasing the risk of corneal perforation.
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Eye injuries in the military and civilian population are
frequent events.1–4 The main causes of eye injuries in the

military has changed with changes in strategy and weaponry.
These include sharp, blast fragmentation, penetrating, and
perforating injuries of the globe, occasionally with intraocular
foreign bodies to ocular surface chemical, thermal, nuclear,
and laser burns.5,6 Sulfur mustard gas can potentially cause
severe ocular surface injury, including blepharospasm, lid
edema, and corneal ulceration. This chemical warfare agent
has been in several military conflicts, including the recent
Iran–Iraq War.7,8

Barely detected in an unwounded cornea, matrix metal-
loproteinases (MMPs) are strongly induced during wound
healing and chemical burns. The MMP family includes more
than 25 members that can be divided into collagenases (MMPs-1,
-8, and -13, that degrades collagen types I, II, and III); gelatinases
(MMP-2 and -9 that degrade collagen types IV, V, VII, and X as
well as decorin, fibronectin, and laminin); stromelysins (MMP-3
and -10); matrilysins (MMP-7 and -26 that degrade proteoglycans,
laminin, and glycoproteins substrates); and the membrane-type
MMPs that are bound to epithelial cell membranes, and can
activate MMPs, according to their structure and substrate
specificity (MMP-14 to -17 and -24).9–12 Collectively, these MMPs
are able to degrade the entire extracellular matrix and basement
membranes components.

Both chemical and thermal injuries to the surface of the eye
have a high potential to cause blindness. These injuries often
damage the epithelium covering the cornea, conjunctiva, and
eyelid margins and in more severe cases destroy the stem cells
that renew these epithelia. In many cases, the supporting
stromal cells and matrix are damaged and chronic inflammation
is induced. Furthermore, most patients with severe ocular
surface injuries develop a secondary dry eye due to destruction
of tear producing cells, which has the potential to worsen the
outcome. In addition to lubricating the ocular surface, the tears
contain numerous growth and anti-inflammatory factors that
are essential for wound repair and suppressing inflammation
and tissue destruction.

The controlled desiccating environment many of us live in is
under recognized as an initiator of dry eye–induced ocular
surface inflammation. Virtually all modern office buildings are
air-conditioned, often with high flow, low humidity air. Low
humidity (in offices, aircraft cabins, deserts, and winter season)
impacts tear film and ocular health.13 While it is currently
known that low humidity exposure increases tear evaporation
rate and increases frequency of eye irritation,14,15 specific
inflammatory pathways/mediators that are stimulated are
poorly understood.

The purpose of this study was to study the effects of dry eye
on ocular surface protease activity following corneal chemical
injury. A combined model of alkali burn (AB) and dry eye was
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used to evaluate the effects of experimental dry eye on
inflammatory cytokines, chemokines, and MMPs (-1, -2, -3, -8,
-9, -12, and -13) after ocular surface chemical injury and the
consequences of increase protease activity on corneal epithe-
lial healing.

MATERIALS AND METHODS

Animals

This research protocol was approved by the Baylor College of
Medicine Center for Comparative Medicine (Houston, TX,
USA), and it conformed to the standards in the ARVO Statement
for the use of Animals in Ophthalmic and Vision Research.

Unilateral Alkali Burn

After systemic anesthesia with isoflurane using a vaporizer
(SomnoSuite; Kent Scientific, Torrington, CT, USA), a unilat-
eral AB was created on the right eye of 6- to 8-week-old
C57BL/6 mice. This was achieved by placing one 2-mm
diameter filter paper disc that had been presoaked with 1N
NaOH on the central cornea for 10 seconds, followed by
extensive rinsing with balanced salt solution (Alcon, Fort
Worth, TX, USA), as previously described.16 Precautions were
taken to avoid damage to the peripheral cornea, conjunctiva,
and lids. Alkali burn was created at day 0 and animals were
euthanized after 2 or 5 days. A separate group of animals (n¼
6) were followed for up to 21 days. The contralateral eyes
served as untreated (UT) controls. A separate group of mice
that received unilateral AB were also subjected to desiccating
stress (DS) after anesthetic recovery for 2 or 5 days (ABþDS,
referred to as the combined model ¼ CM). The contralateral
eyes served as desiccating stress controls (not AB, but in a low
humidity environment).

Desiccating stress was induced in female C57BL/6 mice
aged 6 to 8 weeks by sterile subcutaneous injection of 0.5 mg/
1 mL scopolamine hydrobromide (Sigma-Aldrich Corp., St.
Louis, MO, USA) quater in die (QID) into alternating flanks and
exposure to a drafty low humidity (<30% relative humidity)
environment for 2 or 5 days (DS, DS2, and DS5, respectively) as
previously described.17 Mice subjected to AB or CM received
no eyedrops or antibiotics.

At least 45 animals without corneal perforations were used
per group (AB and CM) and per time point: 12 for histology (6
for frozen sections and 6 for paraffin), 12 for corneal opacity
and wound closure, 15 for real-time PCR, 4 for myeloperox-
idase assay, 4 for MMP-9 assay, and 10 for flow cytometry.
Corneal opacity and wound closure rate were evaluated in 12
live mice that were used for either histology, PCR, or flow
cytometry. Contralateral eyes in the AB group were used as
untreated controls; while contralateral eyes in CM group were
used as DS controls. Whenever an ocular perforation was
observed, mice were euthanized, and removed from the study
with the exception of the histology as shown in Figure 1.

Clinical Findings: Ocular Perforation and Opacity
Score

All eyes in each treatment group were examined daily under a
microscope (SMZ 1500; Nikon, Melville, NY, USA) for the
presence of any corneal perforation. Once corneal perforation
was observed, mice were euthanized. Perforated corneas were
not used for any experiments other than the histology. The
number of corneal perforations occurring each day was
recorded and survival curves were calculated using Graph
Pad Prism 6.0 software (GraphPad Software, Inc., San Diego,
CA, USA).

Corneal edema and opacity were graded by two masked
observers in images taken with a microscope equipped with a
color digital camera (DS-Fi1; Nikon) by the method described
by Yoeruek.18 Corneal opacity was scored using a grading
scale of 0 to 4: grade 0 ¼ completely clear; grade 1 ¼ slightly
hazy, iris and pupils easily visible; grade 2 ¼ slightly opaque,
iris and pupils still detectable; grade 3¼ opaque, pupils hardly
detectable, and grade 4¼ completely opaque with no view of
the pupils.

Measurement of Corneal Epithelial Defect

Corneal epithelial healing was assessed daily in the experi-
mental groups (four individual right corneas/group/experi-
ment; three sets of experiments). Briefly, 1 lL 0.1% liquid
sodium fluorescein was instilled onto the ocular surface.
Corneas were rinsed with PBS and photographed with a
stereoscopic zoom microscope (SMZ 1500; Nikon) under
fluorescence excitation at 470 nm (DS-Qi1Mc; Nikon). Corneal
epithelial defects were graded in digital images by two masked
observers in a categorical manner (present/absent) to generate
a survival curve. Biological replicate scores were transferred to
excel database where the results were analyzed.

Ocular Cultures

Cornea and conjunctiva of mice that developed corneal
perforations were swabbed using sterile cotton swabs and
plated on sheep blood agar and transported to the microbiol-
ogy laboratory at the Methodist Hospital (Houston, TX, USA)
for routine bacterial and fungal cultures to identify any
potential microbial infection as cause for the corneal perfora-
tion. Culture plates were read each day for the first 2 days and
then again at the seventh day after seeding.

Histology and Immunostaining

Mice were euthanized either 2 or 5 days after initial injury. Eyes
and adnexae (n ¼ 6/experimental group/time point) were
surgically excised, fixed in 10% formalin, paraffin embedded,
and 8-lm tissue sections were cut. These sections were stained
with hematoxylin and eosin (H&E) for evaluating morphology
and inflammatory signs. They were examined and photo-
graphed with a microscope equipped with a digital camera
(Eclipse E400 with a DS-Fi1; Nikon).

For immunohistochemistry, additional eyes and adnexae
from each group/time point (n ¼ 6/experimental group/time
point) were excised, embedded in optimal cutting temperature
compound (VWR, Suwanee, GA, USA), and flash frozen in liquid
nitrogen. Sagittal 8-lm tissue sections were cut with a cryostat
(HM 500; Micron, Waldorf, Germany) and placed on glass slides
that were stored at �808C. Immunohistochemistry was per-
formed to detect neutrophils using rat anti-Gr-1 antibody (Ly6G,
1:250, clone 1A8; BD Pharmingen, San Diego, CA, USA).
Cryosections were stained with the primary antibody and
appropriate biotinylated secondary antibody (1:100 biotin goat
anti-rat; BD Pharmingen) using a Vectastain Elite ABC kit and
Nova Red reagent (Vector, Burlingame, CA, USA). Six sections
from each animal/group/time point were examined and
photographed with microscope equipped with a digital camera
(Eclipse E400 with a DS-Qi1Mc; Nikon). The numbers of Gr-1
positive (þ) cells were counted in cornea sections from each
animal at 320 magnification and results were averaged and
expressed as the number of positive cells per cornea.

Immunofluorescent staining for IL-1b and MMPs was
performed in frozen tissue sections with rabbit polyclonal
antibody anti–MMP-1 (1:50, NBP1-77209; Novus Biologicals,
(Littleton, CO, USA), anti–MMP-9 (1:100 dilution; Santa Cruz
Biotechnology, Dallas, TX, USA), anti–IL-1b (1:100; Upstate-
Millipore Corp., Bedford, MA, USA), and goat anti–MMP-3 and
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anti–MMP-13 (1:100, SC6839 and SC-123630, respectively, both

from Santa Cruz Biotechnology). Secondary goat-anti rabbit or

donkey anti-goat Alexa-Fluor 488 conjugated IgG antibodies

were used, as previously described.19 The images were captured

and photographed by a Nikon fluorescence microscope (Eclipse

E400 equipped with a DS–F1 digital camera).

RNA Isolation and Quantitative PCR

Five whole corneas/group/time point/per experiment (total of

three independent experiments) were excised, minced, and

total RNA was extracted using a Qiagen MicroPlus RNeasy

isolation Kit (Qiagen, Valencia, CA, USA) according to the

FIGURE 1. Dry eye jeopardized cornea integrity after AB injury. (A) Schematic of experimental design. A unilateral AB in the right cornea was
performed as described in the Materials and Methods. Mice were then kept in a normal vivarium room (resulting in AB and UT corneas) or subjected
to DS in a specially designed room (resulting in DS or combined model [CM¼ ABþ DS] corneas). (B) Digital images of bright field pictures from
control, AB, CM, and DS 5 days post injury. Note: perforation in the combined group. (C) Rate of ocular perforation in eyes subjected to AB and CM.
(D) Representative H&E staining of cryosections from control, AB, CM, and 5 days post injury. Perforated CM corneas developed massive
inflammatory infiltration forming waves of inflammatory cells within the cornea stroma. Cornea perforation is sealed by lens and iris. Alkali-burned
corneas had loose epithelium and moderate inflammatory cells in the cornea stroma and anterior chamber. Original magnification: 310. (E)
Representative digital images of corneas 1 hour after creation of AB lesion and representative pictures of open and closed wounds 2 and 5 days after
initial lesion used to generate the survival curve of corneal re-epithelization seen in (F). (F) Survival rate of wound closure in AB and CM groups. (G)
Representative bright field digital images of corneas showing opacification scale used to generate the graph seen in ([H]; corneal opacity score). (H)
Corneal opacity score in AB and CM groups. *P < 0.05; **P < 0.01; ****P < 0.0001.
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manufacturer’s instructions, quantified by a NanoDrop ND-
2000 Spectrophotometer (Thermo Scientific, Wilmington, DE,
USA) and stored at �808C. First-strand cDNA was synthesized
with random hexamers by M-MuLV reverse transcription
(Ready-To-Go You-Prime First-Strand Beads; GE Healthcare,
Inc., Arlington Heights, NJ, USA), as previously described.20

Real-time PCR was performed with specific Taqman minor
groove binder (MGB) probes (Applied Biosystems, Inc., Foster
City, CA, USA) and PCR master mix (Taqman Gene Expression
Master Mix), in a commercial thermocycling system (StepOne-
Plus Real-Time PCR System; Applied Biosystems), according to
the manufacturer’s recommendations. Quantitative real-time
PCR was performed using gene expression assay primers and
MGB probes specific for murine targets as described in the
Table. The hypoxanthine guanine phosphoribosyl transferase
(HPRT-1) gene was used as an endogenous reference for each
reaction to correct for differences in the amount of total RNA
added. The results of quantitative PCR were analyzed by the
comparative cycle threshold (CT) method where target change
¼ 2�(4)(4)C

T. The results were normalized by the CT value of
HPRT-1 and the relative mRNA level in the untreated group was
used as the calibrator.

Myeloperoxidase Assay

Myeloperoxidase (MPO) activity was measured using a
myeloperoxidase colorimetric activity assay kit as described
by the manufacturer (Sigma-Aldrich Corp.). Briefly, whole-
cornea lysates from AB, CM, or control corneas (n¼4 samples/
group/time point) were homogenized in MPO assay buffer and
the homogenate was centrifuged at 14,000g for 20 minutes at
48C. Total protein concentration was measured by the BCA
protein assay as previously described.17 A 50 lg/sample was
mixed with MPO assay buffer and MPO substrate, incubated at
room temperature for 2 hours, and then mixed with tetrame-
thylbenzidine probe. Fluorescence was measured at 412 nm
using a Tecan Infinite M200 plate reader (Tecan, Inc., San Jose,
CA, USA) equipped with Magellan V6.55 software (Tecan,
Inc.). Biological replicate samples were averaged. Results are
presented as mean 6 SEM (milliunits).

MMP-9 Activity Assay

Whole corneas were excised, rinsed, and homogenized in RIPA
buffer and the homogenate was centrifuged at 14,000g for
20 minutes at 48C. Total protein concentration of the whole-
cornea cell lysate (n ¼ 4/group/time point) was measured by

the BCA protein assay as previously described.17 Total MMP-9
enzyme activity was measured with a MMP activity assay kit
(Biotrak; Amersham Biosciences, Piscataway, NJ, USA) accord-
ing to the manufacturer’s protocol as previously published.21

In brief, 100 lL each pro–MMP-9 standard (0.125–4 ng/mL), 50
lg cornea extract and assay buffer (for blanks) were incubated
at 48C overnight in wells of a microtiter plate precoated with
anti–mouse-MMP-9 antibodies and washed. Total MMP-9
activity was measured by activating bound pro–MMP-9 with
50 lL 0.5 mM p-amino phenylmercuric acetate (APMA) in assay
buffer at 378C for 1.5 hours, followed by incubation with a
detection reagent at 378C for 2 hours. Active MMP-9 was
detected through its ability to activate a modified prodetection
enzyme that subsequently cleaved to its chromogenic peptide
substrate. Absorbance was read at 405 nm using a Tecan
Infinite M200 plate reader equipped with Magellan V6.55
software. The activity of MMP-9 in a sample was determined by
interpolation from a standard curve. Biological replicates were
averaged and the results were presented as mean 6 SEM (pg/
mL).

Gelatin Zymography

The relative amount of MMP-9 in whole-cornea lysates (n¼ 4/
group) was measured by gelatin zymography, using a
previously reported method.22,23 Whole-cornea lysates pre-
pared for MMP-9 activity (20 lg/sample) were fractionated in
an 8% polyacrylamide gel containing gelatin (0.5 mg/mL). The
gels were soaked in 0.25% Triton X-100 for 30 minutes at room
temperature, then incubated in a digestion buffer containing 5
mM phenylmethyl sulfonyl fluoride at 378C overnight. They
were stained with 0.25% Coomassie brilliant blue R-250 in 40%
methanol for 2 hours, then destained overnight in 10% acetic
acid. Gelatinolytic activities appeared as clear bands of digested
gelatin against a dark blue background of stained gelatin.

Flow-Cytometry Analysis of Infiltrating Cells in
Cornea

Single-cell suspensions of corneas (n ¼ 5/group/time point/
experiment, for a total of two experiments) were excised,
rinsed, and prepared by treatment of minced tissue fragments
with 0.1% collagenase D (60 minutes at 378C; Invitrogen-Gibco,
Carlsbad, CA, USA) and sequentially neutralized with media
and filtered, then resuspended and stained with anti-CD16/32
(BD Pharmingen), followed by cell-surface staining with FITC-
F4/80 (clone BM8; Biolegend, San Diego, CA, USA), PE-Gr-1
(clone 1A8; BD Pharmingen), and APC-CD45 (clone 30-F11; BD
Pharmingen). Single-cell preparations of bone marrow cells
obtained from control mice were stained with the same
antibodies and served as positive controls. Cells were kept on
ice until flow cytometry analysis was performed. A BD LSRII
Benchtop cytometer was used. The gating strategy was as
follows: lymphocytes were individually identified on the basis
of forward scatter and side scatter properties, subsequently
gated on the basis of forward scatter height versus forward
scatter area (singlets 1), then gated on side scatter height
versus side scatter area (singlets 2), followed by CD45
histogram gating. Propidium iodide exclusion was used to
discriminate live cells. At least 50,000 events were collected.
Results were analyzed with BD Diva software (version 2.1; BD
Pharmingen) and FlowJo software (version 10.07; Tree Star,
Inc., Ashland, OR, USA).

Statistical Analysis

Results are presented as the mean 6 SEM. Two-way ANOVA
with Bonferroni post hoc testing was used for statistical
comparisons of gene expression. P less than or equal to 0.05

TABLE. Taqman Probes Used for Real-Time PCR

Gene Name Symbol Assay ID*

Interleukin 1 alpha IL1-a Mm00439620

Interleukin 1 beta IL1-b Mm00434228

Interleukin 6 IL-6 Mm99999064

Chemokine (C-X-C motif)

ligand 1 CXCL1 Mm04207460

Matrix metalloproteinase 1 MMP-1 Mm00473493

Matrix metalloproteinase 2 MMP-2 Mm00439506

Matrix metalloproteinase 3 MMP-3 Mm00440295

Matrix metalloproteinase 8 MMP-8 Mm00439509

Matrix metalloproteinase 9 MMP-9 Mm00442991

Matrix metalloproteinase 12 MMP-12 Mm00500554

Matrix metalloproteinase 13 MMP-13 Mm00439491

Hypoxanthine guanine

phosphoribosyl transferase 1 Hprt-1 Mm00446968

* Identification number from Life Technologies (in the public
domain, www.lifetechnologies.com).
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was considered statistical significant. These tests were
performed using GraphPad Prism 6.0 software.

RESULTS

Concomitant Alkali Burn and Desiccating Stress

Leads to Ocular Perforation

Because environmental dry eye is an under recognized variable
in the management of severe burned patients, including the
ones treated in intensive care units, we have developed a CM
of AB and dry eye by subjecting mice to desiccating stress
immediately after anesthetic recovery following creation of AB

(Fig. 1A). We observed that eyes subjected to CM perforated as
early as 2 days post initial injury (20%) and the rate of
perforation in some experiments was up to 40% by day 5 (Figs.
1B, 1C), while eyes subjected to AB alone did not perforate.
Näıve and DS corneas did not perforate at all (data not shown).
Corneas that did not perforate in the initial 5 days post injury
did not perforate at later time point (even up to 21 days),
showing that the initial inflammatory has the greatest effect on
corneal integrity (Fig. 1C). Histologically, perforated corneas
subjected to the CM had collapsed anterior chamber, iris, and
lens tamponade, total loss of corneal epithelium and massive
infiltration of corneal stroma by inflammatory cells that
dissected into the cornea from the limbus (Fig. 1D). Microbial
cultures of perforated corneas and conjunctivas (n ¼ 6)

FIGURE 2. Early increase cytokine and MMP storm in combined model corneas. Relative fold of expression of IL-6 and MMPs-1, -2, -3, -8, -9, -12, and -13,
in whole corneas subjected to AB or CM. Bar graphs show means 6 SEM of one representative experiment with five samples per group/time point
(experiment was repeated thrice with similar results). *P < 0.05, **P < 0.01, ***P < 0.001, ****P < 0.0001.
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showed no microorganism growth, confirming the sterile
nature of the perforation. Eyes subjected to AB had a central
corneal epithelial defect and moderate inflammatory infiltra-
tion in the corneal stroma, but no perforation.

We evaluated wound closure by staining corneas with 0.1%
fluorescein daily and generated a survival curve of wound
closure based on presence/absence of epithelial wound
closure, independent of the area left to be closed (Figs. 1E,
1F). The CM corneas had delayed re-epithelization compared to
AB alone (40% vs. 100% by day 5, respectively, Fig. 1E). We also
graded daily corneal opacification in digital images captured
daily by masked examiners using a scale from 0 (transparent
cornea) to 5 (complete opaque cornea, Fig. 1G). We observed
higher residual cornea opacification in the CM group
compared with corneas subjected to AB alone (Fig. 1H).

Taken together, these results show that combining dry eye
with AB induces sterile corneal perforation in in up to 40% of
the cases, delays wound healing and increases corneal opacity.

Cytokine and MMPs Storm in the Combined Model

It has been recognized for decades that ocular surface
chemical/thermal injury stimulates production of tissue
degrading enzymes as part of the wound healing cas-
cade.16,22,24–26 Matrix degrading enzymes, including MMPs
have been identified as important factors in the inflammatory

and wound healing response of the ocular surface, particularly
in dry eye and ocular burns. Their induction during wound
healing is thought to play a role in extracellular matrix
remodeling, cytokine activation, and regulation of angiogene-
sis.

Because most of cornea perforations and greatest differenc-
es in cornea wound healing were seen early (at 2 and 5 days
post injury), we evaluated the levels of RNA transcripts
encoding IL-1a, IL-6, and MMPs-1, -2, -3, -8, -9, -12, and -13,
by real-time PCR using whole corneas harvested from all
groups at these same time points. Our results are presented in
Figure 2.

Two days post injury, both AB and CM groups had
significantly elevated expression of IL-6 and MMPs compared
with untreated corneas; however, CM significantly increased
IL-6 (83- vs. 17-fold), MMP-1 (75- vs. 63-fold), MMP-3 (4- vs. 0.7-
fold), MMP-8 (75- vs. 26-fold), MMP-9 (95- vs. 4-fold), MMP-13
(14- vs. 9-fold) mRNA transcripts compared with AB alone.
Desiccating stress corneas had upregulation of IL-6, MMPs-1, -3,
-8, and -9 compared with näıve corneas, however, this increase
was significantly lower than the one observed in the AB and
CM corneas. Five days post injury, AB corneas had significantly
elevated IL-6 and MMPs-1, -3, -8, and -9, mRNA transcripts
compared with the CM group (Fig. 2). Interleukin-1a was
equally elevated in both CM and AB groups after 2 and 5 days
post injury (2.7- vs. 1.7-fold and 2.5- vs. 3-fold, respectively)

FIGURE 3. Increased MMP protein expression in combined model of AB and dry eye. (A) Representative merged digital images of corneas
cryosections immunostained for MMP-1, -3, -13, and -9 (all in green) with propidium iodide nuclei counterstaining (red) in corneas subjected to AB,
DS, or CM. Scale bars: 50 lm. (B) Matrix metalloproteinase–9 activity in whole-cornea lysates in AB, CM, and untreated group. (C) Representative
zymogram showing MMP-9 bands whole-cornea lysates in the treatment groups. *P < 0.05, **P < 0.01, ***P < 0.001, ****P < 0.0001.
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compared with control corneas (data not shown). Desiccating
stress corneas had significantly elevated expression of MMP-3
and -9 after 5 days of desiccating stress, as we previously
reported.17,19,27

Matrix metalloproteinase–12, also known as macrophage
elastase, and produced by macrophages, fibroblasts, and
epithelial cells28–31 was equally elevated in both AB and CM
corneas 2 days after injury (15.85 6 1.66– vs. 12.97 6 0.65–
fold) but at 5 days its expression significantly increased in the
CM group (42.03 6 0.23– vs. 67.30 6 0.18–fold, P < 0.001).

The immunoreactivity of corneas to collagenases (MMP-1 and
-1332), MMP-3 (a physiological activator of MMP-933), and -9
were evaluated by immunostaining (Fig. 3A). Minimal staining of
MMPs-1, -3, -9, and -13 was noted in the control corneas, while
increased immunoreactivity was observed in the corneal
epithelium of CM, AB, and DS corneas (DS < AB < CM).

Among the MMPs, MMP-9 plays a prominent role being
produced by stressed cornea and conjunctival epithelial cells
and has both matrix degrading and proinflammatory activi-
ties.34–36 Matrix metalloproteinase–9 have been reported to
delay corneal wound healing.37 We evaluated MMP-9 activity in
whole-cornea lysates using an MMP-9 activity assay and
observed that the CM group had significantly higher levels of
active MMP-9 than AB both at day 2 and day 5 post injury (Fig.
3B). Gelatin zymography showed increased amounts of both
pro and active MMP-9 bands in the CM and AB groups
compared with control corneas (Fig. 3C); however, as
suspected from the MMP-9 activity assay, greater amounts of
pro and activated MMP-9 bands were present in the CM group.
Negligible amounts of MMP-2 were present in AB and CM
groups and they did not differ from untreated corneas.

These results indicated that the early peak of inflammatory
cytokines and MMPs in the CM group coincides with the time
period where most of the corneal perforations occur,
indicating that the early additive effect of dry eye with AB
jeopardizes corneal integrity.

Increased Infiltration of Neutrophils in the CM
Group

Polymorphonuclear leukocytes (neutrophils) are the first
inflammatory cells to migrate into sites of tissue injury. The
pathogenic role of neutrophils in AB can be appreciated as
neutrophil-depleted C57BL/6 corneas subjected to AB healed
faster than nondepleted controls.38

Interleukin-1 is a cytokine produced by epithelium,
fibroblasts, and neutrophils39,40 and participates in collagen
degradation by stimulating neutrophils.41 The chemokine
chemokine (C-X-C motif) ligand 1 (CXCL1) is crucial for the
recruitment of neutrophils to inflammatory sites.42 We
evaluated expression of IL-1b and CXCL1 in corneas subjected
to AB and CM and compared with controls. The CM
significantly increased IL-1b (72- vs. 11-fold) and CXCL1 (27-
vs. 5-fold) 2 days after injury compared with AB alone. At 5
days, IL-1b levels maintained elevated in CM (393- vs. 267-fold)
and similar levels of CXCL1 were seen 5 days post injury in
both models (~20-fold; Fig. 4A). Minimal expression of IL-1b
was seen in untreated corneas; however, AB and CM increased
immunoreactivity in corneal epithelium to IL-1b, which peaked
at day 5 post injury.

We evaluated presence of neutrophils in injured corneas by
immunohistochemistry using the Gr-1 marker, flow cytometry
and also by myeloperoxidase activity assay in whole-cornea
lysates. In a näıve cornea, a few resident neutrophils can be
found at the limbal area (data not shown). A significant influx
of Gr-1þ cells was observed in AB and CM groups 2 and 5 days
post injury; the infiltration was not restricted to the limbal area
(Fig. 4B, inset), but extended to the central cornea (Fig. 4B).

The CM corneas had the highest Gr-1þ cell counts (Fig. 4C)
compared with AB and UT corneas 2 days after injury. These
results were confirmed by flow cytometry as we observed a
significant increase in CD45þ cells in corneas subjected to AB
and CM (Fig. 4D); the majority of CD45þ infiltrating cells were
Gr-1þ cells. There was a significant increase in the frequency of
CD45þGr-1þ (neutrophils) cells in CM group compared with AB
alone 2 days post injury (Fig. 4E), while there was a lower
frequency of CD45þF4/80þ cells (macrophages) compared
with näıve corneas. The pattern of Gr-1þ infiltration was similar
to expression pattern of CXCL1 in cornea. These results are in
agreement with the literature that showed that neutrophils can
be found in central cornea as soon as 8 hours post injury.43

Because neutrophil infiltration peaked 2 days post injury,
we measured MPO activity at the same time point, because
MPO is the most abundant protein found in neutrophils. Our
results, presented in Figure 4G, demonstrate that significantly
higher MPO activity than control was seen in CM and AB
groups, and MPO activity in CM was higher than AB.
Myeloperoxidase activity in näıve control corneas was minimal,
confirming the immunohistochemistry and flow cytometry
results.

These results indicated that combining dry eye with AB
worsens the severity of AB by increasing neutrophil infiltration
and activity.

DISCUSSION

Eye injuries can be very costly. In a 10-year review of eye
injuries in the United States Army, Navy, and Air Force,
Buckingham and colleagues44,45 showed that the average
military eye injury misfortune results in 4.7 to 6.1 days lost
from work and has a cost ranging from $4222 to $9724. They
also estimated that there was an underreporting of eye trauma
data by at least 250%. Another underestimated factor is the cost
for ambulatory visits, which is estimated to vary from $8.9
million to $14 million among the Army, Navy, and Air Force.44

Therapeutic strategies for ocular surface chemical injuries have
attempted to favorably modify one or more aspects of this
process, during the acute phase. The visual outcomes from
these injuries still remain poor in large part due to inadequate
control of inflammatory and proteolytic components of the
wound healing response.46–48

Dry eye can contribute to the severity of chemical and
thermal injuries to the cornea, either during the initial healing
phase following the burn or during the late phases. Dry eye
can worsen the injury through a variety of events: reduced tear
clearance and wash out, decrease provision of growth factors,
and decrease corneal sensation and corneal exposure. Having
all this in mind, we created a combined model where
experimental dry eye is induced immediately after creation of
AB and anesthetic recovery. We found that inhibition of tear
production and exposure to desiccating environment markedly
worsened corneal inflammation and matrix degradation,
leading to perforation in nearly 40% of eyes. This was
accompanied by increased production of IL-1b, IL-6, and MMPs
mRNA transcripts as well as increased MMP-9 activity and
MMP-1, -3, -13, and -9 immunoreactivity in corneal epithelium
and increased frequency and function of neutrophils.

We observed that perforated corneas in the CM group
showed detached epithelium, disrupted Bowman layer, and
stromal ulceration. Although the basement membrane is not
directly subjected to alkaline agents placed on the surface of
the eye, its degradation by MMPs (collagenases and gelatinases)
secreted by damaged or infiltrating cells contributes to the
pathogenic ulceration and perforation of the stroma.49 Stromal
ulceration did not develop following alkali injury, in a

Desiccating Stress and Alkali Burn IOVS j July 2015 j Vol. 56 j No. 8 j 4914



standardized AB rabbit model using sodium hydroxide

concentrations equal to or below 1N.50 Healing after AB is

characterized by extended inflammatory cell infiltration of the

stroma, persistent epithelial defect, and degradation of the

basement membrane and corneal neovascularization in late

phases. In tissue sections from humans, different cell types can

produce MMPs: neutrophils, stromal fibroblasts, and epithelial

cells. It is important to note, however, that the cellular sources

of collagenase appear to be somewhat species-dependent.51

Studies in animal models of chemical or thermal injury revealed

that there are very few fibroblasts in newly ulcerating corneas,

due to cell death from the initiating agent. In the AB cornea,

the epithelium surrounding the wound has long been thought

to participate in stromal destruction.

We observed a significant increase in MMPs-1, -8, and -9
mRNA levels in the CM group compared with AB and DS. The
activation of p38 MAPK alone has been shown to induce
expression of MMP-1 and -3 in an activator protein 1
independent manner by stabilizing the corresponding mRNAs
in human skin fibroblasts.52 We have previously reported that
DS upregulates MMPs, in particular MMP-3, and MMP-9
transcripts in the corneal epithelium.19 The precise regulatory
mechanisms inducing MMP production in wound healing have
not yet been fully elucidated despite extensive investigations,
but are thought to be stimulated by cytokines and growth
factors, and cell–matrix or cell–cell interactions. During the
repair period of cornea remodeling, the rate of collagen
turnover is much higher than it is in the normal cornea,51

suggesting the involvement of MMPs in the remodeling

FIGURE 4. Increased neutrophil infiltration in CM groups. (A) Relative fold of expression of IL-1b and CXCL1 in whole corneas subjected to AB, or
CM (AB þ dry eye). Bar graphs show means 6 SEM of one representative experiment with five samples per group/time point (experiment was
repeated twice with similar results). *P < 0.05, **P < 0.01, ***P < 0.001, ****P < 0.0001. (B) Representative merged digital images of corneas
cryosections immunostained for IL-1b (in green) with propidium iodide nuclei counterstaining (red) in corneas subjected to AB or CM. Scale bars:
50 lm. (C) Representative pictures of Gr-1þ cells (red) of central cornea cryosections among the AB, CM, and control groups used to generate the
bar graph showing counts in (D). Insets are representative pictures of limbal area. (D) Bar graphs (mean 6 SEM) of Gr-1þ cell counts in whole
cornea/groups. (E) Representative histogram (top panel) and dot plot (bottom panel) of CD45þ and Gr-1þ cells evaluated by flow cytometry.
Numbers in the squares indicate percentage of positive cells. (F) Bar graphs (mean 6 SEM) of frequency of CD45þ and CD45þGr-1þ and CD45þF4/
80þ cells quantified by flow cytometry in whole-cornea, single-cell suspension. (G) Myeloperoxidase activity in whole-corneas lysates 2 days after
injury in untreated, AB and CM groups (mean 6 SEM). *P < 0.05, ***P < 0.001, ****P < 0.0001. FSC-A, forward side scatter area.
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process. In a rabbit model of superficial or penetrating injury
to the stroma, increased expression of gelatinase (MMP-2),
collagenases (MMP-1 and -13), and stromelysins MMP-3 was
found.24

We found a significant increase in MMP-9 (both RNA and
protein level, including activity) in corneas subjected to the
combined model, peaking at 2 days post injury. Matrix metal-
loproteinase–9 has been implicated in both favoring and
decreasing re-epithelization: MMP-9KO has been shown to
accelerate healing of corneal wounds37 while delaying re-
epithelization in large cutaneous wound.53,54 In human cornea
wounds, MMP-9 is expressed in basal epithelial cells at the
leading edge of the migrating epithelial front closing the corneal
wound.36 We have previously reported that human dry eye and
experimental desiccating stress stimulates production of MMP-9,
as well as other MMPs by the ocular surface epithelia.19,55–57

MMP-9 was found to degrade the tight-junction protein occludin
and to decrease apical epithelial barrier function in the cornea.55

Matrix metalloproteinase–9 in human tears has also been found
to increase in a variety of ocular surface diseases, including sterile
corneal ulceration.26,58–61 In a group of dry-eye patients, we
observed a strong positive correlation between tear MMP-9
activity and severity of corneal epithelial disease. Tear MMP-9
activity levels also correlated positively with reduced contrast
visual acuity.21 The significant increase in MMP-9 in the
combined model (~100-fold) compared with AB alone may
suggest that MMP-9 could be delaying wound healing and
facilitating cornea melting. Increased expression of MMP-9 and
gelatinase activity has been reported in melted corneas from
severe primary Sjögren Syndrome patients.12 Interestingly, other
MMPs were also present in these melted specimens, (intense
MMP-1 and -7, and moderate MMP-3 and -8 immunoreactivity was
noted).12 The concentrations of IL-1b, IL-6, and MMP-8 and -9
were significantly upregulated in the tear fluid of the ulcer
patients, corroborating our findings.62

Neutrophils are the first inflammatory cell responders to
migrate toward the site of inflammation. Our results showed a
significant influx of polymorphonuclears (PMNs) in the CM
group, which coincides with a significant increase in CXCL1 in
cornea. During the acute phase in corneal AB, the PMNs began
to infiltrate the stroma, exerting their phagocytic functions to
clear cellular debris, but at the same time, neutrophils release
their proteolytic contents, including MMPs-1, -8, and -939 that
may cause collateral damage. They enter the cornea from the
limbus and move centrally in the superficial stroma somewhat
behind the regenerating epithelium.63 Collagenase breakdown
products have been shown to be chemotactic for PMN.64

Strategies developed to decrease neutrophil infiltration have
been shown to improve wound healing following corneal alkali
injury.65,66 Neutrophil depleted C57BL/6 subjected to AB
healed faster than nondepleted controls, demonstrating
bystander damage to host tissue by PMN.38

Taken together our results showed that the stroma
ulceration following AB is not simply the passive breakdown
of alkali denatured collagen and proteoglycans, is a complex
process involving interactions between different cell types,
regulation of collagenases, cytokines, and growth factors.
Moreover, they show that alkali injury in the context of a dry
ocular surface dramatically exacerbates the inflammatory
response and increases the rate of corneal perforation. This
combined model is therefore more severe than regular AB and
can be used to study severe devastating ocular injuries and
facial burns that reach the eye, ocular injuries secondary to
warfare agents and the effects of prolonged stay in environ-
mental controlled low humidity intensive care unit on disease
severity.
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