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Abstract

Stromal transparency is a critical factor contributing to normal function of the visual system.
Corneal injury, surgery, disease and infection elicit complex wound healing responses that serve to
protect against insults and maintain the integrity of the cornea, and subsequently to restore corneal
structure and transparency. However, in some cases these processes result in prolonged loss of
corneal transparency and resulting diminished vision. Corneal opacity is mediated by the complex
actions of many cytokines, growth factors, and chemokines produced by the epithelial cells,
stromal cells, bone marrow-derived cells, lacrimal tissues, and nerves. Myofibroblasts, and the
disorganized extracellular matrix produced by these cells, are critical determinants of the level and
persistence of stromal opacity after corneal injury. Decreases in corneal crystallins in
myofibroblasts and corneal fibroblasts contribute to cellular opacity in the stroma. Regeneration of
a fully functional epithelial basement membrane (BM) appears to have a critical role in the
maintenance of corneal stromal transparency after mild injuries and recovery of transparency
when opacity is generated after severe injuries. The epithelial BM likely has a regulatory function
whereby it modulates epithelium-derived growth factors such as transforming growth factor (TGF)
{3 and platelet-derived growth factor (PDGF) that drive the development and persistence of
myofibroblasts from precursor cells. The purpose of this article is to review the factors involved in
the maintenance of corneal transparency and to highlight the mechanisms involved in the
appearance, persistency and regression of corneal opacity after stromal injury.
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1. Introduction

Corneal transparency is maintained by many factors, including the ultrastructural anatomy
and the physiology of the cornea and its cellular and extracellular components. Corneal
injuries, surgeries, diseases and infections trigger complex stromal responses that function to
maintain corneal integrity and then restore corneal transparency once the threat has
subsided. In severe injuries, however, depending on the depth and overall extent of the
insult, persistent corneal opacity may result. Under normal conditions, keratocytes are
relatively quiescent and their primary functions are to maintain collagen and other
extracellular matrix components in the stroma (West-Mays and Dwivedi, 2006; Singh et al.,
2012). During corneal wound healing responses, however, stromal and bone marrow-derived
precursor cells may give rise to alpha-smooth muscle actin (a-SMA) expressing
myofibroblasts. Deposition of large quantities of disorganized extracellular matrix by these
cells, in addition to decreased crystallin protein expression by the cells themselves, are
important contributors to loss of corneal transparency (Jester et al., 1999b; Mohan et al.,
2003; West-Mays and Dwivedi, 2006).

Previous studies have shown that epithelial-stromal interactions are critical to myofibroblast
generation and the development of corneal opacity (Netto et al., 2006a). Myofibroblast
development occurs when structural and functional defects in the regenerated epithelial
basement membrane (BM) allows penetration of transforming growth factor beta (TGF-$3)
and platelet-derived growth factor (PDGF) from the epithelium into the stroma at sufficient
levels to drive precursor development (Singh et al., 2014a; Kaur et al., 2009a; Netto et al.,
2006a; Torricelli et al., 2013a).

The purpose of this article is to review the factors involved in the maintenance of corneal
transparency and to highlight the mechanisms involved in the appearance, persistence and
regression of corneal opacity after corneal injury.

2. Corneal anatomy

The cornea is a transparent and centrally avascular tissue responsible for two-thirds of the
refractive power of the eye (Land and Fernald, 1992). The shape of the normal cornea is
“prolate”—meaning it is steeper centrally and flatter in the periphery—which creates an
aspheric optical system (DelMonte and Kim, 2011). Several distinct layers compose this
structure that is critical to normal vision.

The outermost layer, and the primary barrier to threats from the outside environment, is the
corneal epithelium that is composed of non-keratinized, stratified squamous epithelial cells
(Rufer et al., 2005). The thickness of the corneal epithelium is remarkably constant in
different species, ranging from 45 to 50 pm in human, mouse and rabbit (Cavanagh et al.,
2002; Moller-Pedersen et al., 1998c; Robertson et al., 2006). Underlying the corneal
epithelium, the epithelial BM is a highly specialized extracellular matrix that forms a thin
acellular layer that has a critical role in corneal homeostasis, wound healing and disease.
The epithelial BM is composed of a wide assemblage of extracellular molecules, but in
general terms it is generated from four primary components: collagens (for example,
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collagen type IV isoforms), laminins (for example, laminin 332), heparan sulfate
proteoglycans (for example, perlecan) and nidogens (Torricelli et al., 2013b).

Bowman’s layer is classically described as an acellular condensation of the anterior stroma
of the cornea and is usually absent in non-primate species such as rabbits (Wilson and Hong,
2000). Studies have found that the fibrils of Bowman’s layer are only 1/2 or 2/3 as thick as
the fibrils that comprise the underlying stroma and these fibrils are randomly interwoven to
form a dense, felt-like sheet (Jacobsen et al., 1984; Komai and Ushiki, 1991). The authors
believe that Bowman’s layer is formed during development and maintained during adult life
by ongoing epithelial-derived negative chemotactic factors that participate in the
development and maintenance of corneal tissue organization (Wilson and Hong, 2000).

The corneal stroma provides the bulk of the structural framework of the cornea and
comprises about 90% of the total volume of the cornea (Moller-Pedersen, 2004). The
stromal thickness varies considerably depending on the species and can be very thin in mice
(70 to 90 pum), thicker in rabbits (300 to 400 pm) and humans (450 to 700 um), and very
thick in pig and cows (approximately 1 mm) (Moller-Pedersen et al., 1998c; Moller-
Pedersen et al., 1997; Robertson et al., 2006). The stroma has bundles (lamellae) of highly
ordered collagenous fibers and ground substance— with water, inorganic salts,
proteoglycans, and glycoproteins being the main structural components of the extracellular
matrix (Moller-Pedersen, 2004; Hassell and Birk, 2010). Corneal stromal collagen fibrils are
composed of type I collagen in a heteridimeric complex with type V collagen to yield a
uniquely narrow diameter (Fini and Stramer, 2005). These complexes are surrounded by
specialized proteoglycans such as lumican, keratocan, mimecan, and decorin (Kao and Liu,
2002). Keratocytes are the major cells of the stroma and serve to maintain the extracellular
environment. They function to reabsorb and resynthesize collagen molecules and
glycosaminoglycans, and also produce matrix metalloproteases (MMPs) that are crucial to
stromal homeostasis (DelMonte and Kim, 2011). There is also a population of transient bone
marrow-derived cells, monocytes (macrophages), and dentritic cells that reside in the cornea
(Hassell and Birk, 2010).

The cornea is one of the most innervated tissues in the body. Sensory nerves enter into the
corneal stroma and are derived from the nasociliary branch of the ophthalmic division of the
trigeminal nerve (DelMonte and Kim, 2011). These sensory nerves run centrally and
anteriorly in a radial fashion toward the central cornea and give rise to branches that
innervate the anterior and mid stroma. In the interface between Bowman’s layer and the
anterior stroma, the stromal nerves form a subepithelial nerve plexus and perforate
Bowman’s layer to form the subbasal epithelial nerve plexus. Thus, these sensory nerve
fibers provide innervation to the basal epithelial cell layer and terminate within the
superficial epithelial layers. It is controversial whether there is innervation to the posterior
stroma. However, it is believed that Descemet’s membrane and the endothelium are not
innervated in humans (Oliveira-Soto and Efron, 2001). The cornea also contains autonomic
nerve fibers (Marfurt, Jones, Thrasher, 1998; lvanusic, Wood and Brock, 2013).

Beneath the stroma is Descemet’s membrane—a modified basement membrane that is
continuously secreted by corneal endothelial cells. This layer is composed primarily of
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collagen type IV fibrils and is three um thick prior to birth in humans and can grow with age
up to a thickness of greater than 10 um (Murphy, Alvarado, and Juster, 1984).

The endothelium of the cornea is a cuboidal monolayer of mitochondria-rich cells
approximately five micrometers thick. These cells are responsible for the relatively
deturgescent state (78% water content) of the cornea (Geroski et al., 1985). Corneal
endothelial cells may also produce growth factors that modulate the functions of lens, iris
and trabecular meshwork cells (Wordinger, et al., 1999; Weng, et al., 1997; Wilson, et al.,
1993). Endothelial cells have a very limited ability for regeneration in human corneas but
substantial capacity for proliferation in other species (Schultz et al., 1992).

3. Maintenance of corneal transparency

Transparency is the capacity of a structure to transmit light without appreciable scattering so
that structures lying beyond are clearly seen. Although the cornea is not perfectly clear, it
scatters only a small portion of the light that enters and allows light transmission needed for
quality vision. (Moller-Pedersen, 2004) This fundamental property of the cornea has been
well researched and many factors and components are involved in corneal clarity—including
the uniform diameter of the collagen fibrils and their regular packing within the stroma
(Hassell and Birk, 2010).

The first theories to explain corneal transparency were based on light propagation in the
stromal extracellular matrix. Maurice (1957) theorized in his “lattice theory” that the regular
arrangement of collagen fibrils which present a smaller diameter than the wavelength of
light causes destructive interference of any scattered waves except for those in the direction
of the incident beam. Later this theory was modified when Goldman and coworkers (1968)
proposed that the periodic fluctuation in the index of refraction is the fundamental
mechanism explaining light scattering and the relatively miniscule distance between
collagen fibrils relative to the wavelength of the light minimized the possibility of scatter
regardless of fibril arrangement. The refractive index changes from 1.380 to 1.373 across the
stroma’s anterior to posterior dimension and less than 1% of the total light is scattered
(Jalbert and Stapleton, 2005; Qazi et al., 2010). Meek at al (2003) demonstrated, using a
mathematical model, that the transparency of the cornea is critically dependent on hydration.
Thus, if the cornea swells, light scattering increases. The epithelium and endothelium have
significant roles in maintaining corneal transparency by serving as barriers to fluid diffusion
and by creating gradients that allow the transport of water out of the stroma.

The lumican-deficient mouse model is a good in vivo example of the relationship between
abnormal collagen architecture and loss of corneal transparency (Chakravarti et al., 1998,
2000). Small, leucine-rich proteoglycans, including lumican, are major proteoglycan
components of the corneal stroma. These molecules are thought to regulate collagenous
matrix assembly in connective tissues via their bi-functional character. Thus, the protein
moiety of lumican binds collagen fibrils at strategic loci and the highly charged hydrophilic
glycosaminoglycans regulate interfibrillar spacing (Funderburgh et al., 1995; Hassell et al.,
1983; Kao and Liu, 2002). Corneal opacity (recognized with a slit lamp and/or in vivo
confocal microscopy) were reported in Lum—/— mice and electron microscopic examination
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revealed abnormally thick collagen fibers, especially in the posterior stroma. This haze is
associated with the presence of a disorganized collagenous matrix with larger fibril
diameters and disorganized fibril spacing (Chakravarti et al., 1998; Kao and Liu, 2002).

Although these theories explain in part the transparency of the cornea, they do not
explanation how other corneal components, including cells, contribute to tissue clarity.
Moller-Pederson (2004) suggested that keratocyte nuclei, cell bodies, cell processes, and
other structures (such as mitochondria) have different refractive indexes and may influence
light scattering. Thus, keratocytes contribute to specular or backward scattered light and are
a source of corneal light scattering (Andreo and Farrell, 1982; Gallagher and Maurice,
1977). Jester et al (1999b) showed that keratocyte nuclei are a significant source of light
scattering in the normal stroma using in vivo confocal microscopy. Importantly, these
authors showed that the expression of corneal crystallins in keratocytes minimizes light
scattering by the cells—similar to crystallin protein function in the lens (Delaye and
Tardieu, 1983; Tardieu, 1998). Water-soluble proteins in high abundance in keratocytes
were identified as crystallins in rabbit corneas (Jester et al., 1999b). The first corneal
crystallin identified was aldehyde dehydrogenase class 3 (ALDH3AL) (Alexander et al.,
1981). Other corneal crystallins have also been reported—including transketolase (TKT) in
mouse, rabbit and human corneas (Jester et al., 1999b; Sax et al., 2000), aldehyde
dehydrogenase 1A1 (ALDH1AL) in rabbit corneas (Jester et al., 1999b), and a.-enolase in
human, mouse and chicken corneas (Cuthbertson et al., 1992). There is an important link
between the abundant expression of these proteins and cellular light scattering for both the
corneal epithelial cells and keratocytes (Jester, 2008). One study showed that ALHDH3A1
deficient knockout mice had normal corneal transparency (Nees et al., 2002). However, it is
likely there is redundancy in this important function and other crystallin proteins can be up-
regulated when expression of another is lacking so the transparency critical to vision is
maintained.

Corneal avascularity is another essential element of corneal transparency (Ambati et al.,
2006; Chang et al., 2001) and the maintenance of the avascular state of the cornea has been
termed “angiogenic privilege” (Azar, 2006; Beebe, 2008). Several molecules have been
shown to contribute to corneal avascularity. One of the first molecules thought to have a
major role in maintaining corneal avascularity was pigment epithelium-derived factor
(PEDF) (Tombran-Tink et al., 1991). Alternatively spliced versions of VEGF receptor-1
(sFIt1) and thrombospondins (TSPs) 1-4 have also been implicated in the suppression of
vascularization (Ambati et al., 2006; Cursiefen et al., 2004; Tucker et al., 1997). Several
other molecules have been proposed as candidates to maintain corneal avascularity or
prevent pathologic neovascularization. These include the angiopoietin-like molecule,
cornea-derived transcript —6 (CDT®6, also called AngX) (Peek et al., 1998) and the inhibitory
PAS domain transcription factor, IPAS—which has been reported to prevent the hypoxic
induction of VEGF-A (Makino et al., 2001). Factors leading to corneal neovascularization,
including persistent hypoxia, chronic inflammation, and corneal injury, have been
previously reviewed (Azar, 2006; Beebe, 2008).
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4. Corneal opacity — development, persistence and regression

Immediately after corneal injury, a complex cascade of events mediated by autocrine and
paracrine interactions of cytokines, growth factors and chemokines produced by epithelial,
stromal, bone marrow-derived, lacrimal, and nerve cells is triggered to respond to the threat
and then, when the insult is controlled, restore corneal structure and function. Lesions that
are restricted to the epithelium, especially if the epithelial BM is not injured, normally heal
rapidly through migration, mitosis, and differentiation of transient amplifying cells and
limbal stem cells without corneal scar formation. However, if the injury reaches the
epithelial BM and the underlying stroma then corneal transparency may be compromised.

The earliest detectable stromal cellular response to corneal epithelial wounding is the
disappearance of anterior stromal keratocytes (Wilson, 1998, 1996) by apoptosis (Fig. 1).
Apoptosis is a gentle, involution form of cell death that occurs with little release of
lysosomal enzymes and other intracellular components that produce damage to surrounding
cells and extracellular matrix that can occur with necrotic cell death (Wilson, 2002).
Cytokines released from the injured epithelium, including interleukin-1 (IL-1) and tumor
necrosis factor alpha, mediate apoptosis via the Fas-Fas ligand system (Mohan et al., 1998,
1997). Studies with terminal deoxyribonucleotidyl trasferase-mediated dUTP-digoxigenin
nick end label (TUNEL) assay, confirmed by transmission electron microscopy, detected
keratocyte apoptosis within moments of epithelial injury (Helena et al., 1998; Wilson et al.,
1996). Apoptosis of cells continues in the stroma for a week or longer, and includes bone
marrow-derived cells that are attracted into the stroma after the injury (Mohan et al., 1998;
Hong et al., 2001; Wilson et al., 2004).

Many remaining keratocytes in the posterior and peripheral stroma begin to undergo mitosis
at 12 to 24 hours after injury. This mitosis is best detected by deoxyridine incorporation or
immunocytochemical staining for mitosis-specific antigen ki-67 (Zieske et al., 2001).
Previous studies suggested that the keratocyte proliferation after injury also generates
precursors to myofibroblasts that develop and persist after severe injuries that produce
stromal scarring (Fig. 2) due to the opacity of the cells themselves and the disorganized
extracellular matrix they produce (Jester et al., 1999c; Masur et al., 1996; Moller-Pedersen
et al., 1998b).

Concurrently, thousands of bone marrow-derived cells migrate into the corneal stroma (Fig.
3) from the limbal blood vessels (Barbosa et al., 2010a; Wilson et al., 2004) attracted by
proinflammatory cytokines and chemokines released by the injured epithelium and up-
regulated in keratocytes (Hong, et al., 2001). In vitro studies with corneal fibroblasts and
bone marrow-derived cells isolated from both normal and green fluorescent mice
demonstrated that both bone marrow-derived cells and corneal fibroblasts can transform into
myofibroblasts in vitro and demonstrated that the presence of one cell type augments
myofibroblast development from the other (Singh et al., 2014b; Singh et al., 2012). In vivo
studies ( Singh et al., 20144a; Singh et al., 2013) using chimeric mice with green fluorescent
protein (GFP)+ bone marrow transplants have confirmed myofibroblast development from
bone marrow-derived cell precursors that likely are fibrocytes (Bucala et al., 1994; Abe et
al., 2001). Thus, in a particular injured cornea with haze, 30% to 70% of myofibroblasts
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develop from keratocyte-derived precursors and 30% to 70% of myofibroblasts develop
from bone marrow-derived precursors. It appears this is redundancy in an important function
since in vitro studies of gel contraction and other functions found no differences between
myofibroblasts generated from corneal fibroblast precursors compared to bone marrow-
derived precursors (V. Singh and S.E. Wilson, unpublished data, 2012). Furthermore, it is
likely that the type and/or depth of the injury, as well as variation in the wound healing
response between different species, and even between strains in the same species, may
impact the level of myofibroblasts generation from bone marrow-derived precursors relative
to keratocyte-derived precursors.

Myofibroblasts are fibroblastic cells that have ultrastructural and physiological
characteristics of smooth muscles cells, such as prominent intracellular microfilament
bundles and contractile response to smooth muscle agonists (Jester et al., 1999a; Luttrull et
al., 1985; Wilson, 2012). The immunocytochemical detection of a-SMA is the most
common marker used to detect myofibroblast in vitro and in situ (Fig. 4), although during
their early development corneal myofibroblasts express vimentin (V) (Fig. 5) but no a-SMA
(A) or desmin (D) (Chaurasia et al., 2009), and, thus, are V+A-D- myofibroblast precursors.
Mature corneal myofibroblasts also express vimentin and desmin (Fig. 6) as they complete
their development under the influence of TGF-§ and PDGF and become mature V+A+D+
myofibroblasts (Chaurasia et al., 2009). These cells are particularly suited to restore the
integrity of the cornea after a penetrating injury because of their capacity to contract
wounds, secrete extracellular matrix, and generate adhesion structures with the surrounding
substrate. Thus, myofibroblast generation can be beneficial in corneal healing associated
with lacerations or stromal incisions (Wilson, 2012). However, after surgeries such as
photorefractive keratectomy, development of these cells is detrimental and creates central
stromal opacity due to the production of large amounts of collagen, hyaluronate and
biglycan that contribute to a disorganized and opaque extracellular matrix (Jester et al.,
1999c; Mohan et al., 2003). It is thought that the proteoglycans found in the normal cornea,
such as keratan sulfate proteoglycan, regulate the diameter and spacing of the collagen
fibrils associated with stromal transparency (Hassell and Birk, 2010). Jester et al (2005)
have also shown that myofibroblasts have a marked reduction in the expression of corneal
crystallins—transketolase and aldehyde dehydrogenase 1, for example, compared to normal
keratocytes. Diminished corneal crystallin production is associated with increased
reflectivity of the cells and contributes to stromal opacity.

The development of myofibroblasts has been well characterized with in vitro models and in
animal models following photorefractive keratotomy (PRK) (Jester et al., 1999c; Masur et
al., 1996; Mohan et al., 2003; Mohan et al., 2008; Singh et al., 2011; Singh et al., 2014b). In
vitro studies have demonstrated that TGFp is a key cytokine in the development of corneal
myofibroblasts (Jester et al., 1999a; Masur et al., 1996; Singh et al., 2014b). TGF-$
stimulates the production of extracelullar matrix proteins, inhibits matrix metalloproteinases,
and modulates many other components of the corneal wound healing response. However, in
fibrotic diseases, and other pathophysiological conditions, excessive TGF-B production and
signaling promotes extensive tissue fibrosis (Finnson et al., 2013). There are three TGF-
isoforms (-1, —p2, and —p3) and they appear to play distinct roles in wound healing, with
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TGFB1 and 2 having predominantly pro-scarring effects and TGFp3 having mainly anti-
scarring effects (Finnson et al., 2013). TGF-p is released from epithelial cells in a latent
complex formed by three proteins: TGFp, the processed TGF-3 pro-peptide, and a member
of the latent TGF-p binding protein (LTBP) family. LTBPs are microfibril-associated
proteins that bind latent TGFJ to the extracellular matrix. TGF-B activation appears to be a
critical checkpoint controlling TGF-B’s actions, and has been intensely investigated (Munger
and Sheppard, 2011). Latent TGF-f activators include proteases, thrombospondin-1, and
integrins (Horiguchi et al., 2012). Mature TGFp is a covalent 25-kD homodimer produced
after intracellular proteolytic cleavage from its propeptide dimer [latency associated peptide
(LAP)]. It is likely that this large TGFp latent complex cannot penetrate the normal
epithelial basement membrane in the cornea.

Other studies have also supported an important role for PDGF in corneal myofibroblast
development (Jester et al., 2002; Kaur et al., 2009b). Singh et al (2012) hypothesized that
the normally functioning epithelial BM critically modulates myofibroblast development
through its barrier function that prevents penetration of epithelium-derived TGFp and PDGF
into the stroma at sufficient levels to drive myofibroblast development and maintains
viability once mature myofibroblast are generated in the subepithelial stroma. Corneal injury
of sufficient magnitude often leads to persistent structural and functional defects in the
epithelial BM—uwhich increases and prolongs penetration of epithelial TGFj and PDGF into
the stroma to drive myofibroblast development from either keratocyte-derived or bone
marrow-derived precursor cells (Barbosa et al., 2010a; Singh et al., 2011). Torricelli et al
(2013a) used transmission electron microscopy to demonstrate defective regeneration of the
epithelial BM (no regeneration of lamina lucida or lamina densa) of rabbit corneas with
anterior stromal opacity (haze) at one month after high-correction (-9D) PRK (Fig. 7).
These corneas with haze were also found to have highly disorganized extracellular matrix
and prominent myofibroblasts in the subepithelial stroma beneath the epithelial BM defects,
which likely interfere with keratocyte and corneal fibroblast contributions of critical
epithelial BM components such as nidogen-1, nidogen-2 and perlecan, resulting in the
defective BM regeneration (A. Santhanam, J. Wu, A.A.M. Torricelli and S.E. Wilson,
unpublished data, 2014). Unwounded control corneas or corneas without haze at one month
after low-correction (-4.5D) PRK had a normal, continuous epithelial BM and few
myofibroblasts and no disorganized extracellular matrix (Fig. 7). Thus, the epithelial BM
likely functions as a critical corneal regulatory structure that limits the fibrotic response in
the stroma by modulating the availability of epithelium-derived TGFf, PDGF, and perhaps
other growth factors, that will promote myofibroblast development from precursors. Once
myofibroblast-associated anterior stromal opacity develops, it persists until the normal
structure and function of the epithelial BM is regenerated—which often takes years in
corneas with severe haze. After epithelial BM regeneration, epithelium-derived TGFf and
PDGEF levels in the stroma fall and the myofibroblasts, that are dependent on these growth
factors for survival, undergo apoptosis (Wilson, Chaurasia and Medeiros, 2007).
Myofibroblasts undergoing apoptosis can be detected using the TUNEL assay even at one
week or one month (Fig. 8) after PRK, but at these time points after injury myofibroblast
generation outstrips apoptosis in corneas that develop severe haze (Wilson unpublished data,
2004). Thus, during the corneal wound healing response, the balance between myofibroblast
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precursor apoptosis and myofibroblast development is a critical determinate of whether
opacity develops. Thus, myofibroblast precursors develop early in the wound healing
response even after mild injuries to the cornea that do not cause haze, but these precursors
are eliminated by apoptosis once the epithelial BM regenerates to its normal structure and
function. At some point in corneas with severe haze, which could be months or years after
PRK, apoptosis of myofibroblasts also exceeds generation of myofibroblasts and these cells
slowly disappear from the cornea. Repopulating keratocytes subsequently reabsorb
disorganized extracellular matrix and thereby restore transparency (Fini and Stramer, 2005;
Singh et al., 2012; Stramer et al., 2003). Other studies have also shown that IL-1 has
opposing effects to TGF-f in regulating myofibroblast function (Barbosa et al., 2010b; Kaur
etal., 2009a). In those studies, it was found that autocrine or paracrine IL-1a and IL-1p act
as inducers of myofibroblast apoptosis if the cell is not continuously exposed to high levels
of TGF-p.

corneal transparency related to corneal surgery, injury or

5.1. Photorefractive keratectomy-induced corneal haze

Photorefractive keratectomy (PRK) is a surgical technique that is performed by removal of
the epithelium followed by excimer laser ablation of the superficial corneal stroma to alter
corneal curvature to correct the refractive errors of the eye. PRK continues to represent an
alternative to laser in situ keratomileusis (LASIK) for many patients, including those with
thinner corneas or corneal topographic abnormalities (Netto et al., 2006b; Rajan et al.,
2004). The corneal wound healing process following PRK involves a very complex, and
sometime unpredictable, biological response. After surgery, the organization of the
extracellular matrix can be altered and, along with changes in cellular density and
phenotype, may result in a decrease in stromal transparency—referred to as corneal haze or
opacity (Netto et al., 2006a). In most corneas, the level of haze is minimal and transient, and
associated with the generation of corneal fibroblasts. Rare corneas, especially those with
corrections greater than six diopters of myopia that are not treated with mitomycin C,
develop severe, clinically significant haze (Fig. 2). Myofibroblast generation and persistence
has been identified as the main biological factor responsible for the formation of corneal
haze after PRK surgery ( Jester et al., 1999a; Jester and Ho-Chang, 2003; Mohan, et al.,
2003).

Many factors contribute to haze formation, such as length of time required for epithelial
defects to heal, the depth of the ablation into the stroma, irregularity of the postoperative
stromal surface, or damage to or removal of the epithelial BM (Kuo et al., 2004; Moller-
Pedersen et al., 1998a; Stramer et al., 2003; Tang and Liao, 1997; Torricelli et al., 20133;
Vinciguerra et al., 1998).

Mohan et al (2003) showed significant differences in wound healing processes between
PRK for low and high myopia in rabbit corneas, including greater keratocyte apoptosis,
keratocyte proliferation, and myofibroblast generation in the anterior stroma. Netto and
coworkers (2006a) also demonstrated a direct relationship between the level of stroma
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surface irregularity after PRK and myofibroblast generation, along with the development of
corneal haze, that we now understand from transmission electron microscopic studies (Fig.
7) is a function of increasing difficulty in regeneration of a structurally and functionally
normal epithelial BM that modulates epithelial cytokines such as TGF-f3 that drive
development of myofibroblasts from precursors and maintain mature myofibroblasts in the
anterior stroma after they are established (Torricelli et al., 2013a).

It is important to distinguish pathological late haze associated with myofibroblast generation
from the mild haze that occurs in the first few weeks to months after almost all PRK
surgeries, including those with perfect clinical outcomes (Wilson, 2012). This more
common, clinically insignificant, haze is not attributable to mature myofibroblasts, and the
excessive disordered extracellular matrix they produce, but to corneal fibroblasts that are
opaque due to decreased corneal crystallin production (Jester et al., 1999b) and less
disordered alterations in the anterior stromal extracellular matrix. Corneal fibroblasts
produce collagens, as well as keratocan and lumican with keratan sulfate chains, to form a
more organized extracellular matrix that has only a limited effect in decreasing corneal
transparency (Citron and Kublin, 1977; Hassell et al. 1983; Funderburgh at el, 1998,
Ljubimov et al, 1998; Dawson et al, 2005). This can be noted in almost all human and rabbit
corneas that have a normal healing response after PRK. Conversely, myofibroblasts secrete
high levels of disorganized collagens, hyaluronan, and biglycan, but only low levels of
keratan sulfate proteoglycans, which results in a disorganized and opaque extracellular
matrix (Hassell and Kirk, 2010). This highly opaque matrix is seen in corneas that develop
late haze after PRK (Fig. 2).

Another significant factor in haze generation after PRK is the time of appearance of the haze
and associated SMA+ myofibroblasts. In humans, severe, pathological PRK-associated haze
is typically detectable by slit lamp examination at around two to three month after surgery
and reaches a peak at approximately three to four months after surgery (Raviv et al., 2000).
In rabbits, the appearance of haze after PRK follows a similar course, although some SMA+
myofibroblasts that give rise to haze can be detected as early as two weeks after surgery
(Chaurasia et al., 2009). A study of intermediate filament expression in rabbits provided
important insights regarding the timing of appearance of haze and myofibroblast formation
(Chaurasia et al., 2009). That study found that the earliest stromal precursors to
myofibroblasts in the cornea express vimentin (V), but not a-SMA (A) or desmin (D)—
which are later markers of myofibroblast development (Chaurasia et al., 2009). Thus,
corneal myofibroblasts in the cornea go through a sequential developmental change in
phenotype from V+A-D- to V+A+D- to V+A+D+ cells.

After PRK surgery, myofibroblast precursor cells (both keratocyte-derived and bone
marrow-derived) begin their differentiation mediated by TGF-f and PDGF that penetrate
into the stroma from the epithelium after injury to the epithelium and epithelial BM. a-SMA
expression is not detected in the early post-injury period since in situ the precursors only
begin to express a-SMA after about one to two weeks of exposure to increased levels of
TGF-B (Singh et al., 2014b). In most corneas that undergo PRK, the epithelial BM
regenerates completely, epithelium-derived TGF-§§ and PDGF levels in the stroma fall, and
the myofibroblast precursors halt their development, and likely undergo apoptosis. In
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corneas where the epithelial BM fails to regenerate after PRK, which can occur in a
localized area or over the entire excimer laser-ablated zone, TGF- and PDGF continue to
penetrate into the stroma at sufficient levels to drive myofibroblast precursor cells to
development into mature V+A+D+ myofibroblasts—which secrete large amounts of
disorganized extracellular matrix that contributes to subepithelial opacity or haze (Wilson,
2012).

Studies have shown that either keratocyte-derived precursors or bone marrow-derived
precursors may give rise to corneal myofibroblasts after PRK (Singh et al., 2014a; Barbosa
etal., 2010a; Singh et al., 2012). In addition, the presence of both precursor cell types
augments mature myofibroblast generation (Singh et al., 2014b). Thus, both precursors cells
appear to have identical roles in haze formation and represent duplication of an important
cellular function, although some interaction between the different precursor cells appears to
occur to heighten the response.

5.2. Corneal scars at the LASIK flap margin

LASIK is the most common form of corneal surgery to correct myopia, hyperopia, and
astigmatism (Wilson, 2004). LASIK entails the creation of an epithelial-stromal flap and
subsequent anterior stromal ablation. Preservation of the integrity of the central corneal
epithelium and its BM result in less epithelial-stromal cell interactions in the central cornea
and consequently lower rates of keratocyte apoptosis and necrosis, and virtually no
myofibroblast generation in the central cornea—even after high ablations for myopia
(Mohan et al., 2003; O'Brien et al., 1998). At the margin of the flap, however, a well-
demarked circular scar can be noted in most corneas that undergo LASIK surgery. In a
rabbit model, Ivarsen et al (2003) showed on slit lamp examination that a circular scar
started to appear at the flap edge during the first week after LASIK surgery with a
mechanical microkeratome. In the following weeks, this scar became increasingly reflective
in most eyes. The course of this scar formation follows a similar pattern after femtosecond
LASIK flap formation and is restricted to a circumferential band in the anterior stroma at the
site of the incisional breaks in the epithelial BM where myofibroblasts develop (Netto et al.,
2007). Thus, the fibrotic wound healing response at the LASIK flap margin is also
associated with myofibroblast generation and involves the same epithelium-derived growth
factors, TGF- and PDGF, as in PRK, that reach the anterior peripheral stroma through
breaks in the epithelial BM. Dawson et al (2005) verified that the extracellular matrix of this
scar type is composed of dense network of normal diameter collagen fibers with increased
collagen type 3.

Femtosecond lasers use ultrashort laser pulses and photodisruption to cut corneal tissue. The
earlier models of the femtosecond lasers, such as the 6-kHz or 15-kHz IntraLase (Advanced
Medical Optics, Irvine, CA), generated greater epithelial injury at the site of the flap edge
cut compared to more recent 30-kHz Intralase and 60-kHz IntraLase models, or mechanical
microkeratomes, because the laser incision used to make the side-cut had greater beam
diameter and was produced with higher energy levels with the earlier models. This resulted
in greater stromal cell proliferation and more myofibroblast generation at the margin of the
flap and greater opacity at the flap edge at a month or more after LASIK (Netto et al., 2007).
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With later femtosecond laser models, such as the 60-kHz or 150-kHz IntraLase lasers, less
energy is applied and incisional beams are narrower, so the stromal inflammatory and
wound-healing processes are similar to those generated by microkeratome (Netto et al.,
2007; Santhiago and Wilson, 2012).

5.3. Wound repair after corneal radial keratotomy, penetrating keratoplasty and lamellar
keratoplasty

Radial keratotomy (RK) employs radial corneal incisions to correct myopia. RK achieves its
effects by incising deep into the stroma to allow the mid-peripheral cornea to bulge—which
concomitantly flattens the central cornea (Binder, 1987; Melles and Binder, 1990). A prior
study showed that the corneal wound healing process after RK undergoes a biphasic change
in wound gape (Garana et al., 1992). In the first days after injury, there is migration of
epithelial cells into the wound to form an epithelial plug. Then, slowly, over weeks or
months, the epithelial plug may be replaced by fibrotic tissue—which involves the
transformation of keratocytes, and probably bone marrow-derived cells (Barbosa et al.
2010a), into myofibroblasts responsible for wound contraction. In some incisions, the
orientation of myofibroblasts across the keratotomy wound is blocked by the epithelial plug
and myofibroblasts orient parallel to the incision where they cannot contribute to wound
closure (Melles and Binder, 1990). This may lead to incomplete wound healing and wound
gape and variations of surface contour that underlie vision fluctuations that are characteristic
of RK even decades after surgery.

In penetrating keratoplasty or lamellar keratoplasty, damaged or diseased cornea is replaced
with donor corneal tissue. In these procedures, a more complete wound healing response is
usually noted at donor-recipient interface due to suturing of the wound and the absence of
wound gape that facilitates myofibroblast orientation across the interface from stroma to
stroma without intervening epithelium and collagen deposition parallel to corneal surface
(Connon and Meek, 2003).

Posterior lamellar keratoplasty transplant procedures are commonly performed for corneal
endotheial disorders (Bachmann et al., 2010; Melles et al., 2008; Price et al., 2009). In
Descemet’s stripping automated endothelial keratoplasty (DSAEK) a thin graft consisting of
donor Descemet’s membrane and endothelium is transplanted after striping the recipient
Descemet’s membrane and diseased endothelium. Zhang et al (2010), using
immunohistochemical assays and transmission electron microscopy, evaluated 47 corneal
specimens from patients who underwent either penetrating keratoplasty or repeated DSAEK
for failed DSAEK. In that study, the authors reported in 19% of the cases (9 of 47) the
presence of fibrocellular tissue at the margin of the lenticule extending into the interface.
Immunohistochemical staining for a-SMA was positive and ultrastructural examination
showed intracytoplasmic filaments with fusiform densities—indicating myofibroblastic
differentiation. These findings are similar to the hypercellular scar formation that can be
found at the margin of the LASIK flap (Dawson et al., 2005). In contrast, in the central
portion of the DSAEK scar, there was a hypocelular wound with few keratocytes and no
myofibroblasts, similar to the central portion of a LASIK wound (Zhang et al., 2010).
Several others histopathological studies have found fibrocellular tissue, likely from
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myofibroblast generation, in the graft-host interface in corneas that had failed DSAEK
(Shulman et al., 2009; Suh et al., 2009).

6. Corneal scars due to corneal infections and other disorders

Microbial corneal ulcers are characterized by corneal epithelial defects with underlying
stromal inflammation and potential stromal tissue loss (Tuli et al., 2007). Severe corneal
ulcers can lead to corneal perforation that threatens the eye, and even with aggressive
treatment commonly cause corneal scarring and visual impairment. Many factors are
involved in the etiology and progression of corneal ulcers, including cytokines, proteases,
and other modulators (Fleiszig and Evans, 2002). Corneal ulcers can be broadly categorized
as infectious (bacterial, viral, fungal, and protozoal) and noninfectious (neurotrophic,
chemical, and immune-mediated).

In infectious corneal ulcers, the infectious agent usually penetrates into the stroma through a
defect in the corneal epithelium, although some organisms can penetrate intact epithelium,
and the eye reacts with an inflammatory response. Chemokines, proteases and other factors
produced by epithelial, keratocyte and inflammatory cells attract more inflammatory cells
and fight the infection. However, they may also degrade corneal stromal structural proteins
and induce ulceration and opacity due to myofibroblast development and production of
disordered extracellular matrix (Fleiszig and Evans, 2002; Tuli et al., 2007). The etiology of
noninfectious ulcers is less well understood than that of infectious ulcers. However, in both
infectious and non-infectious corneal ulcers myofibroblasts and corneal stromal opacity are
often generated.

7. Final considerations

The development of corneal opacity involves complex processes mediated by cytokines,
growth factors, and chemokines—and corneal epithelial-stromal interactions that involve the
epithelial basement membrane—that may lead to myofibroblast generation, a decrease in
cellular corneal crystallins, and loss of stromal structural components. A better
understanding of cells and molecules involved in this process may lead to new treatment
options to restore corneal transparency and prevent corneal scar formation.
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Fig. 1.
Keratocyte apoptosis (red, arrows) detected with the TUNEL assay 4 hours after -9D PRK.

DAPI stains intact nuclei in deeper keratocytes. 400x
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Fig. 2.
Corneal haze at 4 months after =7D PRK in a human cornea that was not treated with

mitomycin C. 15X.
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Fig. 3.
Bone marrow-derived cells (green, arrowheads) infiltrate a mouse cornea at 24 hours after

epithelial injury in a chimeric mouse that had a total body irradiation and a bone marrow
transplant from a mouse expressing green fluorescent protein in all of its cells several
months earlier. (see Wilson et al., 2004) Magnification 10X
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Fig. 4.
a-SMA+ cells (green, arrows) in the anterior stroma at one month after -9D PRK in a

rabbit. * indicates artifact separation of the epithelium from the stroma that occurs during
cutting of the section with a cryolathe. Blue is DAPI staining for cell nuclei. e is epithelium
and s is the stroma. 400X.
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Fig. 5.
Vimentin+ cells (arrows) in the anterior stroma at one week after —-9D PRK in a rabbit. e

indicates epithelium. This is a rabbit cornea one week after —9D PRK that underwent double
immunohistochemistry for vimentin (orange) and a-SMA (green). At this time point after
surgery, none of the cells in the anterior stroma express a-SMA. However, many of these
vimentin+ cells are likely myofibroblasts in early development that will begin to express a-
SMA with further maturation at about two weeks after surgery. Note keratocytes
(arrowheads) that have been shown in prior studies to also express vimentin, but at much
lower levels, and this expression was not detected with the concentration of primary
antibody for vimentin used in this staining (see Chaurasia et al., 2009). Thus, these early
myofibroblasts that are vimentin+SMA-express vimentin at high levels. 400X
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Fig. 6.
a-SMA+ Desmin+ myofibroblasts in a rabbit cornea at 1 month after —9D PRK. At this

point after surgery, corneal myofibroblasts express vimentin (not shown), a-SMA (left
panel, green), and desmin (center panel, red). In this double-stained section there is nearly
100% concurrence of a-SMA and desmin expression (right panel, overlay). Blue is DAPI
staining of cell nuclei. 400X. After Chaurasia et al., 2009.
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-4.5D PRK -9.0D PRK

Fig. 7.
Defective epithelial basement membrane regeneration in corneas with stromal haze after

PRK. (A) In a rabbit cornea at one month after —4.5D PRK that did not develop significant
stromal haze there is normal regeneration of the epithelial basement membrane (arrows)
with the lamina lucida and lamina densa clearly visible with transmission electron
microscopy, as it is in the normal unwounded corneas (not shown). The black arrowhead
indicates a keratocyte in the stroma (s). (B) At one month after PRK for high myopia (-9D),
in a rabbit cornea that developed severe stromal haze, there is defective regeneration of the
epithelial basement membrane with no visible lamina lucida or lamina densa. White
arrowheads indicate layers of myofibroblasts with large amounts of rough endoplasmic
reticulum and the Xs indicate disordered extracellular matrix these cells secrete in the
anterior stroma (s). e indicates epithelium in both panels. Magnification 23,000X
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Fig. 8.
Apoptosis of myofibroblasts at one month after —-9D PRK. TUNEL assay was used to detect

apoptosis and immunohistochemistry to detect a-SMA in myofibroblasts (arrowheads)
revealed one myofibroblast undergoing apoptosis (arrow). E indicates epithelium. Blue stain
is DAPI for cell nuclei. 400X. The balance between myofibroblast generation and
myofibroblast apoptosis in a particular cornea after injury determines whether haze is
increasing, persisting, or disappearing over time. After Wilson, Chaurasia, and Medeiros,
F.W. 2007 with permission.
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