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Abstract
Delayed corneal re-epithelialization is a complication of diabetes, and may lead to ulcers and
erosions, which cause ocular morbidity and visual loss. This study examined the efficacy of
naltrexone (NTX), a long-acting, potent opioid antagonist, applied topically, to facilitate the repair
of standarized corneal abrasions in diabetic (alloxan-induced) New Zealand white rabbits (glucose
levels). NTX at a concentration of 10−4 M, or sterile vehicle (SV), was administered topically 4 times
per day for 7 days to the abraded eye of uncontrolled type 1 diabetic (DB), insulin-controlled type 1
diabetic (DB-IN), or nondiabetic (Normal) rabbits. Wound healing was monitored, and noninvasive
(tonopen, pachymeter, hand-held slit lamp, and retinal camera) and invasive (histopathology)
measurements evaluated. Corneal re-epithelialization in the uncontrolled DB rabbits was
significantly enhanced (up to a 47% reduction in wound area) following treatment with NTX relative
to both Normal SV and DB SV rabbits at 24, 48, and 56 hr following surgery. At 72 hr, DB NTX
rabbits had residual defects that were 64%–82% smaller than Normal and DB SV animals. NTX
treated DB-IN rabbits had residual defects that were 9–37% smaller than DB-IN rabbits receiving
SV, and 6–40% smaller than Normal rabbits. No signs of toxicity from topical applications were
noted. These data confirm and extend those documented in rats that demonstrated a lack of toxicity
of NTX at a wide range of dosages, as well as efficacy for enhanced corneal epithelialization. These
studies set the stage for clinical trials using NTX as a therapy for diabetic keratopathy.
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1. Introduction
Corneal disease is the second leading cause of world blindness [8,9], and often results from a
damaged ocular surface. The corneal epithelium contributes to maintaining the optical clarity
of the cornea and provides a major protective barrier for the underlying tissues [2,23]. Wound
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repair is a basic and crucial property of all tissues including the cornea, and because of its
exposed position at the surface of the eye it is at risk to a variety of injuries and diseases. The
complete reepithelialization of the cornea after trauma or surgery, or as the result of disease,
is essential for the restitution of normal visual function [23].

Corneal repair is often compromised in diabetic patients. Diabetic keratopathy has been
estimated to eventually occur in 47% to 64% of diabetic patients [2,8,9]. With over 1 million
individuals having type 1 diabetes alone [8], 500,000 or more patients may experience diabetic
keratopathy at some time in the course of their disease. Moreover, corneal transplantation,
removal of the corneal epithelium during vitrectomy in the course of treatment for diabetic
retinopathy, and procedures such as laser photocoagulation, cataract surgery, and refractive
surgery are risk factors for abnormal corneal epithelial healing in diabetic patients [7,20,28,
31]. Corneal disorders associated with diabetic keratopathy include nonhealing epithelial
defects, infectious corneal ulcers, and secondary scarring, which may result in a decreased or
even permanent loss of vision [7,12,20,28,31]. Treatment of these diabetes-related epithelial
defects may be resistant to conventional regimens (e.g., lubricants, antibiotics, bandage contact
lens) [2,19]. Moreover, none of these therapies address the fundamental biological processes
in corneal wound healing that are disturbed secondary to the pathophysiology of diabetes
[19]. Topical administration of autologous serum has been investigated as therapy for corneal
epithelial abrasions in diabetic patients following vitrectomy [32], however, this treatment is
fraught with difficulties in application.

Corneal complications with respect to wound healing have been reported in both Type 1 and
Type 2 diabetic animal models [6,19,35,39]. Altered cellular function is evidenced by
decreased numbers of epithelial hemidesmosomes, increased expression of
glycosyltransferases, and advanced glycation end (AGE) products, and altered epithelial
basement membrane (BM) components such as laminin-10, nidogen-1, and the laminin-
binding integrin α3β1 have been described in both human and animal diabetic corneas [1,20,
24,25,27,28,37]. Several reports have documented an enhancement of MMP activity in healing
corneal epithelium, both in vitro and in vivo suggesting involvement in diabetic keratopathy
[33]. The changes observed in ex vivo corneas were reproduced in a corneal organ culture
model [19]. Saghizadeh and colleagues [27] suggested that alterations of additional proteases,
growth factors/cytokines, and BM components may occur in diabetic and DR corneas.

Naltrexone hydrochloride (NTX), an opioid antagonist, when applied topically in rats [21,
22] and rabbits [46], systemically in normal and diabetic rats [40,45], or included in organ
cultures of human [47] or rabbit [46] corneas, markedly accelerates DNA synthesis and corneal
reepithelialization. The mechanism of action for NTX is the blockade of the opioid growth
factor (OGF) interaction with the OGF receptor (OGFr) [41,44,46–49]. The OGF-OGFr axis
serves as a tonically repressive pathway that regulates cell proliferation through cyclin-
dependent inhibitory kinases and nucleocytoplasmic transport [4,5]. The repercussions of NTX
application in the homeostatic (i.e., normal, untreated, unwounded) cornea include a decreased
epithelial transit time from the basal layer to the suprabasal layers, and increases in linear
thickness of the epithelium, basal cell proliferation, and packing density of suprabasal cells
secondary to a decrease in cell diameter [48].

Although topical treatment with NTX accelerates corneal re-epithelialization in diabetic rats
[21], it is unclear whether NTX restores corneal wound healing in other non-rodent animals
with diabetes. The current study was designed to examine the toxicity and efficacy of NTX in
facilitating corneal wound healing when applied topically to diabetic rabbits. Insulin-controlled
(normoglycemic) and uncontrolled alloxan-induced diabetic rabbits were included in the study.
Based on the data from the efficacy and toxicity studies of NTX in diabetic rats [21,41], a
dosage of 10−4 M NTX was selected to administer topically 4 times each day. Outcome
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measures of the experiments included the size of the defect, as well as non-invasive parameters
to assess toxicity such as intraocular pressure, corneal thickness, corneal topography, and
retinal integrity. Additionally, histopathology was performed to evaluate the effects of NTX
on peripheral corneal epithelium, limbus, and conjunctiva.

2. Methods
2.1. Animals and induction of diabetes

Male New Zealand White (RSI:NZW) rabbits (~1.5 kg) were purchased from RSI Farms
(Mocksville, NC) and housed individually in stainless steel cages under standard laboratory
conditions; water and food were continuously available. All investigations conformed to the
regulations of the Association for Research in Vision and Ophthalmology, National Institutes
of Health (NIH, Bethesda, MD), USDA, and the guidelines of the Department of Comparative
Medicine of Pennsylvania State University (Hershey, PA). Fifty rabbits were used in these
studies.

Diabetes was induced according to Herse [16–18] and Weekers [38] in fasting rabbits with a
single intravenous injection (marginal ear vein) of 100 mg/kg alloxan monohydrate (Sigma,
St. Louis, MO) dissolved in phosphate-buffered saline. Animals were anesthetized
(intramuscularly) with a mixture of Domitor and Midazolam prior to the injection of alloxan.
Sedation was reversed with Antisedan (0.1 mg/kg, subcutaneously). Immediately after alloxan
induction, available drinking water had 10% dextrose (D-glucose; USB Corporation,
Cleveland, OH) added; this water was provided as long as necessary to offset hypoglycemia
[3,29].

2.2. Blood and urine glucose measurements, and body weights
Blood was collected from the marginal ear vein without anesthetic for assessment of glucose.
The blood was analyzed using the True Track Smart System Glucometer (Home Diagnostic,
Inc., Ft. Lauderdale, FL). Rabbits with a blood glucose level between 200 and 400 mg/dL were
considered diabetic [3,29].

Baseline blood glucose measurements were taken before administration of alloxan (or sterile
saline) and every 24 h post-alloxan injection until the rabbits were stabilized as either
hyperglycemic or normoglycemic; blood glucose measurements were collected weekly
thereafter. Body weights were monitored weekly throughout the study. Corneal wounds were
created 8 weeks after injection with alloxan.

Urine samples of 6 rabbits in each group were tested after 9 weeks using Multistix 10 SG (Bayer
Reagent Strips; Bayer Corporation, Elkhart, IN; USA). Bilirubin, ketone (acetoacetic acid),
specific gravity, blood, pH, protein, urobilinogen, nitrite and leukocytes, as well as urine
glucose were tested.

2.3. Establishment of normoglycemia
To establish normoglycemia (well-controlled diabetes), insulin pellets (Lin Shin, Scarborough,
Ontario) were inserted into diabetic rabbits following published procedures [21,36,41]. Two
implants were initially inserted into the shaved abdominal region (~2U/24h implant) of
restrained, but not anesthetized, rabbits. Glucose levels were monitored weekly and, if glucose
levels were >350 mg/dL, additional implants were inserted. After implantation, blood glucose
levels were tested regularly to monitor normoglycemia and, if the animals became
hypoglycemic, they were supplied with a 10% D-glucose water solution until their glucose
levels returned to ~100 mg/dL.
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2.4. Corneal abrasions
Procedures for the formation of circular corneal abrasions followed those in previous reports
with rats [21,45,49,50]. In brief, rabbits were anesthetized with a ketamine-xylazine mixture
(0.1 mg/100g; i.p.); Proparacine Hydrochloride Ophthalmic Solution 0.5% (Bausch & Lomb,
Inc., Tampa, FL) was administered topically to the eye. Eyes were examined under a dissecting
microscope (SZ-ET; Olympus, Tokyo, Japan) with a cold light source (Highlight 2000;
Olympus) and a 12 mm diameter circle was demarcated using a disposable dermatology skin
punch (Acu-Punch; Acuderm, Inc., Ft. Lauderdale, FL) on the surface epithelial layer between
the inner limbal margins. The enclosed corneal epithelium was scraped off using a No. 15 Bard-
Parker scalpel blade. Care was taken not to disturb the limbus or to injure the underlying corneal
tissue. Wounds were created between 0730 and 0830 h, and only the right eye of each animal
was abraded. Any rabbit that experienced bleeding, corneal opacities, ulcerations,
inflammation, or infection was not included in the study.

2.5. Corneal photography
For the photography of corneal abrasions, rabbits were placed in restraining cages and the
cornea was stained with topical fluorescein (Fluor-I-Strip, Ayerst Laboratories, Philadelphia,
PA). Eyes were viewed using an Olympus dissecting microscope with a tungsten light source
and gelatin Wratten No. 47 filter, and photographed with a SPOT RT3 CCD camera (Diagnostic
Instruments, Sterling Heights, MI) at 1.5X magnification. Photographs of a particular rabbit
were taken immediately after abrasion while the rabbit was anesthetized, and then at no less
than 12 hr intervals in order to avoid interference with healing. The area of defect was
determined using Optimas Software (Optimas Corporation, Bothell, WA) as the percentage of
the original residual epithelial defect. Rabbit eyes were photographed at 24, 48, 56, 72, 80, and
96 h post-wounding.

2.6. Topical application of naltrexone
NTX (Sigma-Aldrich; Indianapolis, IN) was prepared at a concentration of 10−4 M in Vigamox
(moxifloxacin hydrochloride ophthalmic solution, Alcon, Inc., Ft. Worth, TX); this
concentration was selected based on data obtained earlier for rats [21,22,41,50]. Vigamox alone
was administered as the control vehicle. Solutions were given as a single drop (~0.05 ml) to
the central cornea of the abraded eye, with the lower eyelid held away from the eye to avoid
overflow; the nictitating membrane and blink reflex were monitored so as to not interfere with
drug administration. Eye drops were delivered to unanesthetized rabbits four times a day (0730,
1130, 1530 and 1830) for 7 consecutive days.

Six groups of animals were established: Normal rabbits receiving sterile vehicle (Normal SV)
or 10−4 M NTX (Normal NTX), uncontrolled diabetic rabbits receiving sterile vehicle (DB
SV) or 10−4 M NTX (DB NTX), or insulin controlled diabetic rabbits (DB-IN) receiving sterile
vehicle (DB-IN SV) or 10−4 M NTX (DB-IN NTX).

2.7. Non-invasive procedures to monitor toxicity
Several measures of corneal integrity were assessed on all rabbits for both eyes 3–4 days prior
to wounding, and 2 weeks post-wounding. No systemic anesthetic was utilized, however
rabbits received topical anesthesia for some measurements.

2.7.1. General health of the cornea—To evaluate the general health of the cornea, animals
were examined with a hand-held slit lamp (Zeiss HSO 10 Hand Slit Lamp, Dublin, CA) for
general overall morphology and pathology (e.g., cataracts) that included edema, infiltrate,
defects, scarring, and endothelial abnormalities such as thinning. The pupil was dilated with
Phenylephrine Hydrochloride Ophthalmic Solution 2.5% (Bausch & Lomb Inc) and 1%
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Tropicamide Ophthalmic Solution (Falcon Pharmaceuticals Ltd., Forth Worth, TX). As the
pupil was dilated the lens was inspected for cataracts.

2.7.2. Corneal thickness—Corneal thickness was determined by a pachymeter (DGH 550
Pachette 2, Pro Forma, Exton, PA). A topical anesthetic (Proparacaine Hydrochloride
Ophthalmic Solution 0.5%) was used. For applanation, the pachymeter’s probe was positioned
perpendicular to the center of the cornea allowing for 25 consecutive scans to be acquired for
one measurement [17,30].

2.7.3. Intraocular pressure—Intraocular pressure was measured by a tonopen (Tono-Pen
XL Tonometer, Medtronic, Jacksonville, FL). Topical anesthesia with Proparacaine was
applied for measurements, and 4 readings/eye were recorded.

2.7.4. Corneal sensitivity—Corneal sensitivity was determined by the blinking reflex using
the anesthesiometer with nylon threads (Cochet and Bonneau Aesthesiometer, Richmond
Products, Boca Raton, FL) according to the instructions of the manufacturer; values (g/mm2)
were determined directly from the protocol (and conversion table) supplied by the
manufacturer.

2.7.5. Retinal examination—To examine the retina, optic nerve, and blood vessels in the
eye, the fundus was photographed with a digital non-mydriatic retinal camera (NM-100 Type-
D, Nidek Inc., Fremont, CA). To conduct these measurements, the pupils were dilated with
topical 1% Tropicamide Ophthalmic Solution and 2.5% Phenylephrine Hydrochloride
Ophthalmic Solution.

2.8. Plasma levels of OGF
Rabbits were euthanized 10 days after initial wounding by an i.p injection of pentobarbital
(>100 mg/kg). Plasma was collected for radioimmunoassay (PerkinElmer, Waltham, MA) of
[Met5]-enkephalin (OGF) levels.

2.9. Histology and morphometric analysis
Following euthanasia, both eyes were proptosed and enucleated. The eyes were fixed in 10%
neutral buffered formalin for 24 h, embedded in paraffin, and sections (6 μm) of corneas were
stained with hematoxylin and eosin. Eyes were evaluated by light microscopy for cell death
and structure of the basement membrane, epithelium, and stroma. Using at least 2 sections/
rabbit cornea, and 2–4 animals/group, assessment of the number of cell layers comprising the
epithelium of the peripheral cornea, and the linear thickness of the corneal epithelium and
stroma in the region of the peripheral cornea were ascertained in 5–8 independent fields/section.

2.10. Data analyses
All studies were conducted in a masked manner so that measurements were performed without
knowing the treatment group. Body weights, glucose levels, non-invasive measurements, and
morphometric data were evaluated using one-way analysis of variance with subsequent
comparisons made with Newman-Keuls tests (GraphPad Prism 4.0 software); differences of
p<0.05 were considered statistically significant.

3. Results
3.1. Body weights and general observations

Rabbits were ~ 2.1 kg at the time of alloxan injection (Fig. 1A). No significant changes in body
weights between hyperglycemic (DB), normoglycemic (DB-IN) and untreated (Normal)
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rabbits (Fig. 1A) were noted during the course of the following 9 weeks. At 9 weeks post-
alloxan injection, the Normal, DB, and DB-IN rabbits weighed 3.4 ± 0.1, 2.8 ± 0.2, and 3.2 ±
0.1 kg, respectively. Topical NTX did not alter body weights in any group. No deaths were
recorded in the Normal, DB, or DB-IN groups.

3.2. Glucose levels
Baseline blood glucose levels for 6 week-old rabbits were 100 mg/dL (Fig. 1B). Within 48 h
of injection of alloxan, rabbits had blood glucose levels that were >450 mg/dL. At that time,
insulin pumps were implanted into half of the DB rabbits, and glucose was controlled within
2 weeks; blood glucose for DB-IN rabbits was ~160 mg/dL and did not differ from mean values
from Normal animals. At 6 and 9 weeks following injection with alloxan, glucose levels were
comparable to values at 2 weeks. No rabbit experienced hyperglycemia (>600 mg/dL), and
only one animal had hypoglycemia (<95 mg/dL). At 8 weeks after induction of diabetes,
glucose levels for the poorly-controlled diabetic rabbits (DB) were 525 ± 42 mg/dL, whereas
well-controlled diabetic (DB-IN) and Normal rabbits were 174 ± 27 mg/dL and 142 ± 4 mg/
dL, respectively. NTX treatments did not change glucose levels.

Regardless of the treatment group, urine samples had a pH of 8.5 and tested negative for
ketones, bilirubin, leukocytes, nitrites, protein, and blood. Urine glucose levels were >2000,
250–500, and negative in DB, DB-IN, and Normal rabbits, respectively.

3.3. Corneal re-epithelialization
The centrally positioned 12 mm diameter wound did not encroach on the limbus or conjunctiva.
The initial area of abrasion used for analyses ranged from 104 – 125 mm2 and corresponded
to corneal injuries of 11.4 – 12.6 mm in diameter. The size of initial abrasions was comparable
among all groups.

Comparison of the repair of corneal abrasions in Normal animals receiving vehicle alone and
DB rabbits receiving either SV or NTX is presented in Fig. 2. DB rabbits did not display
significant delays in wound closure from Normal SV rabbits. In fact, at least at 72 h the DB
rabbits had significantly smaller corneal defects than Normal animals. DB rabbits treated with
NTX had significantly smaller wounds as early as 24 h following surgery relative to both
Normal SV and DB SV animals; marked reductions in wound size were recorded at 48, 56,
and 72 h relative to the size of residual epithelial defects in Normal SV animals. Corneal defects
in DB NTX rabbits were significantly smaller than those in DB SV animals at 48 and 56 h. By
80 h, wound sizes were comparable among all groups and the DB NTX group had wounds that
were over 92% healed; all animals in the DB NTX group were re-epithelialized by 96 h.

Analyses of re-epithelialization in the insulin-controlled DB group revealed that NTX treated
DB-IN rabbits had significantly smaller defects at 24, 48, and 56 h relative to Normal SV
animals, and at 24 and 48 h relative to the DB-IN SV group (Fig. 3). NTX accelerated wound
closure in the DB-IN NTX group by 9 – 37% at 24, 48, and 56 h. By 72 h, wound sizes were
comparable between Normal SV, DB-IN SV, and DB-IN NTX groups. DB-IN SV rabbits did
not display significant delays in wound closure from Normal SV rabbits.

3.4. Non-invasive measurements
Corneal thickness (Fig. 4A) and intraocular pressure (Fig. 4B) were comparable among all
vehicle and NTX treated groups at 3–4 days prior to (data not shown) and at 14 days after
wounding. Ocular morphology as determined by slit lamp microscopy in the Normal, DB, and
DB-IN groups was comparable at week 8 after the alloxan injection. However, cataracts were
recorded in all DB rabbits, and this condition was independent of NTX administration. Analysis
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of retinal vessels, optic disk and retina revealed no differences based on SV or NTX treatment
groups.

Baseline values for corneal sensitivity did not differ between any group. At 10 days post-
wounding, corneal sensation was decreased by 5-fold in the Normal SV and DB SV groups
(2.2 ± 0.6 and 2.5 ± 0.8 g/mm2, respectively) compared to baseline values for the Normal SV
group (0.51 ± 0.03 g/mm2) and DB SV group (0.53 ± 0.03 g/mm2). During the 10-day period
following corneal injury, 10−4 M NTX did not alter the decreased sensitivity in the DB SV or
Normal SV abraded groups.

3.5. Plasma levels of OGF
Evaluation of OGF levels revealed that Normal rabbits had 398 ± 20 pg/ml in comparison to
DB rabbits with 482 ± 36 pg/ml; these values differed at p<0.05.

3.6. Histology and morphometric analysis
At 2 weeks after debridement, no differences in the morphology of the basal and suprabasal
layers of the peripheral cornea, limbus, and conjunctiva, or stroma were observed in animals
of the Normal SV and DB groups receiving NTX (Fig. 5). Moreover, the mean thickness and
mean number of cell layers of the peripheral corneal epithelium (17.6 ± 1.2 μm and 3.8 ± 0.2,
respectively), limbus (20.0 ± 0.4 μm and 4.0 ± 0.2, respectively), and conjunctiva (20.0 ± 1.2
μm and 4.0 ± 0.2, respectively) in the corneas of Normal animals did not differ from values of
animals in the DB and DB-IN groups with or without treatment of NTX. The stroma underlying
the peripheral cornea, limbus, and conjunctiva was 348 ± 16 μm, 276 ± 5 μm, and 436 ± 4
μm, respectively.

4. Discussion
This study documented for the first time that topical application of NTX accelerated corneal
reepithelialization in diabetic rabbits with uncontrolled hyperglycemia, equaling and even
surpassing wound closure rates of those of Normal animals. Moreover, repair of corneal
abrasions in rabbits with insulin-controlled diabetes (DB-IN) and receiving topical application
of NTX also was accelerated above levels of Normal animals. The dosage of NTX used,
10−4 M, was not toxic, as determined using a variety of noninvasive and invasive measures.
Moreover, topical administration of NTX accelerated wound healing without influencing blood
glucose levels. Thus, the action of NTX was local rather than systemically driven. These
observations support and extend earlier reports that topical NTX accelerates corneal
reepithelialization without accompanying toxicity in rats that are diabetic with hyperglycemia,
diabetic and euglycemic using insulin, and normal [21]. Thus, two Orders of animals in the
Class Mammalia - Rodentia and Lagomorpha - are responsive to the stimulating effect of
topical NTX insofar as corneal reepithelialization is concerned.

The model of alloxan-induced diabetes in rabbits used herein is based on extensive studies
conducted earlier [11,12,16–18,36]. Within 2 days, both blood sugar and urine analysis
indicated a hyperglycemic state, and remained so for the course of the 9 weeks of the
experiment. Despite these extraordinary levels of hyperglycemia, and for an extended time,
corneal reepithelialization was not altered from Normal rabbits. These results are consonant
with those of Friend et al. [11] and Hatchell et al. [15] in which alloxan-injected rabbits were
investigated for repair of mechanical and chemical, respectively, corneal abrasions. The
duration of hyperglycemia did not play a role in the results as Friend et al. [11] examined
animals at 2 weeks after induction of diabetes whereas Hatchell et al. [15] studied their cohort
after 6 months of alloxan injection. However, these findings differ from those of Hatchell and
colleagues [14] who used a transcorneal freezing model of abrasion and did record that corneal
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reepithelialization rates were more rapid than normal rabbits in animals that were diabetic for
6 months. Thus, there appears to be a difference in the healing rates of corneal epithelium in
diabetic rabbits compared to diabetic rats such that the diabetic rabbit heals at a normal rate
compared to the marked delay seen in diabetic rat [12,15,21,46]. Whether this difference in
corneal healing rates reflects dissimilarities in the biology of the rat and rabbit and/or responses
to the agents used to induce diabetes (i.e., alloxan in the rabbit, streptozotocin in the rat) is
unclear. However, in view of this distinction between rats and rabbits, it is worthy to note that
corneal wound healing is delayed in diabetic patients [2,8,9], suggesting the diabetic rat, rather
than rabbit, model may have a greater similarity to the human condition.

This study shows that even in the face of marked hyperglycemia, the functional biologic system
responsive to NTX is not impaired in rabbits. Moreover, as mentioned above, the effect of
NTX at the local level was not reliant on systemic changes. These observations are in concert
with in vivo and in vitro evidence that the endogenous opioid system (i.e., OGF-OGFr axis) is
present [42–44,46] and functionally related to cell proliferation [44] and wound healing [46]
in the normal rabbit, and now document safety and efficacy in the diabetic rabbit. Thus, in this
study, the topical application of NTX, a pure opioid antagonist, blocks the interactions of the
tonically active inhibitory pathway generated by the OGF-OGFr axis in the diabetic and normal
cornea. OGF is targeted to the cyclin-dependent inhibitory kinase pathway that constitutes a
regulatory system in these corneal epithelial cells. OGF has been found to be increased in
patients with diabetes [10,26], genetically diabetic mice [13,34], and in the present study,
diabetic rabbits, which would accentuate OGF-OGFr interaction, and thereby have an
exaggerated response in inhibiting cell replication. Rabbit corneal epithelial cells do not appear
as sensitive to the elevation in OGF levels as they are in the rat, at least as measured by changes
in reepithelialization in diabetic rabbits, as evidenced by the fact that corneal repair in diabetic
rabbits with no drug treatment is not altered. However, when OGF is prevented from interacting
with OGFr in diabetic rabbits, this blockade of the pathway provides a mechanism of NTX’s
action in accelerating repair of the ocular surface epithelium.

Given the vital role of the corneal epithelium in maintaining vision, the frequency of corneal
complications related to diabetes (diabetic keratopathy) in humans, and the problems occurring
in diabetic individuals postoperatively (e.g., vitrectomy, cataract extraction) in which the ocular
surface epithelium is disturbed, an effective treatment to facilitate corneal epithelial wound
healing in diabetic individuals is needed.

Unfortunately, conventional therapies such as artificial tears and bandage contact lenses fail
frequently [2.19]. Schulze and colleagues [32] have reported that hourly exposure to autologous
serum, but not hyaluronic acid (Vislube), accelerates closure of corneal epithelial abrasions by
up to 40%. In comparison to the above therapies, the advantages of topical application of NTX
for diabetic keratopathy is that this drug is readily available, of known chemical composition,
easy to prepare, is required only 4 times/day, is not toxic to the cornea, and accelerates corneal
wound closure by up to 60%. The safety and effectiveness of NTX in accelerating epithelial
wound healing in both diabetic rats and rabbits support the need for clinical trials of NTX in
treating human diabetic keratopathy.
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Figure 1.
Body weights (A) and blood glucose levels (B) of rabbits in the uncontrolled diabetic (DB),
insulin-controlled diabetic (DB-IN) and normal (Normal) groups. Blood glucose levels were
determined prior to alloxan injection (0 day), 2 days, and 2, 6, and 9 weeks after the
administration of alloxan. Values are means ± SEM for 15 rabbits/group at each time point.
Significantly different from Normal rabbits at p<0.001 (***) and from the DB-IN group at
p<0.001 (###).
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Figure 2.
Photomicrographs (A) and areal measurements (B) of Normal and uncontrolled diabetic rabbits
(DB) receiving either sterile vehicle (SV) or 10−4 M NTX. (A) Eyes were stained with
fluorescein and photographs taken at 0 (Initial Wound), 24, 48, 56, and 72 h after abrasion. (B)
Residual epithelial defect (means ± SEM; n = 10–15 animals/treatment group) as percentage
of the original wound. Significantly different from Normal SV rabbits at p<0.01 (**) and
p<0.001 (***), and from DB SV rabbits at p<0.01 (##) and p<0.001 (###).
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Figure 3.
Photomicrographs (A) and areal measurements (B) of Normal and insulin controlled diabetic
rabbits (DB-IN) receiving either sterile vehicle (SV) or 10−4 M NTX. (A) Eyes were stained
with fluorescein and photographs taken at 0 (Initial Wound), 24, 48, 56, and 72 h after abrasion.
(B) Residual epithelial defect (means ± SEM; n = 10–15 animals/treatment group) as
percentage of the original wound. Significantly different from Normal SV rabbits at p<0.01
(**) and p<0.001 (***), and from DB-IN SV group at p<0.01 (##) and p<0.001 (###).
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Figure 4.
Corneal thickness as measured with a pachymeter (A) and intraocular pressure monitored with
a Tonopen (B) of rabbits in the uncontrolled diabetic (DB), insulin-controlled diabetic (DB-
IN), and Normal groups 10 days after abrasion of the cornea, and treatment for 7 days with
10−4 M naltrexone (NTX) or sterile vehicle (SV). Values are means ± SEM for 10–15 rabbits
in each treatment group.
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Figure 5.
Photomicrographs of histologic sections stained with hematoxylin/eosin of peripheral cornea
from Normal, diabetic (DB), and insulin controlled diabetic (DB-IN) rabbits 2 weeks after
corneal abrasion. Animals were treated with either 10−4- M naltrexone (NTX) or sterile vehicle
(SV). No differences in morphology were detected between groups. Ep, epithelium; St, stroma.
Bar = 10 μm.
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