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Abstract
Past studies have established that the cornea like the lens abundantly expresses a few water-soluble
enzyme/proteins in a taxon specific fashion. Based on these similarities it has been proposed that the
lens and the cornea form a structural unit the ‘refracton’ that has co-evolved through gene sharing
to maximize light transmission and refraction to the retina. Thus far, the analogy between corneal
crystallins and lens crystallins has been limited to similarities in the abundant expression, with few
reports concerning their structural function. This review covers recent studies that establish a clear
relationship between expression of corneal crystallins and light scattering from corneal stromal cells,
i.e. keratocytes, that support a structural role for corneal crystallins in the development of
transparency similar to that of lens crystallins that would be consistent with the ‘refracton’ hypothesis.

1. Introduction
Holt and Kinoshita [1] were the first to report that water-soluble extracts from the bovine cornea
contained a single prominent protein fraction that was initially recognized as bovine corneal
protein 54 (BCP54) [2,3]. Later studies have identified BCP54 as aldehyde dehydrogenase
3A1 [4,5] that comprises from 20-40% of the total water-soluble protein content of the bovine
corneal epithelium. More recent studies have shown that unlike non-transparent tissues and
organs other than lens, the corneas from a wide range of species abundantly express a few
water-soluble enzyme/proteins (Table 1) [3,6-14], many of which are identical to the
abundantly expressed taxon-specific lens crystallins, including aldehyde dehydrogenase 1A1
(ALDH1A1)/η-crystallin, α-enolase/τ-crystallin, glutathione-S-transferase/Ω-crystallin, lactic
dehydrogenase/ε-crystallin, glyceraldehyde-3-phosphate dehydrogenase (G3PDH)/π-
crystallin, and arginino-succinate lyase/δ-crystallin [6,8]. Interestingly, several of these corneal
enzyme/proteins are abundantly expressed in the lens of the same species, notably arginino-
succinate lyase/δ-crystallin in the chicken and glutathione-S-transferase/Ω-crystallin in the
squid. Furthermore, the anuran (toad and frog) corneal epithelium, which can transdifferentiate
to regenerate the lens, abundantly expresses ubiquitous, vertebrate lens α, β and γ crystallin in
addition to the taxon-specific crystallin α-enolase/τ crystallin [10]. Overall, the similarity in
expression of these proteins in the cornea and lens, both in abundance and taxon-specificity,
has lead many investigators to refer to these proteins as corneal crystallins [15,16].

While the critical function of corneal crystallins has yet to be established, the fact that the lens
and cornea are unique in being transparent has prompted the hypothesis that they form a
structural unit, the ‘refracton’, that has evolved through a process of gene sharing to meet the
demands required for the development and maintenance of transparency and refraction of light
necessary for vision [17,18]. Indeed, many of the corneal and lens crystallins show important
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functional properties such as chaperones and metabolic enzymes that could play a role in
protecting cells from light-induced stress. In mammals the most common corneal crystallin
identified has been ALDH3A1, which has been shown to be protective against UV and
oxidative stress-induced apoptosis [19-21]. ALDH3A1 and ALDH1A1 also metabolize
hexanal and 4-hydroxynonenal and malondialdehyde, the major products of lipid peroxidation,
while generating NADPH, a UV absorber [22-24]. ALDH3A1 may also directly absorb UV
light and protects against UV-induced inactivation of other intracellular enzymes, either
through UV-absorption or chaperone-like activity [22]. Overall, water-soluble proteins from
the cornea while accounting for 20% of the total protein may account for over 50% of the total
UVB-light absorption, and have been called “absorbins” by some investigators [25].

In addition to the metabolic and UV-absorptive roles, crystallins are thought to play a structural
function by directly influencing light scattering within the cornea. In the lens, high
concentration of crystallin proteins have been shown to is thought to provide short-range order
within the cytoplasm of the lens fibers reducing light scattering from macromolecules as occur
in more dilute solutions [26-29]. It has therefore been proposed that corneal crystallin proteins
serve a similar function in corneal epithelial cells and stromal keratocytes (fibroblasts) by
accumulating to a high proportion of the soluble protein and limiting light scattering [8,30].

While there is strong theoretical basis supporting crystallin proteins, transparency and the
‘refracton’ theory, experimental evidence confirming these relationships are only now being
reported. These studies suggest that there is an association between expression of corneal
crystallins and cellular transparency, particular involving the stromal keratocyte. This paper
reviews the evidence linking corneal crystallin protein expression and light scattering from the
cornea and establishes that adult corneas that are transparent show high expression levels for
corneal crystallins in stromal cells, i.e. keratocytes. More importantly, decreased corneal
crystallin protein expression during early postnatal development or after injury is associated
with loss of corneal transparency and marked light scattering from stromal keratocytes. Finally,
decreased expression of corneal crystallins in cultured stromal keratocytes is associated with
increased in vitro light scattering. Taken together these findings strongly support a role for
corneal crystallins in the development and maintenance of transparency and the ‘refracton’
theory for the evolution of transparency and refraction within the eye.

2. Cellular Transparency in the Normal Cornea
The normal cornea is composed of 3 distinct tissue layers (Fig. 1), the anterior corneal
epithelium, the corneal stroma and the posterior corneal endothelium. While the thickness of
the corneal epithelium is fairly constant, ranging from 45 to 50 μm in the human, mouse and
rabbit [31-33], the corneal stromal thickness varies considerably depending on the species and
can be quite thin in mice (70 to 90 μm depending on strain), thicker in rabbits and humans (325
μm to 500 μm, respectively) and very thick in pigs and cows (1 mm) [32-35]. The corneal
stroma for the most part contains regularly arranged collagen fibers of uniform thickness and
spacing that are organized into thicker collagen bundles or lamellae. Between lamellae are
flattened corneal keratocytes that may appear sparse in cross-sections of cornea (Fig. 1A,
arrowheads) but are quite dense as seen in coronal sections (Fig. 1B) having a broad cell body
with multiple dendritic, interconnecting processes. Estimates of the volume of the corneal
stroma occupied by keratocytes range from 9-17% [36], with densities ranging from 48,000
cells/mm3 in the mouse to 23,000 cells/mm3 in humans [36,37].

In vivo confocal studies of the normal cornea and the theory of transparency
While transmission of light through the cornea is greater than 90% within the visible spectrum
[38], a small amount of light scattering can be detected upon close examination using a slit-
lamp biomicroscope [30]. Development of the reflectance confocal microscope, which
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provides high magnification, optical sectioning of tissue, has provided greater insight into the
origins of the light scattering in living, intact corneas as seen by the slit-lamp (for review of
confocal microscopy see [39]). Using the in vivo confocal microscope, the light scattering
volume of the cornea can be 3-dimensionally reconstructed to show that the major sources of
light scattering are the anterior superficial corneal epithelial cell layer and the posterior corneal
endothelium (Fig. 1C). Scattering of light from these cellular structures is to be expected since
they are at the interface between aqueous solutions which have a much lower refractive index
(RI = 1.00) compared to cells (RI = 1.3). Within the cornea, little light scattering is detected
from the stratified corneal epithelial layer. More interestingly however, is the finding that light
scattering within the stroma is limited to the keratocyte nuclei; not from the broad cell bodies
(Fig. 1D, arrow).

These light scattering observations provide important insights into the possible structural
composition of both the corneal epithelial cells and keratocytes based on current theories of
corneal transparency. These theories have primarily focused on studies describing light
scattering from the extracellular matrix, indeed original theories ignored any cellular
contribution to corneal transparency [40]. Since collagen and the surrounding ground substance
that contains water, proteoglycans and glycosaminoglycans have different refractive indices
of 1.47 and 1.35 respectively, the corneal stroma should be quite opaque, similar to the dermis
and sclera of the eye. However, as noticed on transmission electron microscopy, the cornea as
mentioned above has a uniform arrangement of collagen fibrils of very consistent size and
spacing, unlike that of collagen in other tissues. This lattice arrangement of corneal collagen
formed the original basis for the first explanation of corneal transparency as proposed by
Maurice [40]. This ‘lattice theory’ proposed that the small size (32 nm) and uniform spacing
(64 nm) led to lateral scattering of light by single collagen fibrils that were destructively
interfered with by scattering from adjacent fibrils providing only forward transmission of light.
Later, Goldman and Benedek modified the ‘lattice theory’ to include the fluctuation of the
refractive index within the media as a function of distance [26,41]. In general, this second
theory proposed that light scattering in a media is dependent on the wavelength of light and
the distance separating the fluctuations in refractive index and/or the magnitude of the
refractive index fluctuations. In other words, when the distance between scattering structures
such as a collagen fibrils is small or less the 1/2 the wavelength of visible light (400 - 700 nm)
the media is transparent. However, when the refractive index fluctuates over distances greater
that 1/2 the wavelength, or 200 nm, then significant scattering will be detected.

These theories can also be applied to light scattering from cells, particularly the corneal
epithelium and keratocytes. As discussed by Moller-Pedersen [30], cells contain various
structures including the plasma membrane, nuclei, mitochondrion, glycogen granules, large
protein aggregates, and other inclusions bodies. While the refractive index of these structures
are not known, it is likely that many of these structures are potential scatters, and would
contribute significantly to light scattering within the cells. In addition to the intracellular
scattering, keratocytes are also embedded in a collagen matrix with high refractive index.
Physical separation of the collagen fibrils by the thickness of the keratocyte cell body, which
may vary from 200 nm to 600 nm [42], should lead to maximum scattering along the lamellar
interface. The lack of scattering detected in the epithelium and keratocytes, except for the
nuclei, therefore indicate that the cells either have a uniform refractive index, which is not
likely given the size and distance separating the larger subcellular structures, or that fluctuations
in refractive index have been minimized. More importantly, in the keratocytes, the refractive
index fluctuation between the collagen and the cell must also be minimized since the distances
separating collagen on either side of the keratocyte are greater than those necessary to suppress
light scattering.
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2.2 Expression of corneal crystallins in corneal keratocytes
As mentioned above, the lens has evolved a mechanism to maximize transparency and
minimize fluctuations in refractive index (even increase refractive index from 1.386 in the lens
cortex to 1.4 in the lens nucleus) through the abundant expression of crystallin proteins that
control the short range order within the lens cytoplasm [28,29]. Since the corneal epithelium
and the lens are both derived from ectoderm, it seems reasonable to propose that the evolution
of transparency in these two structures may have co-evolved as an integrated ‘refracton’ unit.
Indeed, data showing that the corneas from a diverse range of species including squid, fish,
frogs, crocodiles, birds and mammals abundantly express a few water-soluble proteins is
consistent with this theory [6,7,9-11,13]. However, the vast majority of studies identifying
corneal crystallin expression have used total corneal extracts or isolated corneal epithelium. It
was therefore not initially clear that the ‘refracton’ unit would extend to the corneal keratocyte,
which derives its embryological origins from migrating neural crest.

Abundant expression of a few water-soluble proteins in keratocytes was first identified in the
rabbit [8]. In this initial study rabbit keratocytes, freshly isolated from live rabbit corneas were
shown to abundantly express two water-soluble proteins, transketolase (TKT) and ALDH1A1/
η-crystallin that comprised over 30% of the total water-soluble protein content (Fig. 2). Later
studies showed that this pattern of expression in keratocytes was generally similar but not
identical to that of the rabbit corneal epithelium [7]. While rabbit keratocytes expressed high
levels of TKT and ALDH1A1/η-crystallin, comprising 14% and 12.7% of the total water-
soluble protein respectively, rabbit corneal epithelial cells expressed predominantly lactic
dehydrogenase/ε-crystallin (14.7%) and to a lesser extent TKT (7.5%), G3PDH/π-crystallin
(6.9%), and α-enolase/τ-crystallin (4.5%). While these differences are likely related to the
different embryologic origins, the marked similarity in abundant expression of water-soluble
proteins in these two very different cells types (epithelial and mesenchymal) strongly suggest
that they are under similar molecular control and have a similar functional significance.

Keratocytes from other species have also been shown to abundantly express a few water-
soluble proteins, including mouse, human, cow, pig and chicken (Fig. 2) [7,43]. As in the rabbit,
some differences in the expression pattern between keratocytes and corneal epithelial cells
have been noted; however, on whole the patterns are remarkably similar. Specifically,
mammalian keratocytes consistently show abundant expression of ALDH3A1/1A1 as does the
corneal epithelium. Interestingly, keratocytes isolated from pig corneas showed the greatest
expression of ALDH3A1/1A1 representing over 55% of the total water-soluble protein.
Furthermore, as noted in other studies of the corneal epithelium, ALDH3A1/1A1 was not
expressed in the chicken keratocyte, confirming taxon specificity in the expression patterns for
keratocyte corneal crystallins, similar to that of the epithelial corneal crystallins.

Overall, these findings concerning the expression of corneal crystallins by keratocytes and
corneal epithelial cells intuitively lead to several predictions based on the proposed ‘refracton’
theory and the role of corneal crystallins in the development and maintenance of transparency.
First, if crystallin protein expression is associated with cellular transparency, then loss or
decreased expression should lead to decreased transparency and increased light scattering by
corneal cells. Second, if corneal crystallin expression is developmentally regulated as in the
lens, then the development of corneal transparency should coincide with increasing expression
of corneal crystallins. And finally, environmental modulation of the level of corneal crystallin
protein expression in cells should modify the level of light scattering from cells.

3. Corneal haze, cellular light scattering and expression of corneal crystallins
Injury to the cornea, particularly the corneal stroma, frequently leads to corneal keratocyte
activation, migration, and differentiation to fibroblasts and myofibroblast-like cells that
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participate in fibrotic wound healing responses producing corneal haze, scarring and loss of
transparency [44]. This wound healing response has been extensively investigated and shown
to be dependent on transforming growth factor beta (TGFβ) activation of normally quiescent
stromal keratocytes. Addition of TGFβto cultures of corneal keratocytes initiates a SMAD
dependent signal transduction cascade leading to expression of the integrin α5β1, fibronectin
and collagen type I that downstream interact to induce focal adhesion formation, fibronectin
fibril assembly and actin filament reorganization into prominent stress fibers containing the
smooth muscle specific alpha isoform of actin (αSMA), a biomarker for myofibroblast
differentiation [44]. While other growth factors such as fibroblast growth factor (FGF2) and
platelet derived growth factor (PDGF) induce fibroblastic changes in keratocytes that lead to
formation of focal adhesion and actin filament assembly, TGFβis the only growth factor thus
far identified that induces αSMA expression and myofibroblast differentiation [45]. In the
rabbit cornea the appearance of myofibroblasts as detected by immunostaining for αSMA occur
as early as 3 days after incisional corneal injury and from 7 to 14 days after surface injury that
damages the anterior corneal stroma and epithelial basement membrane. Importantly, the in
vivo appearance of corneal myofibroblasts can be blocked by topically treating wounds with
neutralizing antibodies to TGFβ, which dramatically reduces corneal scarring and haze [46].

For years, the development of corneal haze has been popularly explained by the abnormal
deposition of collagen and proteoglycans by fibroblasts and myofibroblasts after injury.
Normally, keratocytes synthesize type I and V collagen along with keratan sulfate
proteoglycans (KSPG); KSPG, which is uniquely synthesized by keratocytes, appears to be
particularly important in formation of collagen fibrils with uniform size and spacing [47]. On
the other hand, keratocytes that have differentiated to fibroblasts and myofibroblasts lose the
ability to synthesize KSPG and instead synthesize chondroitin sulfate proteoglycans (CSPG)
along with type I and III collagen [48,49]. This change in the extracellular matrix synthesis
has historically been thought to be the underlying cause of corneal haze after injury due to the
deposition of abnormal collagen fibril size and spacing.

3.1 The case for cellular light scattering as the basis for corneal haze
Recently there has been a resurgence of interest in the pathogenesis of corneal haze following
the introduction of excimer lasers to photoablate the cornea and correct refractive errors. Since
the initial procedures involved anterior surface ablation, many patients developed haze after
surgery that was associated with keratocyte activation, migration and differentiation to corneal
myofibroblasts. This haze in patients generally peaked within 1-2 months after surgery and
then subsided over time [50]. A similar response to surface ablation was also detected in rabbits,
albeit a more rapid response [32]. Interestingly, evaluation of haze by in vivo confocal
microscopy in both patients and rabbits showed that light scattering originated from ‘cells’
rather than from the ‘extracellular matrix’ [32,50]. Specifically, during the early wound healing
response as cells migrated toward the wound there was an increase in light scattering from
spindle- shaped migratory fibroblasts. Light scattering then dramatically increased and peaked
as fibroblasts reached the wound surface and differentiated to myofibroblasts (Fig. 3A and B).
Under some experimental conditions, light scattering from ‘cells’ stood in stark contrast to the
transparency of the adjacent newly synthesized ‘extracellular matrix’ (see [51])

Cellular light scattering leading to corneal haze can also be observed following more moderate
injury where fibroblast migration but not myofibroblast differentiation is induced, such as after
scrape or freeze injury that does not produce fibrosis [8,51]. Interestingly, cellular light
scattering and haze disappear as fibroblasts differentiate back to corneal keratocytes after
stromal repopulation following these types of injury. Blocking myofibroblast differentiation
by treating corneas with neutralizing antibodies to TGFβ [46] or blocking keratocyte activation
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using mitomycin C (Fig. 3C and D) also markedly reduces corneal haze and cellular light
scattering.

Overall, with today’s increased use of in vivo confocal microscopy, light scattering from
activated keratocytes is widely recognized as a major cause of some types of corneal haze. In
addition to excimer laser surgery, cellular haze has been detected in patients with sterile
keratitis and post penetrating keratoplasty [30], intrastromal lens implantation (Fig. 4) [52],
and resolved herpetic keratitis [53] to name a few. This association of haze and cellular light
scattering has prompted one investigator to suggest a new category be recognized for corneal
haze that is associated solely with cellular light scattering along with the more traditionally
accepted causes including edema, scarring and corneal dystrophy [30].

3.2 Corneal crystallin expression in hazy corneas
The first study to assess corneal crystallin protein expression in activated keratocytes and
fibroblasts evaluated a freeze injury model in rabbits [8]. Transcorneal freeze injury is a simple,
non-invasive, non-chemical injury that devitalizes the central cornea and is used to study non-
fibrotic, non-inflammatory repair mechanisms in the corneal stroma and endothelium [54,
55]. In this type injury, surviving keratocytes adjacent to the frozen region become activated
and migrate as fibroblasts into the devitalized corneal stroma. Importantly, migrating
fibroblasts after this type of injury show marked light scattering by in vivo confocal
microscopy. When cells from this area of injury were isolated and evaluated by SDS PAGE,
migrating fibroblasts had a marked reduction in the level of expression of TKT and almost a
complete loss in expression of ALDH1A1. This was in contrast to the high level of expression
of TKT and ALDH1A1 in keratocytes isolated from the surrounding transparent region of the
cornea in the same eyes [8].

Since this first report, keratocyte crystallin protein expression has been studied by many
investigators using cell culture as a model to mimic keratocyte activation and fibroblast
differentiation [56]. These studies have shown that keratocytes placed in serum culture or
exposed to TGFβ to induce myofibroblast differentiation rapidly lose abundant expression of
both TKT and ALDH1A1 protein and mRNA while keratocytes maintained in serum free
conditions continue to abundantly express corneal crystallins as well as other keratocyte
specific markers including keratan sulfate [7,43,57]. This loss is apparently due in part to
ubiquination and proteosomal degradation of crystallin proteins upon keratocyte activation by
serum containing growth factors [58]. There is also an apparent dilution of crystallins with cell
division that occurs following stimulation with some growth factors, particularly FGF2 and
PDGF [59]. Karring et al [60] has also performed a proteomic analysis of cultured human
corneal fibroblasts to identify the most abundantly expressed proteins. In this study, no single
protein band on 1 dimensional gel analysis was found to be abundantly expressed in human
cultured corneal fibroblasts (abundant expression defined as >5% of the total water-soluble
protein content). Furthermore, proteins with the highest expression were vimentin and actin,
not TKT and ALDH3A1/1A1. Proteomic analysis also showed that fibroblasts expressed
various proteins/enzymes that were protective against oxidative stress and protein misfolding
including mitochondria and cytoplasmic glutathione S-transferases, thioredoxin,
peroxiredoxin, superoxide dismutase, ubiquitin and prefoldin. Down regulation of crystallin
RNA expression has also been identified using microarray analysis of cultured mouse
keratocytes [61].

More recently immunocytochemistry has been used to evaluate expression of ALDH3A1 in
human corneas that have been taken from patients having corneal haze following failed corneal
transplantation or corneal scarring [57]. Using Thy-1 as a marker for the human corneal
fibroblast phenotype [62], Pei et al showed that stromal cells in failed grafts that were Thy-1
positive were ALDH3A1 negative. Additionally in scarred corneas stained with antibodies
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against α-smooth muscle actin to identify corneal myofibroblasts, positive myofibroblasts in
the region of scarring failed to stain for ALDH3A1. Overall, these findings clearly establish
that keratocytes as they differentiate to fibroblasts and myofibroblasts in response to injury or
serum culture lose the ability to highly express corneal crystallin proteins. Furthermore, in vivo
differentiation of keratocytes to these alternate phenotypes is associated with a change in the
light scattering properties of the cells from transparent to opaque. Taken together these data
are consistent with the ‘refracton’ hypothesis and the prediction that decreased expression of
corneal crystallins should be associated with increased light scattering from keratocytes.

4. Developmental regulation of transparency and expression of corneal
crystallins

Previous studies have shown that expression of corneal crystallins in the mouse appear to
increase around eyelid opening or postnatal day 12 [63,64]. Since the cornea of most mammals
is translucent at birth and only begins to develop transparency after eyelid opening [65,66], a
recent study investigated the relationship between the postnatal development of transparency
and expression of corneal crystallin proteins in the rabbit [67]. In this study light scattering
from the cornea was quantitatively measured using in vivo confocal microscopy and the
changes in transparency correlated with the stromal and epithelial thickness, keratocyte cell
density, cell cycle entry/exit and expression of corneal crystallin protein. The results showed
that translucent corneas from birth to eyelid opening had high levels of light scattering from
stromal cells in the cornea (Fig. 5A and B). After eyelid opening light scattering decreased
from stromal cells and became increasing limited to the keratocyte nuclei (Fig. 5C and D).
Furthermore, the decrease in light scattering showed a strong correlation with decreased cell
density, however, the light scattering on a per cell basis remained constant until after eyelid
opening after which the level dropped markedly. This drop in cellular light scattering was
associate with two important events, first was the exit from the cell cycle by stromal cells based
on Ki67 staining that has been used as a marker for cell cycle entry/exit. Second was the
increasing expression of ALDH1A1 which occurred after eyelid opening at the time when cells
showed lower light scattering.

Overall, the findings of this study are consistent with previous work in the mouse showing up-
regulation in TKT and ALDH3A1 expression after eyelid opening [63,64,68]. While these
investigators didn’t measure light scattering, such measurements have been made in postnatal
mice and shown to follow a similar course as that identified in the rabbit [69]. Interestingly,
the level of TKT expression in light/dark raised mice is 2.1 fold higher than that of dark raised
pups 2 weeks after eyelid opening suggesting that expression of TKT can in part be manipulated
environmentally [64]. Furthermore, early eyelid opening induced by injection of EGF results
in earlier expression of TKT, further suggesting that light may in part modify expression of
corneal crystallins. Similarly, cultured rat corneal epithelial cells maintain elevated expression
of ALDH3A1 longer when cultured under light/dark conditions compared to constant dark
[70] indicating that expression of both TKT and ALDH3A1 maybe sensitive to light conditions.
However, it should be noted that light deprivation in adult animals does not apparently affect
the levels of corneal crystallin protein expression, at least for periods up to 2-8 weeks, and that
light deprivation only partially blocks postnatal up-regulation of TKT.

This environmental regulation of corneal crystallins is in apparent contrast to that of lens
crystallins which show early embryologic up-regulation. However, the finding that expression
of corneal crystallins may be dependent on cell cycle exit, interestingly parallels the finding
in the lens that expression of ubiquitous crystallins become up-regulated after cell cycle
withdrawal of lens epithelial cells and the onset of cell elongation to form lens fibers [71,72].
More interesting is the finding that transgenic expression of immortalizing oncogenes such as
the large T antigen effects lens differentiation leading to reduced lens crystallin expression
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[73]. This effect on lens fiber development is similar to the effect of cell activation on keratocyte
corneal crystallin expression either by corneal injury in vivo or serum culture. Finally a recent
study by Pappa et al [21] showed that induced expression and nuclear localization of
ALHD3A1 in a transfected human corneal epithelial cell line inhibited cell proliferation and
slowed cycle progression. Similar affects have been noted in corneal keratocyte cell lines
transfected with expression vectors for ALDH3A1 and ALDH1A1 (data not shown). While
the loss of differentiation related protein expression is a common finding as cells enter the cell
cycle [70,74], growth down-regulation following induced expression of crystallin proteins has
not been previously reported. Pappa et al [21] therefore speculate that corneal crystallins may
have important affects on growth control necessary to maintain transparency.

Overall, the data supports the second prediction of the ‘refracton’ hypothesis that development
of corneal transparency should by related to increased expression of corneal crystallin proteins
during development. Furthermore, the relationship between the development of cellular
transparency and cell cycle exit clearly suggest that keratocyte differentiation to an adult
transparent phenotype is heralded by the onset of increased corneal crystallin protein
expression, remarkably similar to that of the crystallin lens; albeit during postnatal rather than
embryologic development. This suggests similar regulatory mechanisms and signals used in
lens development may also be used by the cornea. Importantly, the postnatal differentiation is
most likely the result of proliferative demands on the corneal keratocytes to increase corneal
thickness and control corneal shape for the proper refraction of light at the time of eyelid
opening. The role of light in modifying this last stage of differentiation remains to be clarified,
and whether eyelid opening results in feedback control from the retina to the cornea as occurs
in the sclera during the development of form-deprivation myopia [75] is unknown and needs
further study.

In counterpoint to these findings is the report that ALDH3a1 null mice appear to have
structurally normal corneas [76]. However, more recently a double knock out ALDH3a1/1a1
mouse has been generated that shows early development of cataracts and increased
susceptibility to UV light damage in both the lens and cornea suggesting that corneal crystallins
may help in maintaining transparency through light filtering (UV absorption) and enzymatic
detoxification. While corneal transparency has not been rigorously evaluated in these mice, it
is difficult to completely abolish crystallin protein expression from corneal cells since knockout
of TKT is lethal [77], and other water-soluble proteins may compensate for the absence of
ALDH3a1/1a1. Regarding the latter possibility, analysis of mouse water-soluble proteins show
other enzymes to be abundantly expressed in addition to TKT and ALDH3a1 including
glutathione-S-transferase/Ω-crystallin and pyruvate kinase (Table 1). A final caveat in studying
corneal transparency using the mouse as a model is the difficulty in assessing light scattering
with such a thin tissue. Since the effect of scattering on transparency is not linear [78,79], the
demand for suppressing cellular light scattering in tissue ranging in thickness from 70 to 90
μm is probably orders of magnitude less than that required for human corneas (∼500 μm) or
pigs (∼1 mm). This may explain why keratocytes in the pig cornea show such high levels of
ALDH3a1/1a1 expression compared to human or mouse.

5. In vitro light scattering and crystallin protein expression
As mentioned above, culture of corneal keratocytes under serum-free conditions maintains
keratocyte differentiation and elevated expression levels for differentiation markers
ALDH1A1 and KSPG [43,80]. Growth under such conditions has then been used to study
phenotypic modulation of keratocytes to fibroblasts and myofibroblasts under the influence of
different growth factors including FGF2, PDGF, IGFII and TGFβ1 [45]. Using this approach,
a recent study evaluated quantitatively the in vitro light scattering properties of keratocytes,
fibroblasts and myofibroblasts using reflectance confocal microscopy by plating cells on

Jester Page 8

Semin Cell Dev Biol. Author manuscript; available in PMC 2009 April 1.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



collagen coated polyacrylamide gels to reduce light scattering from the cell substrate [7]. For
keratocytes grown in the absence of growth factors, cells maintained their normal dendritic
appearance and showed very low levels of light scattering while maintaining high levels of
expression of TKT and ALDH1A1 (Fig. 6A). On the other hand, keratocytes that were
phenotypically modulated to differentiate into myofibroblasts by the addition of TGFβ1 (1 ng/
ml) showed increased cell spreading and significantly greater light scattering (> 50%, p < 0.05)
while expressing 45% less corneal crystallin, TKT and ALDH1A1. Phenotypic modulation of
keratocytes to fibroblasts by FGF2 and PDGF also caused reduced expression of crystallin
proteins and increased light scattering, but the levels were not as great as with TGFβ1 and were
not significantly different.

Overall, these data suggest that there is a relationship between the level of expression of corneal
crystallins and light scattering as predicted by the ‘refracton’ hypothesis. While it is tempting
to propose that the differences are directly related to corneal crystallin protein expression it
should be remembered that levels of TKT and ALDH1A1 are only one of the many
characteristics that distinguish keratocytes from fibroblasts and myofibroblasts. Most notably,
there are also differences in proliferation potential, [43,80], and biosynthetic capability [81,
82]. Importantly, there are also major differences in actin filament assembly [45], particularly
for stress fibers, which are present in fibroblasts and even more prominent in myofibroblasts
but absent in corneal keratocytes. It is therefore not possible at this time to rule out stress fibers
as playing a role in the increased light scattering from myofibroblasts compared to keratocytes.

6. Future Directions
Thus far, studies of corneal crystallin expression and cellular light scattering from normal
transparent corneas or hazy and opaque corneas after injury or during early postnatal
development indicate that keratocytes with elevated expression appear transparent, while
developing keratocytes or fibroblasts and myofibroblasts with reduced corneal crystallin
expression appear to markedly scatter light and are opaque. These findings strongly support a
structural role for corneal crystallins that is similar to that of crystallins in the lens which are
thought to provide short range order within the cytoplasm to facilitate transparency. These
findings are also consistent with the ‘refracton’ theory for the evolution of transparency in the
lens and cornea, and many of the developmental events such as cell cycle entry/exit regulating
corneal crystallin expression appear to have parallels in the crystallin lens that may underlie
the co-evolution of transparency in these two structures. However, the exact structural role of
crystallins and their requirement for transparency remains to be fully determined.

Reports indicating that double knockout of ALDH3a1 and ALDH1a1 leads to early cataract
and increased sensitivity to UV damage in mice [83] suggest that corneal crystallins also
provide important enzymatic functions. However, it seems paradoxical that the function of
corneal crystallins’ is solely enzymatic and involved in protecting against oxidative and UV-
stress, since injury leads to loss of these protective crystallin enzymes while at the same time
there is up-regulation of other protective anti- oxidative stress and protein misfolding enzyme/
proteins as identified by proteomic analysis [60] that do not maintain transparency.

Clearly, there is much to learn about both the function of these proteins in the cornea as well
as the regulatory signals that control their expression. Studies are needed to identify how light
interacts with corneal cells to modify the expression of corneal crystallin during development.
Does light deprivation lead to continued keratocyte cell proliferation, delaying cell cycle exit
and final keratocyte differentiation? Does the corneal stromal thickness change in response to
dark conditions and are these responses modified by some retinal feedback mechanism that
influences transparency and the shape of the cornea? How does cell light scattering change as
a function of corneal crystallin concentration? Why is it that up-regulation of crystallin
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expression alters the cell cycle and slows growth? These are only some of the questions that
need to be addressed if we are going to understand more clearly the role of corneal crystallin
in the development and maintenance of corneal transparency. Fortunately, with development
of knockout mice and in vitro light scattering models available, many of these questions can
begin to be answered.
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Fig. 1.
Normal rabbit cornea as shown by histology (A and B) and in vivo confocal microscopy (C
and D). (A) Cross-section stained with hematoxylin & eosin showing anterior stratified corneal
epithelium overlying corneal stroma with keratocyte nuclei (arrowheads) and posterior corneal
endothelium. (B) Coronal section through the corneal stroma stained with gold-chloride
showing keratocyte cell bodies and nuclei (arrow). (C) 3-D reconstruction of confocal images
through a living rabbit cornea showing surface epithelial cells (Epi), underlying stroma and
posterior corneal endothelium (Endo). (D) 2-D in vivo confocal image taken from the 3-D data
set through the corneal stroma showing light scattering from the keratocyte nuclei. Bar = 100
μm.
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Fig. 2.
Coomassie-blue stained SDS-PAGE of water-soluble protein extracts keratocytes isolated
fresh from rabbit, mouse and bovine. Note that TKT and ALDH is abundantly expressed in all
three species, representing over 55% of the total water-soluble protein in bovine keratocytes.
Bar = 100 μm.
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Fig. 3.
In vivo confocal images of light scattering from rabbit corneas 2 months after excimer laser
surface ablation treated with vehicle (A and B) or 0.02% mitomycin C (C and D) to block
myofibroblast differentiation. (A and C) X-Z slice through a 3-dimensional data set from the
cornea. (B and D) X-Y optical plane from the 3-dimensional data set taken just below the
corneal epithelium. Note the marked haze (A, arrow) below the epithelium and the cellular
light scattering (B) in the vehicle treated eye. Bar = 100 μm.
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Fig. 4.
In vivo confocal microscopy of a patient following intrastromal implantation of a corneal lens.
(A) X-Z projection through the 3-dimensional data set showing the anterior placement of the
intracorneal lens (arrow) and the associated increased light scattering at the posterior margin
of the lens. (B) X-Y plane taken from the 3-dimensional data set just posterior to the intracorneal
lens showing marked light scattering from corneal keratocytes. (C) X-Y plane taken from the
3-dimensional data set further posterior within the normal stroma showing light scattering
limited to keratocyte nuclei. Bar = 100 μm.
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Fig. 5.
Clinical photographs (A and C) and 3-D reconstructions (B and D) of postnatal rabbit eyes at
4 and 20 days after birth. Note prominent light scattering through out the cornea from the eyes
at 4 days compared to the keratocyte nuclear scattering seen at 20 days. Bar = 100 μm.
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Fig. 6.
Reflectance confocal micrographic of corneal keratocytes treated with control serum-free
media (A) and TGFβ1 (1 ng/ml) to induce myofibroblast differentiation (B). Note that
myofibroblasts appear much larger and spread out then keratocytes and appear to scatter more
light. Bar = 100 μm.
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Table 1
Known Corneal Crystallins and Their Lens Counterparts

Corneal Crystallin Species Ref. Lens Crystallin Species
ALDH1A1 rabbit, human, pig [8] η-crystallin elephant shrew
α-enolase human, mouse, chicken, crocodile, toad/

frog
[6,9] τ-crystallin lamprey, crocodile

glutathione-S-transferase squid, mouse [6] Ω-crystallin cephalopods
lactic dehydrogenase rabbit, human, chicken, pig [7] ε-crystallin duck, crocodiles
G3PDH rabbit, human, chicken [7] π-crystallin geckos
arginino-succinate lyase chicken [6] δ-crystallin birds, reptiles
α, β, γ crystallin Indian toad and frog [10] α, β, γ crystallin mammals
triose phosphate isomerase crocodile [9]
TKT mammals [8,11]
BCP54/ALDH3A1 most mammals [3,6]
isocitrate dehydrogenase bovine [12]
gelsolin fish [13,14]
actin fish, mouse [7,13,14]
peptidl-prolyl cistrans isomerase chicken [6]
pyruvate kinase chicken [7]
annexin II chicken [7]
protein disulfide isomerase chicken [7]
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