
Matrix
metalloproteinase
distribution during
early corneal wound
healing

B Mulholland, SJ Tuft and PT Khaw

Abstract

Aim To compare matrix metalloproteinase

(MMP) localisation in anterior keratectomy

(AK) and lamellar keratectomy (LK) wounds.

Methods Wounds were produced in one

eye of 24 rabbits. The AK wounds were

made to approximately 120 mm in depth and

then allowed to re-epithelialise. The LK

wounds were of similar depth, but the

anterior stroma and epithelium were

replaced after a second deeper keratectomy

had been performed. Immunohistochemistry

was used to localise the MMP-1, -2, -3, and -9

at intervals from 4h to 14 days following

surgery. The contralateral eyes acted as

controls.

Results After an AK wound MMP-1 was

present at the leading edge of migrating

epithelium after 18 h, while MMP-2 and -9

were localised behind the advancing epithelial

edge. The presence of these enzymes rapidly

fell to low levels after epithelial closure. There

was only faint MMP-3 localisation between

days 3 and 7. After an LK wound, MMP-1, -3,

and -9 were not detected in the stromal

interface, but MMP-2 was present at all

time points.

Conclusions This study suggests that after

an AK wound, MMP-1 is a key mediator

of epithelial migration, while MMP-2 and -9,

and to a lesser extent MMP-3, may participate

in the remodelling of corneal stroma and

the reformation of epithelial basement

membrane. In contrast, an LK wound

results in a much lower stimulus for MMP

activation. The action ofMMP-2 in stromal repair

is thus partly independent of epithelial injury.
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Introduction

Matrix metalloproteinases (MMPs) are a group

of zinc-dependent proteinases whose substrates

include most components of the extracellular

matrix and basement membrane. They are

secreted in a latent form and are naturally

regulated by tissue inhibitors of

metalloproteinases (TIMPs). They play a central

role in embryogenesis and development, and

they also modulate wound healing by

permitting cellular migration and subsequent

wound contraction.1–3 In the normal cornea,

only very low levels of MMP-2 are found as

proenzyme.4–6 After injury, and in response to

the release of cytokines, several MMPs in the

cornea are upregulated by transcription or

activation.7 Preformed MMP-9 (Gelatinase B)

may also be released from the secretory

granules of neutrophils recruited by any

associated inflammation.8 It has been

demonstrated that MMP-1 (interstitial

collagenase), -2 (gelatinase A), -3 (stromelysin-

1), and -9 participate in epithelial repair and

stromal remodelling.5,9 Their mechanism of

action is uncertain, but MMP-1 is essential in

vitro for the migration of corneal epithelial cells

over a type I collagen matrix.10 It has also been

noted that the subepithelial expression of

MMP-9 parallels basement membrane

degredation,11,12 while MMP-2 and -3 produced

by stromal fibroblasts may mediate long-term

stromal remodelling and basement membrane

synthesis.1,4,13

The development of laser refractive

procedures such as laser in situ keratomileusis

(LASIK) and photorefractive keratectomy

(PRK) has highlighted that the corneal response

to injury depends on wound construction.

The role of epithelial repair in the healing

process appears to be critical. After lamellar

keratectomy (LK) or LASIK, where the
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epithelium and basement membrane remain intact over

the central cornea, there is less stromal response and

fibrosis than if the anterior epithelium is removed.14–16

Wound healing after anterior keratectomy (AK) or PRK

first requires epithelialisation over the exposed stromal

substrate followed by keratocyte migration and

activation, with the synthesis of new extracellular

matrix,17–19 and the resulting scar tissue can cause a loss

of corneal clarity and a regression of the refractive

effect.18,20–22 However, the advantage of a reduced

stimulus for scarring following LASIK has to be balanced

against the added risk of cutting a corneal flap. An

understanding of the differences between the healing

mechanism after PRK or LASIK may lead to techniques

to promote epithelial closure after PRK while preventing

keratocyte activation and scar formation. We have

therefore studied the localisation of four MMPs following

AK or LK in the rabbit eye.

Materials and methods

Animals received adequate care and humane treatment

as stipulated by the ARVO statement for the use of

animals in Ophthalmic and Vision research and in

accordance with the United Kingdom Animals

(Scientific Procedures) Act of 1986. A total of 24

pigmented Dutch belted rabbits weighing 1.0–1.5 kg

were anaesthetised by intramuscular injection of

ketamine 50 mg/kg (Willows Francis Veterinary,

Crawley, Sussex, UK) and xylazine 3 mg/kg (Bayer,

Bury St Edmunds, Suffolk, UK), plus subcutaneous

buprenorphine 0.05 mg/kg (Reckitt & Coleman, Hull,

North Humberside, UK) and a drop of topical

proxymetacaine hydrochloride 0.5% (Chauvin) for

postoperative analgesia.

Surgical procedure

In Group I (12 rabbits), a 120-mm incision was made in

the central cornea with a 6-mm diameter Hessburg-Baron

vacuum trephine (Altomed, Newcastle Upon Tyne, UK).

An AK was then completed by sharp dissection. In

Group II, a 120-mm AK was removed and kept in a moist

chamber, while a second 120-mm depth keratectomy was

made to remove mid-stromal tissue; the original anterior

stroma and epithelium were then replaced in the correct

orientation and sutured using eight interrupted 10/0

monofilament nylon sutures. Topical chloramphenicol

0.5% was given four times a day until the eye had

re-epithelialised. Two animals were killed at each of the

time points 4, 18, 24, 3, 7, and 14 days after surgery. The

eyes were enucleated, with un-operated eyes acting as

controls.

Histology and immunohistochemistry

Excised corneoscleral buttons were incubated at 371C

in 5mM Monensin (Sigma-Aldrich Company Ltd, Poole,

Dorset, UK) for 6 h to retain intracellular MMP protein

and prevent enzyme dispersal into the extracellular

space.23.Incubation in the absence of monensin was not

performed. Each cornea was then bisected and placed

in OCT medium (Miles Elkhart, IN, USA) and stored

at �701C before 8 mm sections were cut with a cryostat.

These were mounted on 3-aminopropyltriethoxysilane-

coated glass slides,24 dried for 10 min, and placed in 4%

paraformaldehyde for 30 min before washing in

phosphate-buffered saline solution. Sections were

permeabilised with 0.1% triton X-100 (Sigma) for 10 min,

washed, and placed in 5% 4-chloronaphthol (Sigma) for

20 min. To reduce background staining, they were

incubated with 5% rabbit serum (DAKO Ltd, High

Wycombe, Bucks, UK) for 10 min at room temperature

in a humid chamber. Excess serum was removed and

100ml primary antibody (50 mg/ml sheep anti-rabbit

MMP-1,25 sheep anti-human MMP-2,26 sheep anti-rabbit

MMP-3,27 or sheep anti-pig MMP-928) in 5% normal

rabbit serum,29 was added to sections and incubated at

room temperature for 30 min in a humid chamber. These

are all well-characterised antibodies with demonstrated

activity against rabbit MMPs.26,28 Normal sheep serum

(50mg/ml) was used as a negative control. Sections

were washed, and then incubated with 100ml of second

antibody (rabbit F (ab0) 2 anti-sheep IgG (HþL)F
fluoroisothiocynate (FITC) conjugated (Southern

Biotechnology Associates Inc, Birmingham AL)) 1 : 100

in 5% rabbit serum for 30 min in a humid chamber and

then washed. They were counterstained with 1% methyl

green and mounted on slides using Citifluor. Slides were

viewed by fluorescence microscopy (Leica DM, RBE)

using a wideband FITC filter and photographed.

Quantification of fluorescence was not performed.

Results

Re-epithelialisation following AK was typically complete

by day 5 and no secondary breakdown was observed.

Intracellular staining could not be reliably identified, and

therefore we could not distinguish between the period of

enzyme synthesis and residual binding of the enzyme to

the extracellular matrix. MMP-1, -2, -3, or -9 were not

detected in any of the uninjured control eyes at any time

point. At 18 h following surgery, MMP-1 was present

below the basal epithelial cells at the wound margin

(Figure 1). The presence of MMP-1 persisted until day 7,

but had diminished by day 14. MMP-2 and -9 were

localised behind the leading edge of the basal epithelium

(Figure 1), and were present until day 7, but staining had
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also markedly reduced at day 14. There was minor

staining for MMP-3 in the anterior stroma at days 3 and 7

but not at other time points (data not shown).

After LK, the epithelium remained intact at all time

points. The MMP-1, -3 and -9 were only detected at the

margin of the LK wound where the epithelial surface had

been breached. However, MMP-2 was detected at the

intrastromal interface between 4 h and 7 days (Figure 1).

Discussion

We have compared the localisation of the MMP-1, -2, -3,

and -9 following AK and LK in the rabbit eye. This model

was chosen to reflect the healing responses following

PRK or LASIK respectively. We observed the presence of

MMP-1 adjacent to the basal epithelial cells at the margin

of AK wounds in the region of most active cellular

migration, and in the stroma beneath the wound surface.

MMP -2 and -9 were predominantly localised behind the

leading edge of migrating epithelium, which may

indicate a role for these enzymes in stromal remodelling

or early basement membrane assembly. MMP-2 was the

only enzyme expressed in the stromal interface after LK

suggesting that, unlike MMP -1 and -9, its participation

in stromal remodelling may not depend on coexisting

epithelial repair. These results correlate with the

expression of MMP-1, -2, and -9 in dermal wounds.30–32

Although weak MMP-3 localisation was observed

Figure 1 Immunohistochemistry showing the presence of MMP -1, -2, -3, and -9, 18 h after wounding. Positive staining appears as
green fluorescence (orange¼ autofluorescence) (A¼ anterior keratectomy, L¼ lamellar keratectomy. Arrows mark edge of AK wound,
or interface of the lamellar keratectomy. *Leading edge of epithelium migrating right to left. Scale, line¼ 100mm).
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between days 3 and 7 in the anterior stroma after

AK its function could not be further defined.

Other studies have reported MMP activity following

corneal wounding.4,5,7,9,11,12 Of relevance to this study,

Azar et al33 used zymography to compare MMP

expression after PRK or LASIK in the rabbit cornea and

found that stromal levels of MMP-2 and -9 increased

after both procedures, with high MMP-9 expression also

localised in the epithelium during re-epithelialisation.

The role of MMP-1 was not examined. Although the

technique of zymography used in their study may

provide a more sensitive index of enzyme activity, we

feel that our use of immunofluorescence provides a

better spatial localisation of enzyme activity in the

wound. This potential role of MMP-9 as a mediator of

stromal repair is highlighted by the observation that it

can also activate TGF-b, which is a potent modulator of

stromal scarring.34 The role of MMP-9 in corneal repair

has been further studied in knockout mice, in which

there is an increased rate of re-epithelialisation

compared to wild types but with defects in basement

membrane organization, supporting the concept that

MMP-9 is essential for successful basement membrane

formation.13 We demonstrated only transient and weak

localisation of MMP-3 after AK but not LK, and this

enzyme has previously been localised in newly

synthesised stromal matrix at 1 week after laser AK in

the rat cornea.35

In addition to the four MMPs we examined the role

of other MMPs in corneal wound healing has been

studied. MMP-7 (Matrilysin) is expressed in migrating

basal epithelial cells after PRK,35 and studies in

knockout mice suggest that MMP-7 may have a role in

the inhibition of secondary neovascularisation of the

wound.36 MMP-12, -13, and -14 expression has been

studied in rat corneas following laser superficial

keratectomy using reverse transcription-polymerase

chain reaction, and the time course of expression of

MMP-14 and -13 is similar to that of MMP-2 and –9,

respectively, with a similar role in the regulation of

stromal remodelling after wounding.37

In conclusion, our study supports the hypothesis that

MMP -1, -2, and -9 are essential for healing of an anterior

corneal wound in the rabbit. MMP-1 is probably

fundamental to the process of corneal epithelial cell

migration resulting in wound closure, whereas the

presence of MMP-2 and -9, and to a lesser extent MMP-3,

correlates with the period of keratocyte migration or

activation at the wound site, basement membrane

synthesis, and stromal remodelling. These findings

suggest that development of specific MMP inhibitors

may enable the wound healing processes to be dissected,

permitting specific targeting of the stromal response

while preserving epithelial migration.
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