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Abstract
The authors have previously documented decreased epithelial basement membrane (BM)
components and α3β1 epithelial integrin, and increased expression of matrix metalloproteinase
(MMP)-10 in corneas of patients with diabetic retinopathy (DR) compared to normal corneas. The
purpose of this study was to examine if organ-cultured DR corneas exhibited the same alterations
in wound healing and diabetic marker distribution as the autopsy DR corneas. Twenty normal and
17 DR corneas were organ-cultured in serum-free medium over agar–collagen gel at the air–liquid
interface for up to 45 days. Circular 5 mm central epithelial wounds were made with n-heptanol,
the procedure that will preserve fragile diabetic corneal BM. Wound healing was monitored
microscopically every 12 hr. Distribution of diabetic corneal epithelial markers including
laminin-10 α5 chain, nidogen-1/entactin, integrin α3β1, and MMP-10, was examined by
immunofluorescence. Normal corneas healed the central epithelial defect within 3 days (mean=2.3
days), whereas DR corneas on average healed about two times slower (mean=4.5 days). In
wounded and completely healed organ-cultured corneas, the patterns of studied markers were the
same as in the unwounded organ-cultured corneas. This concerned both normal and DR corneas.
As in vivo, normal organ-cultured corneas had continuous staining for laminin-10 and nidogen-1/
entactin in the epithelial BM, strong and homogeneous staining for both chains of α3β1 integrin in
epithelial cells, and little if any staining for MMP-10. Organ-cultured DR corneas also had marker
patterns specific for in vivo DR corneas: interrupted to no staining for laminin-10 and nidogen-1/
entactin in the epithelial BM, areas of weak or disorganized α3β1 integrin in epithelial cells, and
significant MMP-10 staining in the epithelium and keratocytes. Fibrotic extracellular matrix and
myofibroblast markers were largely absent. Thus, epithelial wound healing was much slower in
organ-cultured DR corneas than in normal corneas, in complete accordance with clinical data in
diabetic patients. DR corneas in organ culture preserved the same marker abnormalities as in vivo.
The marker distribution was unchanged in wounded and healed organ-cultured corneas, compared
to unwounded corneas. The established corneal organ culture provides an adequate system for
elucidating mechanisms of epithelial alterations in human DR corneas.
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1. Introduction
Diabetic retinopathy (DR) is the leading cause of legal blindness in elderly people in the
Western world (Aiello et al., 1998). It is a severe vision-impairing diabetic complication
mainly affecting retinal vasculature. However, diabetes mellitus, both insulin-dependent
(IDDM) and noninsulin-dependent (NIDDM), damages not only retina and lens, but also
cornea, eyelids, iris, ciliary body and cranial nerves (Herse, 1988; Lim and Murphy, 1991;
Pickup and Williams, 1994). Corneal abnormalities are found in more than 70% of diabetic
patients (Didenko et al., 1999). It was recommended that routine eye examination in diabetic
patients should include assessment of cornea (Aiello et al., 1998). Corneal epithelial
alterations are very frequent in diabetes and are referred to as diabetic keratopathy (Herse,
1988; Ohashi, 1997; Aiello et al., 1998; Sánchez-Thorin, 1998; Didenko et al., 1999).
Clinically observed corneal diabetic alterations include epithelial defects, fragility and
recurrent erosions, ulcers, edema, decreased sensitivity, abnormal wound repair, increased
autofluorescence and susceptibility to injury (Herse, 1988; Cavallerano, 1992; Chang et al.,
1995; Saini and Khandalavla, 1995; Saini and Mittal, 1996; Ohashi, 1997; Sánchez-Thorin,
1998; Van Schaik et al., 1998–1999; Didenko et al., 1999; Zagon et al., 2002). Experimental
studies have detected abnormal epithelial basement membrane (BM), decreased number of
hemidesmosomes, functional impairment of the endothelium (Tabatabay et al., 1988; Azar
and Gipson, 1989; Azar et al., 1989; 1992; Ljubimov et al., 1996; Meller et al., 1996; Saini
and Mittal, 1996; Sato et al., 1999) in diabetic corneas. Increased autofluorescence and
epithelial fragility are augmented in DR patients (Chang et al., 1995; Saini and Mittal, 1996;
Van Schaik et al., 1998–1999). Diabetic patients account for more than 80% of cases with
corneal complications after vitrectomy for vitreous hemorrhage (Sánchez-Thorin, 1998).
Diabetes also presents a contra-indication to refractive surgery (Sánchez-Thorin, 1998).
Diabetic corneal neuropathy accompanies epitheliopathy/keratopathy and is more advanced
in DR patients (Saini and Mittal, 1996). Treatment of diabetic corneal problems remains
symptomatic (Cavallerano, 1992). In preliminary studies, aldose reductase inhibitors had a
positive effect but they are still at the clinical trial stage (Cavallerano, 1992; Sánchez-
Thorin, 1998). In a rat model of diabetes, impaired corneal wound healing could be
significantly improved by treatment with naltrexone, an opioid antagonist (Zagon et al.,
2002). Overall, diabetic corneal disease is a significant clinical problem. Its efficient
treatment is hampered by lack of information about molecular changes in diabetic corneas
and underlying mechanisms.

Since many of the diabetic corneal abnormalities are apparently related to changes in cell
adhesion and tissue repair, they are likely to be due to alterations of adhesive molecules of
the extracellular matrix (ECM) and BM. Our previous data (Ljubimov et al., 1996;1998a)
showed that DR corneas had a significant decrease in immunostaining for major epithelial
BM components, nidogen-1/entactin, laminin-10 (α5β1γ1), and of their binding integrin,
α3β1. These alterations, especially of α3β1 integrin, may be specific for diabetic corneas
since they were not pronounced in corneas from patients with a common corneal disease,
bullous keratopathy (Ljubimov et al., 1998a). Most recently, we demonstrated a specific
upregulation of matrix metallo-proteinase (MMP)-10/stromelysin-2 in the epithelium and
stroma of DR corneas (Saghizadeh et al., 2001). We have proposed that MMP-10
overexpressed in diabetic corneas might cause degradation of specific corneal BM and cell
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surface components, which could be the mechanism underlying diabetic corneal epithelial
abnormalities.

To further test this hypothesis, a dynamic system was needed to study corneal diabetic
alterations in time. Since animal models do not reproduce human proliferative DR (Kern and
Engerman, 1996; Kern et al., 2000), our attention was turned to the tissue culture. Recently,
a new organ culture system has been developed that allowed to easily and reproducibly
culture corneas at the air–liquid interface on top of the collagen–agar layer (Foreman et al.,
1996; Xu et al., 2000; Zieske et al., 2000). This system was chosen here because (1) it
reproduced well the process of normal wound healing, and (2) corneas could be successfully
transplanted to patients after long-term culture with this technique (Harper et al., 1998). It is
shown here that normal and DR organ-cultured corneas preserve their in vivo differences in
respect to rates of wound healing and diabetic corneal markers distribution.

2. Methods
2.1. Tissue

Age-matched autopsy corneas from 20 individuals without eye disease and diabetes
(referred to as normal-healthy; mean age 65.9 ± 3.7 years) and from 17 patients with
clinically diagnosed DR (mean age 66.4 ± 2.7 years; 15 with IDDM and two with NIDDM)
were obtained in chilled Optisol solution within 48 hr after death from the National Disease
Research Interchange (NDRI, Philadelphia, PA, USA). NDRI has a human tissue collection
protocol approved by the managerial committee and subject to National Institutes of Health
oversight. Upon arrival, corneas were immediately processed for organ culture.

2.2. Organ culture
Corneas were organ-cultured over agar–collagen gel essentially as described (Foreman et al.,
1996; Xu et al., 2000; Zieske et al., 2000). Corneas were first washed in antibiotic–
antimycotic mixture (ABAM, Invitrogen Life Technologies, Carlsbad, CA, USA), and then
placed epithelial side down in sterile Chiron’s corneal transportation vials with a small
volume of medium to prevent drying. Corneal concavity was filled with serum-free
minimum essential medium (MEM, Invitrogen Life Technologies) containing ABAM, 1 mg
ml−1 calf skin collagen (made from stock solution of 10 mg ml−1 in 0.1N acetic acid), and
1% agar (both from Sigma Chemical Co. St Louis, MO, USA). This mixture was
microwaved to boiling to sterilize it and to dissolve agar and then cooled down to 37–39°C.
After the addition to corneas, it solidified within 2–3 min. Corneas were then placed agar
side down on a sterile 60 mm dish. Serum-free MEM containing ABAM and insulin–
transferrin–sodium selenite (Sigma) was then added dropwise to the central corneal part
until it reached the limbus. Corneas were kept in a humidified CO2 incubator at 35°C and
100 μl medium was added one to two times a day to moisten the epithelium. Corneal
morphology and cell viability were monitored microscopically using Olympus BH-2
microscope (Olympus USA, Inc. Melville, NY, USA) with a 4 × objective. Cultures were
successfully kept for up to 45 days but presented results concern corneas cultured for 10–20
days.

2.3. Epithelial wound healing
To perform central epithelial debridement (Chung et al., 1998), a 5 mm filter paper disc
soaked in n-heptanol (Sigma) was placed on the central corneal anterior surface for 60–90
sec before applying agar–collagen mixture. The filter was removed, cornea washed in
complete serum-free medium and prepared for organ culture as above. This procedure
removes the epithelium but leaves behind an intact BM both in normal and DR corneas.
Mechanical debridement was not used because it will disrupt fragile diabetic epithelial BM
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(Hatchell et al., 1983). After n-heptanol debridement, residual epithelial cells usually died
and sloughed off the next day leaving behind microscopically intact and homogeneous BM,
so there was no need for additional mechanical cell removal. Live healing and fellow
unwounded (control) corneas were photographed every 12 hr until the epithelial defect was
completely healed. After 10–45 days in culture, corneas were cut in half, embedded in OCT
compound (Ted Pella, Inc. Redding, CA, USA) and processed for indirect
immunofluorescence on cryostat sections (Ljubimov et al., 1995).

2.4. Immunofluorescence
This was done as we have described previously (Ljubimov et al., 1995,1998a;Saghizadeh et
al., 2001). Monoclonal antibodies to α5 laminin chain (clone 4C7), fibrillin-1 (clone
11C1.3), α3 integrin subunit (clone P1B5), and β1 integrin subunit (clone HB1.1) were from
Chemicon International (Temecula, CA, USA). A monoclonal antibody to MMP-10/
stromelysin 2 (clone 117239) was from R&D Systems (Minneapolis, MN, USA). A
monoclonal antibody to α-smooth muscle actin (clone 1A4) was from Sigma Chemical Co.
Monoclonal antibodies to tenascin-C (clone BC-8, a gift from Dr L. Zardi, Istituto Nazionale
per la Ricerca sul Cancro, Genoa, Italy), nidogen-1/entactin (clone A9, a gift from Dr R.J.
Butkowski, INCSTAR Corporation, Stillwater, MN, USA), keratin 3 (clone AE5, a gift from
Dr T.-T. Sun, New York University Medical School, New York, NY, USA), α-enolase
(clone 4G10), and a polyclonal antibody to MMP-10 have been described previously (Zieske
et al., 1992; Ljubimov et al., 1995, 1998b,c;Saghizadeh et al., 2001). A monoclonal and a
polyclonal antibody to MMP-10 reacted similarly. Another monoclonal antibody to
MMP-10 (clone 110304, R&D Systems) gave a strong nonspecific staining of keratocytes in
preliminary experiments and was not further used.

Each antibody was analyzed at least twice on most cases, with the same results. Routine
specificity controls were negative. Cryostat sections of normal and diseased corneas were
exposed to the same dilutions of antibodies simultaneously. Monoclonal antibodies were
used as straight hybridoma supernatants or at 20–50 μg/ml when purified, and polyclonal
antibodies were diluted according to supplier’s recommendations.

2.5. Statistical analysis
Patient age and wound healing data were analyzed by the unpaired two-tailed Student t-test
using InStat software program (GraphPad Software, San Diego, CA, USA). Data are
expressed as mean ± standard error of mean (S.E.M.). Immunostaining results were analyzed
using a double-sided Fisher’s exact test. P-value less than 0.05 was considered significant
for both tests.

3. Results
3.1. Wound healing

Wounded normal/healthy corneas in organ culture (n = 13) completely closed n-heptanol-
induced epithelial defects on average in 2.3 ± 0.2 days (Fig. 1), in accordance with earlier
data (Foreman et al., 1996). Wounded DR corneas in organ culture (n = 12) healed
significantly slower on average (Fig. 1), with a mean healing time of 4.5 ± 0.7 days (p <
0.005 vs. normal group). There was more heterogeneity in healing times between individual
corneas in the DR group compared to normal group, possibly related to differences in the
severity and/or duration of disease. These data were consistent with previous findings on
impaired diabetic corneal wound healing (Hallberg et al., 1996;Rosenberg et al., 2000).
Control normal and DR corneas retained intact epithelial layer in culture; the longest follow-
up so far was for 45 days.
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3.2. Distribution of DR markers in organ-cultured corneas
The next step was to determine whether the markers (Ljubimov et al.,
1996,1998a;Saghizadeh et al., 2001) altered in the in vivo DR corneas (laminin-10,
nidogen-1/entactin, integrin α3β1, and MMP-10) retained their expression patterns in organ-
cultured normal and DR corneas. After 10–20 days in organ culture, control and wounded
normal and DR corneas were stained by immunofluorescence for α5 chain of laminin-10, α3
and β1 subunits of integrin α3β1, nidogen-1/entactin, and MMP-10. As shown in Fig. 2 top,
normal patterns of all markers were typical for organ-cultured normal corneas: (1) strong
continuous staining for laminin-10 (and nidogen-1/entactin, not shown here) in the epithelial
BM, (2) strong staining for α3β1 integrin in epithelial cells, mostly in the basal cells (shown
for α3 subunit, with similar results for the β1 subunit), and (3) little or no staining for
MMP-10. In organ-cultured DR corneas (Fig. 2 bottom), the marker patterns specific for
intact DR corneas were also evident: (1) discontinuous or little to no staining for laminin-10
and nidogen-1/entactin in the epithelial BM, (2) areas of weak or disorganized staining for
α3β1 integrin chains in epithelial cells, and (3) pronounced staining for MMP-10 in the
epithelium and some keratocytes. Differences in marker distribution between normal and
DR organ-cultured corneas were statistically significant, with p < 0.04 for laminin α5 chain,
nidogen-1/entactin, α3 and β1 integrin subunits, and p < 0.005 for MMP-10.

To find out whether organ-cultured corneas would show nonspecific alterations in the
epithelium or stroma compared to the in vivo corneas, stainings were performed for keratin
3 (corneal epithelial marker), α-enolase (limbal epithelial marker), α-smooth muscle actin
(myofibroblast marker), fibrillin-1, and tenascin-C (stromal fibrotic components). Both
central normal and DR corneal epithelium was usually positive in all layers for keratin 3
(Fig. 3). Only about 25% of cases showed pronounced staining exclusively in the suprabasal
cells as in limbus. All these corneas were also usually negative for α-enolase (Fig. 3), same
as normal central epithelium in vivo (again, only 25% cases had significant staining of basal
epithelial cells). As in the in vivo corneas, tenascin-C (Fig. 3) and fibrillin-1 (not shown
here) were generally absent from both normal and DR organ-cultured corneas. α-smooth
muscle actin was not seen in any of the corneas (not shown here) indicating the absence of
myofibroblasts and, therefore, no active tissue remodeling in organ-cultured corneas.

In normal or DR wounded corneas after 10–20 days in organ culture when the healing of the
epithelial defect was complete, all markers had the same patterns as in the respective
unwounded corneas (Fig. 4). Moreover, keratin 3, α-enolase, α-smooth muscle actin,
tenascin-C, and fibrillin-1 also did not change their distribution in wounded and healed
corneas compared to the unwounded corneas (not shown here).

4. Discussion
Corneal organ cultures have been used to study wound healing, cell proliferation, and the
expression of MMPs, growth factors and integrins (Fini and Girard, 1990; Stepp et al., 1993;
Moller-Pedersen and Moller, 1996; Gan et al., 1998; Redbrake et al., 1999; Messent et al.,
2000; Shi et al., 2000; Zagon et al., 2000; Zieske et al., 2000). Most studies concluded that
different corneal organ culture systems adequately represented the processes going on in
vivo. However, certain organ cultures were shown to change protein expression patterns
from what was observed in the in vivo corneas. One such example is MMP-9 that is not
expressed in intact rabbit cornea but can be readily detected either in monolayer cultures of
corneal cells or in organ-cultured corneas (Fini and Girard, 1990). Potentially, this could
occur only with certain culture systems, since most recent papers reported good preservation
of in vivo parameters in corneal organ culture including the system used here (Redbrake et
al., 1999; Liminga and Oliw, 2000; Ma and Bazan, 2000; Messent et al., 2000; Zagon et al.,
2000; Zieske et al., 2000; Crewe and Armitage, 2001). In general, however, the usage of
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organ cultures to study the mechanisms of corneal disease requires a prior accurate
comparison of cultured corneas with in vivo corneas for the expression patterns of proteins
of interest.

There are only a few reports about diabetic organ-cultured corneas. In animal diabetic
organ-cultured corneas, wound healing rates and metabolism were similar to the in vivo
corneas (Shimazaki et al., 1995; Hallberg et al., 1996). The only report to date on cultured
human diabetic corneas described metabolic recovery of corneas during culture (Redbrake et
al., 1997). There was no information available on the wound healing rates of human diabetic
corneas compared to normal in organ culture, or on the influence of organ culture on
specific diabetic corneal protein markers. This paper thus provides the first description in
organ-cultured human normal and DR corneas of the patterns of specific markers altered in
the in vivo DR corneas and of the epithelial wound healing.

It is reported here that epithelial wound healing was impaired in organ-cultured human DR
corneas. This result is in agreement with previous clinical observations of abnormal corneal
wound healing in diabetic patients (Azar et al., 1989,1992;Sánchez-Thorin, 1998;Didenko et
al., 1999;Rosenberg et al., 2000) and animals (Takahashi et al., 2000b;Zagon et al., 2002).
Our current hypothesis is that the corneal epithelial BM, which is altered in diabetes by
proteolysis (Takahashi et al., 2000a;Saghizadeh et al., 2001) and/or accumulation of
advanced glycation end products (Kaji et al., 2000), does not support the migration of
epithelial cells that is essential (Zieske, 2001;Suzuki et al., 2003) for wound healing. This
might result in slow closing of the epithelial defects and recurrent erosions observed
clinically (Sánchez-Thorin, 1998;Didenko et al., 1999).

We have shown previously that diabetic, especially DR corneas have altered distribution of
epithelial BM components and α3β1 epithelial integrin, and increased levels of MMP-10
(Ljubimov et al., 1996,1998a;Saghizadeh et al., 2001). In organ-cultured corneas, the
expression patterns of all these DR corneal markers were identical to those seen in
respective corneas in vivo (Fig. 2). Moreover, organ-cultured corneas did not show
significant nonspecific epithelial alterations as judged by the staining for corneal epithelial
differentiation markers, keratin 3 and α-enolase. Fibrotic markers, tenascin-C and fibrillin-1
(Ljubimov et al., 1998b,c), were not observed in normal or DR organ-cultured corneas.
Moreover, α-smooth muscle actin-positive myofibroblasts were also absent indicating no
active tissue remodeling. These results show that organ culture does not significantly change
specific protein expression patterns in normal or DR corneas.

The differences in marker expression between normal and DR corneas were also maintained
in wounded corneas after the healing was complete (Fig. 4). This finding may be important
for future studies of the efficacy and toxicity of novel therapeutics aimed at restoring normal
wound healing to diabetic corneas.

Previous thorough work in mice by Stepp’s group has shown that BM components did not
change their distribution during healing of small epithelial wounds (up to 1.5 mm), nor was
epithelial BM fragmented as judged by electron microscopy (Sta. Iglesia and Stepp, 2000).
In a limbus to limbus debridement wounds, however, discontinuous staining was seen for
laminin-5, nidogen-1/entactin and perlecan, which reverted back to normal within 3 days.
The 5 mm human corneal epithelial wounds studied here are more similar to the small
wounds than to large wounds in Stepp’s work in terms of their surface area compared to
total epithelial surface area. We, therefore, assume that no major changes in BM structure
and component distribution occurred during healing of these wounds in human corneal
organ culture. A comparison of BM changes in normal and DR organ-cultured corneas
during healing of larger wounds would present interest for further studies.
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Thus, the established corneal organ culture provides an adequate system for the studies of
normal and diabetic human corneas. Organ cultures retain in vivo-like parameters of normal
and diabetic intact corneas (wound healing dynamics and distribution of markers). It remains
to be established whether the mechanisms of the observed diabetes-related alterations are the
same in vitro and in vivo. Overall, this system would help unravel mechanisms of impaired
wound healing and altered BM marker expression in DR corneas and develop means to
prevent or slow down diabetic keratopathy.
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Fig. 1.
Representative wound healing dynamics of normal and DR corneas in organ culture. An
organ-cultured normal cornea shown (N) completely closed 5 mm circular epithelial defect
within 2 days, whereas a DR cornea shown healed completely only between 5 and 6 days
after wounding. Photographs of live unstained corneas are shown. W, wound area; E,
epithelium.
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Fig. 2.
Distribution of DR markers in control (unwounded) normal and DR organ-cultured corneas.
Note continuous BM staining for laminin-10 α5 chain, strong epithelial staining for α3
integrin and lack of staining for MMP-10 in normal (N) corneas. In DR corneas, little
staining is seen for laminin-10, weak and disorganized staining for α3 integrin, and strong
staining for MMP-10. Thus, all markers in organ-cultured corneas have the same patterns as
in the respective intact normal or DR corneas. All presented corneas were kept in organ
culture for 10 days. Central parts of all corneas are shown. E, epithelium; S, stroma; arrows
point to the epithelial BM. Indirect immunofluorescence.
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Fig. 3.
Distribution of keratin 3, α-enolase, and tenascin-C in control organ-cultured corneas. In
both normal (N) and DR corneas, all markers have patterns very similar to the in vivo
central corneas. Keratin 3 is present in all epithelial layers, limbal marker, α-enolase, is
scarce to absent, and fibrosis marker, tenascin-C, is absent. These patterns did not change in
wounded and healed corneas (not shown here). All corneas were kept in organ culture for 13
days. Central parts of all corneas are shown. E, epithelium; S, stroma. Indirect
immunofluorescence.
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Fig. 4.
Distribution of DR markers in wounded and healed normal and DR organ-cultured corneas.
Note that in both normal (N) and DR corneas, marker distribution is the same as in the
respective unwounded corneas (Fig. 2). Normal corneas presented were cultured for 10 days
(8 days after healing was complete). DR corneas presented were cultured for 13 days (9–10
days after healing was complete). Central parts of all corneas are shown. E, epithelium; S,
stroma; arrows point to the epithelial BM. Indirect immunofluorescence.
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