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SUMMARY 

Protein growth factors regulate many of the processes in 

vitro that are essential for the process of normal ocular 

wound healing, including migration, mitosis and differ

entiation of cells. This has led to the hypothesis that pep

tide growth factors play key roles in regulating normal 

ocular wound healing in vivo. A corollary to this concept 

is that insufficient action of growth factors causes 

impaired healing, and prolonged action of growth factors 

produces excessive scarring. If both of these concepts are 

correct, then the addition of exogenous protein growth 

factors should enhance healing of chronic ocular wounds 

and reducing prolonged actions of growth factors should 

limit excessive scarring. Although much remains to be 

understood about the role of growth factors in ocular 

development and wound healing, results of a substantial 

number of laboratory and clinical experiments indicate 

that these hypotheses are generally correct. This article 
reviews the results of pre-clinical experiments and clini

cal trials investigating the roles of protein growth factors 

in ocular development and wound healing. 

GROWTH FACTORS AFFECTING OCULAR 
CELLS 

The eye is a target tissue for peptide growth factors from 
all of the major families of growth factors: epidermal 
growth factor (EOF), fibroblasts growth factor (FOF), 
platelet-derived growth factor (PDOF) , insulin-like 
growth factor (IOF), and transforming growth factor beta 
(TOF�) (see references in reviews by Bennett and 
Schultzl.l and Schultz et aIY). The actions of two struc
turally similar proteins of the EOF family of proteins have 
been studied extensively in the cornea. EOF and transfor
ming growth factor alpha (TOFu) share substantial 
sequence homology (approximately 70%), and both have 
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the triple disulphide-Ioop structure that is characteristic of 
this family of growth factors. 

The proteins of the EOF family of growth factors stimu
late cells by binding to and activating a receptor protein, 
commonly referred to as the EOF receptor. I All three 
major types of corneal cells (epithelial cells, fibroblasts 
and endothelial cells) express the EOF receptor, which is a 
170 000 molecular weight transmembrane glycoprotein. 
The extracellular region contains the growth factor bind
ing domain, and the cytoplasmic portion of the receptor 
contains the tyrosine kinase domain. After binding a 
growth factor, EOF receptors rapidly dimerise, which 
activates the tyrosine kinase activity in the cytoplasmic 
region of the receptor. The activated EOF receptors then 
phosphorylate selected cellular proteins on tyrosine resi
dues which activates these proteins. This initiates a cas
cade of events which are only partially understood but 
eventually result in migration, mitosis and differentiation 
of target cells. 

ROLE OF TGFa IN OCULAR 
DEVELOPMENT AND WOUND HEALING 

One technique for investigating the role of growth factors 
in development of the eye and in ocular wound healing is 
to prevent synthesis of the growth factor. Using homo
logous recombination in embryonic stem cells ('gene 
knock-out' technique), transgenic mice were created 
which do not synthesise TOFu.S.n A high percentage of 
mice lacking TOFu displayed ocular abnormalities of 
variable incidence and severity, including open eyelids at 
birth, reduced eyeball size and superficial opacity. Histo
logical examination revealed eyelid and anterior segment 
dysgenesis, corneal inflammation and scarring, and lens 
and retinal defects. These results strongly indicate that 
TOFu production is required for normal development of 
the eye. 

We previously reported that human tears contain both 
EOF and TOFu proteins and that the probable source is 
the lacrimal gland, on the basis of the presence of EOF and 
TOFu mRNAs and proteins in the tissue.7 Furthermore, 
human corneal epithelial cells contain TOFu mRNA and 
protein.8 This led us to speculate that EOF and TOFu pro-
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duced by epithelial cells might stimulate the normal turn
over of corneal epithelial cells by an autocrine mechanism 
(Fig. 1). Furthermore, EGF and TGFa in tears might 
enhance healing of corneal surface wounds by an exocrine 
pathway. The results of the TGFa gene knock-out experi
ments support the concept that TGFa is necessary for 
normal development and maintenance of the corneal epi
thelium. However, healing of epithelial wounds created in 
the TGFa knock-out mice was not impaired. Thus, 
although TGFa was required for normal development and 
maintenance of the epithelium, it was not required for epi
thelial wound healing. It is possible that either EGF or 
TGFa alone is able to stimulate corneal epithelial wound 
healing, and that redundancy has developed in the EGFI 
TGFa system for epithelial wound healing. Thus, loss of 
either EGF or TGFa synthesis would not lead to a totally 
non-functional EGF receptor system due to compensation 
by the other growth factor. 

TREATMENT OF OCULAR WOUNDS WITH 
GROWTH FACTORS 

Because peptide growth factors such as EGF stimulate 
mitosis, migration and differentiation of corneal cells in 
vitro, it was anticipated that treatment of corneal injuries 
with growth factors would significantly enhance healing. 
A large number of animal experiments have reported that 
addition of exogenous peptide growth factors stimulated 
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ocular wound healing in animals. A limited number of 
clinical trials evaluating growth factors have been com
pleted; the results are mixed, with four reports of acceler
ation of healing and two of no enhancement of healing 
(see references in reviews by Bennett and Schultz1.2 and 
Schultz et aC.4). 

Epithelial Wound Healing 

A substantial number of studies in rabbits and primates 
have reported that topical treatment with EGF enhanced 
healing rates of epithelial wounds. The epithelial wounds 
were created by a variety of techniques including mechan
ical scraping, mild chemical burns with iodine vapour, or 
solubilisation with organic solvents Coctanol). EGF treat
ment has consistently accelerated the rate of epithelial 
regeneration from 25% to 45% in simple animal models. 

EGF has also been evaluated in clinical trials of epider
mal regeneration (see references in reviews by Bennett 
and Schultzl•2 and Schultz et al.3.4). Topical application of 
a high concentration of mouse EGF (2 mg/ml) signifi
cantly accelerated the rate of healing for 94 patients with a 
variety of ocular surface wounds or corneal ulcers. A 
multicentre, double-masked clinical trial evaluated the 
effects of recombinant EGF eye drops (10 Ilg/ml) on rates 
of healing for 104 patients with traumatic epithelial 
defects. Planimetric measurements of fluorescein-stained 
epithelial defect areas demonstrated that EGF treatment 
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Fig. 1. Model of growth factor action in corneal wound healin!? Protein growth factors appear to regulate spontaneous corneal 
wound healing by several pathways. Epidermal growth factor (EGF) and transforming growth factor alpha (TGFa) synthesised in the 
lacrimal gland and secreted in tears can stimulate corneal cells by an exocrine pathway. Growth factors such as TGFa or TGF� syn
thesised by corneal epithelial cells or stromal fibroblasts may act on the cells that synthesised the growth factor (autocrine pathway) or 
on adjacent cells (paracrine pathway). 
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significantly accelerated the rate of healing by approxi
mately 30% compared with vehicle treatment. Another 
clinical trial of 35 patients following penetrating ker
atoplasty reported no effect of mouse EGF eye drops 
(1-2 mg/ml) on the rate of epithelial healing. In a similar 
trial, treatment of corneal transplant patients with bFGF at 
100 j.lg/ml also did not accelerate the rate of corneal epi
dermal regeneration.9 Thus, neither EGF nor FGF treat
ment successfully enhanced epithelial healing in the 
clinical setting after corneal transplantation. It is possible 
that the combination of EGF or FGF with immune-sup
pressing drugs, which tend to impair healing, blunts the 
effect of the growth factors. 

Stromal Wound Healing 

Growth factors have also been reported to enhance stromal 
wound healing (see references in reviews by Bennett and 
Schultz2 and Schultz et al.H). Following an injury to the 
stroma, quiescent fibroblasts become activated and 
migrate to the site of injury where they proliferate and then 
synthesise extracellular matrix molecules such as collagen 
to form the scar. Topical application of EGF increased ten
sile strength of sutured or un sutured full-thickness inci
sions in rabbits and primates, even when healing was 
impaired by corticosteroids. The level of EGF applied is 
important in achieving an increase in tensile strength, with 
an optimum effect at 10 j.lg/ml and decreased tensile 
strength at higher doses (1000 j.lg/ml). The ability of EGF 
to increase tensile strength of corneal incisions is probably 
due to its ability chemotactically to stimulate migration 
and mitosis of stromal fibroblasts, which increases the 
total number of activated fibroblasts in the incision, rather 
than it causing an increase in the rate of collagen 
synthesis. 

Recently, we reported that TGF� increased the tensile 
strength of stromal incisions in rabbits when applied top
ically.lo The ability of TGF� to increase tensile strength of 
corneal incisions is probably due to its ability chemo
tactically to increase the number of stromal fibroblasts in 
an incision and to increase synthesis of collagen and lysyl 
oxidase proteins by fibroblasts. TGF� may also reduce 
synthesis of matrix metalloproteinases and increase syn
thesis of tissue inhibitors of metalloproteinases. 

Endothelial Wound Healing 

Endothelial wound healing in humans and primates occurs 
primarily by migration and enlargement of uninjured cells 
surrounding the wound area (see references in reviews by 
Bennett and Schultz2 and Schultz et al.3.4). Mitosis occurs 
only rarely. In contrast, endothelial cells of rabbit corneas 
undergo mitosis extensively after wounding. Cat endo
thelial cells also respond to endothelial wounding by lim
ited mitosis and, therefore, cats have been used as an 
animal model for human endothelial wound healing. Sev
eral studies have investigated the changes which occur in 
the aqueous humour of cats after the creation of an endo
thelial wound and the effects of exogenous growth factors 
on endothelial wound healing. It is generally accepted that 
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primary aqueous humour from humans or cats contains 
low levels of proteins and has minimal mitogenic activity. 
Recently, we reported that primary aqueous humour col
lected from cats prior to creating a central touch injury to 
the endothelium contained low levels of TGFa immuno
reactive protein (7 ng/ml), and that the concentration of 
TGFa increased 12-fold (97 ng/ml) 2 hours after wound
ing then progressively decreased to pre-wounding levels 
by 24 hours. I I No increase in mitogenic activity or TGFa 
concentration was found in secondary aqueous from 
sham-injured eyes, suggesting that the endothelial injury 
increased the concentration of TGFa in the aqueous 
humour. 

The effects of addition of exogenous EGF to the 
anterior chamber of cats have been studied rather exten
sively. EGF injected into the anterior chamber of rabbits 
was rapidly cleared from the aqueous humour with a half
life of approximately 0.6 hours. A single injection of EGF 
into the anterior chamber of cats after a transcorneal freeze 
injury increased the rate of endothelial wound closure 
only when EGF was delivered in a specific viscoelastic 
material: sodium hyaluronidate. EGF delivered in saline 
or methylcellulose was ineffective in accelerating endo
thelial wound closure. Similarly, no difference in corneal 
thickness or central corneal endothelial cell density was 
found in cryo-injured cat corneas treated with water alone 
or water containing EGF. However, we recently reported 
that EGF delivered in sodium hyaluronate significantly 
enhanced several key parameters of endothelial wound 
healing including mitosis, endothelial cell density, per
centage of hexagonal cells, and polymegethesim.12 These 
results suggest that exogenous growth factors such as EGF 
can enhance endothelial wound healing provided their 
residency time in the anterior chamber is sufficient to 
enable their effects to occur. 

FUTURE INVESTIGATIONS OF GROWTH 
FACTORS AND OCULAR WOUND 

HEALING 

Another important area for future investigation is the 
potential synergistic effects between EGF or TGFa and 
agents such as protease inhibitors or extracellular matrix 
proteins. Severe corneal injuries such as alkali burns or 
bacterial infections often overwhelm the endogenous abil
ity of the cornea to heal these types of wounds sponta
neously. We recently reported that a combination of EGF, 
fibronectin (a cell attachment protein), aprotinin (a serine 
protease inhibitor) and Galardin (a synthetic inhibitor of 
matrix metalloproteinases) was very effective in blocking 
ulceration and promoting epithelial regeneration for up to 
4 weeks after alkali injury to rabbit corneas. Ll Neither 
EGF, fibronectin or Galardin alone, nor the combination of 
EGF plus fibronectin, were effective in controlling ulcer
ation and promoting epithelial regeneration. Thus, strat
egies for treatment of severe corneal injuries should 
consider the total environment of a corneal wound and 
utilise multiple agents which can each correct a different 
aspect of the wound environment. For example, wounds 
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with a denatured extracellular matrix will need factors to 
enhance cell migration and attachment while wounds with 
excess protease activity will need specific inhibitors to 
allow the wound cells to regenerate receptors for growth 
factors and extracellular matrix components. 

Substantial progress has been made in understanding 
healing of ocular wounds at the molecular level, but many 
important questions remain unanswered. It will be impor
tant to characterise further the roles of peptide growth fac
tors, their receptors, extracellular matrix proteins and 
proteases in the process of normal ocular wound healing. 
Once this baseline of fundamental data is known, it will be 
necessary to contrast the molecular environment of spon
taneously healing ocular wounds with the environment of 
chronic ocular ulcers with respect to levels of growth fac
tors, proteases and growth inhibitory agents. Better com
binations of agents can then be rationally designed to 
correct deficiencies that have been identified in the 
environment of chronic corneal wounds. Obtaining 
answers to these questions will be difficult but the knowl
edge should greatly improve the ability clinically to con
trol healing of ocular wounds. 
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