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Models of Age-Related Vision Problems

J. Fielding Hejtmancik, Marc Kantorow, and Takeshi Iwata

The visual system provides unique opportunities to study
the aging process, as well as challenges in understanding
and developing therapies for age-related eye diseases.
Exposure of the lens to high levels of photo-oxidative
stress and the lack of protein turnover in the lens nucleus
make it an optimal system in which to study protein
modifications in aging. Similarly, the high level of
metabolic activity in the retina and the necessity for
turning over large amounts of lipids provide particular
research opportunities as well. Finally, visual diseases
associated with aging are among the most common
threats to the quality of life in the elderly. Of age-related
visual diseases, three vesult in a particularly high
burden on the population: age-related cataracts, age-
related macular degeneration, and progressive open
angle glaucoma. Thus, these are dealt with in some
detail in this brief review. Because of space and
Jormatting limitations, much work described in this
review could not be cited directly. The citations for most
of these can be found in the references and general
sources given in the chapter, and we apologize to those
authors whose work is not cited directly. In addition,
parts of this review draw from previous work by the three
authors, reflecting their continuing preferences in style
and arrangement.

Overview of the Visual System

BASIC ANATOMY/PHYSIOLOGY/BRIEF
BIOCHEMISTRY

Components of the visual system include the optical
components of the anterior eye (cornea, aqueous humor,
lens, and vitreous body), retina, optic nerves, optic tracts,
optic radiations, visual cortex, and a variety of nuclei (see
Figure 68.1). The optical components of the eye focus
light on the retina, which transduces the light signal into
neural signals, and passes these neural signals through the
optic nerves and tracts to central structures that perform
more elaborate processing, integrating their information
with that of the other senses. Any disease that interferes
with the function of these components will cause loss of
vision and blindness, and each part of the visual system
has specific susceptibilities to age-related diseases or
damage.

TYPES OF AGE-RELATED VISUAL DISEASES
AND THEIR IMPACT ON SOCIETY

The predominant causes of age-related visual impairment
and blindness vary between the developed and develop-
ing countries, and even within various demographic
and ethnic groups within single countries (Thylefors
et al., 1995). There are many causes of visual loss in
elderly patients, including diabetic retinopathy, stroke,
and retinal vascular occlusive disease, along with other
age-related visual diseases including pterygia and presby-
opia. However, in most populations the greatest causes
of blindness and vision loss in the elderly include
cataracts, glaucoma, and age-related macular degenera-
tion (Congdon, Friedman, and Lietman, 2003; Buch
et al., 2004).

Cataracts are the leading cause of blindness across
the world, blinding 17 million persons worldwide.
Cataracts are usually correctable by surgery in developed
countries, with about 5% of the American population
over 40 years old having undergone cataract surgery.
However, they remain a significant cause of visual
disability even in developed countries, being the leading
cause of low vision in the United States (Congdon,
Friedman, and Lietman, 2003). Glaucoma is an optic
neuropathy, often related to elevated intraocular pressure,
which is responsible for blindness in 6.7 million people
across the world. Glaucoma is more common in

Vitreous gel
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Figure 68.1 Diagram of the eye with principal siructures of
the anterior segment, refina, and optic nerve indicated. Courtesy of
the National Eye Institute, National Institutes of Health.
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African-derived populations, and increases with age.
Finally, the greatest age-related cause of blindness in
European-derived populations of developed countries is
age-related macular degeneration (AMD). This degen-
erative disease progresses from fatty retinal deposits called
drusen to neovascularization and retinal hemorrhage,
resulting in irreversible loss of central vision.

Lens and Cataracts

The eye lens (see Figure 68.2), which contains perhaps
the highest concentration of proteins found in any tissue,
transmits and focuses light onto the retina. It is formed
of a single cell type that differentiates from an anterior
layer of cuboidal epithelia and migrates posteriorly to
form elongated lens fiber cells that make up the lens
nucleus. In this process, the developing fiber cells syn-
thesize high levels of lens crystallins before losing their
nuclei and mitochondria. Thus, the lens fiber cells lack
aerobic metabolism and contain high concentrations of
a-crystallins, which are members of the small heat shock
protein family and have chaperone activity; and Sy-
crystallins, which are related to prokaryotic structural
proteins.

BRIEF OVERVIEW

The lens is susceptible to damage with aging since its cells
cannot be replaced in this encapsulated tissue and its
proteins cannot turn over in the nonnucleated fiber cells.
Not only does this result in a decrease in function of
the normal aged lens, but it also sets the stage for
development of senescent cataract in individuals with
additional environmental insult or genetic proclivity.
As the lens ages, vacuoles and multilamellar bodies
appear between fiber cells, and occasionally the fiber
plasma membrane is disrupted. Most of the elaborate
cytoskeletal structure of the lens cells disappears with
aging, and by the fifth decade the ability to accommodate
is essentially lost. There is a decrease in transparency
of the normal lens with aging so that the intensity of

A

Central Epithelial Cells
A

}

Capsule

Cortical Nuclear
Fiber Cells Fiber Cells

Equatorial
Epithelial

Fiber Cell
Formation

light reaching the retina is reduced by about ten-fold
by 80 years of age.

Cataracts which can be defined as any opacity of
the crystalline lens, result when the refractive index
of the lens varies significantly over distances approximat-
ing the wavelength of the transmitted light. Variation in
the refractive index over these distances can result from
changes in lens cell structure, changes in lens protein
constituents, or both (Hejtmancik, Kaiser-Kupfer, and
Piatigorsky, 2001). Cataracts are generally associated
with breakdown of the lens micro-architecture. Vacuole
formation can cause large fluctuations in optical density,
resulting in light scattering. Light scattering and opacity
also can occur if there are significant high molecular
weight protein aggregates roughly 1000 A or more in size.
The short-range ordered packing of the crystallins, which
make up over 90% of soluble lens proteins, is important
in this regard; to achieve and maintain lens transparency
crystallins must exist in a homogeneous phase.

A variety of biochemical or physical insults can
cause phase separation of crystallins into protein-rich
and protein-poor regions within the lens fibers. The
proteins either remain in solution or form insoluble
aggregates or even crystals, any of which can result in
light scattering. When mutations in crystallins are
sufficient in and of themselves to cause aggregation,
they usually result in congenital cataracts, but if they
merely increase susceptibility to environmental insults
such as light, hyperglycemic, or oxidative damage, they
might contribute to age-related cataracts (Hejtmancik
and Smaoui, 2003). Thus, congenital cataracts tend to be
inherited in a Mendelian fashion with high penetrance,
whereas age-related cataracts tend to be multifactorial,
with both multiple genes and envirommental factors
influencing the phenotype. This makes them signifi-
cantly less amenable to genetic and biochemical study.
Finally, although the young human lens is colorless,
a gradual increase in yellow pigmentation occurs with age.
As this pigmentation increases, it can result in brunescent
or brown cataracts.

B

Cells

Figure 68.2 A. A diagram showing lens siructure including the anterior epithelial cells; the cortical fiber cells, which elongate and loosen
their nuclei and mitochondria; and the nuclear cells, in which this process has been completed. The ends of the nuclear fiber cells abut each
other in a complex pattern to form the lens sutures. B. Slit lamp photograph of a nuclear cataract, the most common type of age-related
cataract in European populations. Courtesy of Dr. Manuel Datiles, National Eye Institute, National Institutes of Health.
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Lens proteins and their age-related modifications

Enzymatic activity in the lens tends to decrease with
age and to be lower in the central cells of the lens nucleus
than in the cortical and anterior epithelial cells. As the
lens ages, the Na* and Ca®* concentrations rise, reflecting
an increase in lens permeability or a decrease in pump-
ing efficiency. With aging, both the N- and C-terminal
arms of half of the intrinsic membrane protein (MP26)
molecules undergo proteolysis to form MP22. The lens
contains neutral proteinase, also called the multicatalytic-
proteinase complex, which preferentially degrades oxidized
proteins, leucine aminopeptidase, calpains, and the pro-
tease cofactor ubiquitin, whose activation increases
after oxidative stress. The activity of these proteinases is
controlled by inhibitors, which appear to be concentrated
at the periphery of the lens.

Aging also leads to an increase in high-molecular-
weight aggregates and water-insoluble protein between
10 and 50 years of age, especially in the a-crystallins,
but also in the 8- and y-crystallins. There is also partial
degradation of crystallins and covalent modifications of
crystallins and other lens proteins, including an increase
in disulfide bridges, deamidation of asparagine and
glutamine residues, and racemization of aspartic acid
residues. «A-Crystallin is cleaved nonenzymatically,
particularly between Asn 101 and Glu 102. An aspartate
residue in wA-crystallin appears especially susceptible
because it easily forms a succinimide intermediate.
Phosphorylation of lens proteins also occurs. Non-
enzymatic glycosylation (glycation) occurs, especially
of the g-amino groups of lysine. Through the Maillard
reaction, the glycation products can result in increased
pigmentation, nontryptophan fluorescence, and nondisul-
fide covalent crosslinks. Lens proteins can also undergo
carbamylation, which can induce cataracts, and may
be the mechanism for the association of cataracts with
chronic diarrhea and uremia. y-Crystallins, and especially
yS-crystallin, are particularly susceptible to degradation
and modification in age-dependent and other cataracts,
largely being degraded to low-molecular-weight peptides
by increased proteolysis in the cataractous lens.

In age-related cataracts the lens presumably develops
reasonably normally during infancy and remains clear
in childhood. Then, by somewhat arbitrary definition, at
some time after 40 years of age, progressive opacities
begin to form in the lens. As mentioned earlier, these
opacities almost certainly result at least in part from
the cumulative damage of environmental insults on lens
proteins and cells. Many of the age-related changes seen
in crystallins are accelerated in the presence of oxidative,
photo-oxidative, osmotic, or other stresses, which are
known to be associated with cataracts. Susceptibility to
these alterations may be exacerbated by barriers to move-
ment of small molecules between the central lens nucleus
and the metabolically more active epithelium. Many of
these changes can be induced in vitro or in model systems

by the same stresses epidemiologically associated with
cataracts (Davies and Truscott, 2001; Spector, 1995).
In contrast, some changes do not appear to be implicated
in cataractogenesis and may even serve to protect
crystallins from harmful modifications.

The lens crystallins form one obvious target for this
accumulated damage, although they are certainly not
the only one. Thus, as the 8- and y-crystallins slowly
accumulate damage over the lifetime of an individual,
they lose the ability to participate in appropriate inter-
molecular interactions, and even to remain in solution.
As these crystallins begin to denature and precipitate,
they are bound by the a-crystallins, which have a
chaperone-like activity. Binding by a-crystallins maintains
the solubility of By-crystallins and reduces light scatter-
ing, but the a-crystallins appear not to renature their
target proteins and release them into the cytoplasm, as
do true chaperones. Rather, they hold them in comp-
lexes that, though soluble, increase in size as additional
damaged protein is bound over time until they them-
selves begin to approach sizes sufficient to scatter light.
Eventually, it seems likely that the available a-crystallin
is overwhelmed by increasing amounts of modified By-
crystallin and the complexes precipitate within the lens
cell, forming the insoluble protein fraction that is known
to increase with age and in cataractous lenses.

Brief epidemiology of age-related cataracts
Age-related cataracts are associated with a number of
environmental risk factors, including cigarette smoking
or chronic exposure to wood smoke, obesity or elevated
blood glucose levels, poor infantile growth, exposure to
ultraviolet light, and alcohol consumption (The Italian-
American Cataract Study Group, 1991). Conversely,
antioxidant vitamins seem to have a protective effect,
although this has not been borne out by all studies.

There is increasing epidemiological evidence that
genetic factors are important in the pathogenesis of age-
related cataracts (McCarty and Taylor, 2001). In 1991,
the Lens Opacity Case Control Study indicated that a
positive family history was a risk factor for mixed nuclear
and cortical cataracts, and the Italian—~American cataract
study group supported a similar role for family history as
a risk factor in cortical, mixed nuclear and cortical, and
posterior subcapsular cataracts. In 1994, the Framingham
Offspring Eye Study showed that individuals with an
affected sibling had three times the likelihood of also
having a cataract. The Beaver Dam Eye Study examined
nuclear sclerotic cataracts using sibling correlations and
segregation analysis. Although a random environmental
major effect was rejected by this study, Mendelian trans-
mission was not rejected, and the results suggested that a
single major gene could account for as much as 35% of
nuclear and up to 75% of cortical cataract variability.
Most recently, the twin eye study demonstrated signi-
ficant genetic influence of age-related cortical cataracts,
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with heritability accounting for 53 to 58% of the liability
for age-related cortical cataracts. This hereditary tend-
ency was consistent with a combination of additive and
dominant genes, with dominant genes accounting for
38 to 53% of the genetic effect, depending on whether
cataracts were scored using the Oxford or Wilmer
grading systems. Similarly, genetic factors were found to
account for approximately 48% of the risk for nuclear
cataracts.

HUMAN STUDIES ON AGE-RELATED CATARACTS
Linkage studies

In addition to epidemiological evidence implicating
genetic factors in age-related cataracts, a number of
inherited cataracts with post-infantile age of onset or
progression of the opacity throughout life have been
described. Mutations in beaded filament specific pro-
tein 2 (BFSP2) can cause juvenile cataracts, the Marner
and Volkmann cataracts can be progressive, mutations
in aquaporin 0 (MIP) and yC-crystallin can cause
progressive cataracts, and the CAAR locus is linked to
familial adult onset pulverulent cataracts. These all
suggest that for at least some genes, a mutation that
severely disrupts the protein or inhibits its function might
result in congenital cataracts inherited in a highly pene-
trant Mendelian fashion, whereas a mutation that
causes less severe damage to the same protein or impairs
its function only mildly might contribute to age-related
cataracts in a more complex multifactorial fashion.
Similarly, mutations that severely disrupt the lens cell
architecture or environment might produce congenital
cataracts, whereas others that cause relatively mild
disruption of lens cell homeostasis might contribute to
age-related cataracts.

Association studies

The hyperferritinemia-cataract syndrome is a recently
described disorder in which cataracts are associated with
hyperferritinemia without iron overload. Ferritin L levels
in the lens can increase dramatically. The molecular
pathology lies in the ferritin L iron responsive element,
a stem loop structure in the 5 untranslated region of the
ferritin mRNA. Normally, this structure binds a cyto-
plasmic protein, the iron regulatory protein, which then
inhibits translation of ferritin mRNA, which may exist in
the lens at levels approaching that of a lens crystallin.
Mutation of this structure and overexpression of ferritin
by loss of translational control in the hyperferritinemia-
cataract syndrome results in crystallization of ferritin in
the lens, and other tissues as well. Ferritin crystals appear
as breadcrumb-like opacities in the cortex and nucleus.
Ferritin cataracts serve as an example that the presence of
crystallin proteins at such high levels in the protein-rich
lens cytoplasm requires that they must be exceptionally
soluble. This is emphasized by the occurrence of cataracts

resulting from single base changes decreasing crystallin
solubility but not stability.

Lamellar and polymorphic cataracts have been asso-
ciated with missense mutations in the MIP gene. One
mutation, E134G, is associated with a nonprogressive
congenital lamellar cataract, and the second T138R is
associated with multifocal opacities that increase in
severity throughout life. When expressed in Xenopus
laevis oocytes, both of these mutations appear to act by
interfering with normal trafficking of MIP to the plasma
membrane and thus with water channel activity. In addi-
tion, both mutant proteins appear to interfere with water
channel activity by normal MIP, consistent with the
autosomal dominant inheritance of the cataracts.

Galactosemic cataracts provide an interesting example
of mutations that severely affect a gene causing con-
genital cataracts, and of milder mutations that contribute
to age-related cataracts. Deficiencies of galactokinase,
galactose-1-phosphate uridyl transferase, and severe
deficiencies of uridine diphosphate 1-4 epimerase cause
cataracts as a result of galactitol accumulation and
subsequent osmotic swelling. The latter two are also
associated with vomiting, failure to thrive, liver disease,
and mental retardation if untreated, whereas the cataracts
in galactokinase deficiency are isolated. Interestingly,
galactosemic cataracts initially are reversible both in
human patients and in animal models. In 2001, a novel
variant of galactokinase, the Osaka variant with an
A198V substitution, was shown to be associated with
a significant increase in bilateral cataracts in adults
(Okano et al., 2001). It results in instability of the
mutant protein and is responsible for mild galactokinase
deficiency, leaving about 20% of normal levels. This
variant allele frequency occurs in 4.1% in Japanese overall
and 7.1% of Japanese with cataracts. The allele was also
present in 2.8% of Koreans but had a lower incidence in
Chinese and was not seen in blacks or whites from the
United States. This and other GALK1 variants appeared
to be absent from Northern Italians with age-related
cataracts, suggesting that the genetic contributions
cataract might vary in different populations.

The GALK1! results fit in well with the known
influence of hyperglycemia on age-related cataracts. That
these cataracts result from polyol accumulation is sug-
gested by work in galactosemic dogs and transgenic
and knockout mice. Dogs have aldose reductase levels
similar to those in humans and when stressed readily
develop sugar cataracts that are prevented by aldose
reductase inhibitors. Mice, which have very low aldose
reductase activity in the lens, are naturally resistant to
sugar cataracts, either galactosemic or hyperglycemic.
However, upon transgenic expression of aldose reduc-
tase, mice readily develop cataracts, especially when the
galactokinase or sorbitol dehydrogenase gene is deleted.
Consistent with these animal data are the recent findings
that susceptibility to cataracts as a diabetic complica-
tion in humans is associated with specific allele Z of the
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microsatellite polymorphism at 5 of the aldose reduct-
ase gene.

BIOCHEMICAL STUDIES OF
AGE-RELATED CATARACTS

Crystallin modifications associated with cataracts

The lens crystallins are a major potential target for accu-
mulating damage associated with age-related cataracts,
although there are certainly others. Thus, as the crystal-
lins accumulate modifications and damage over the
lifetime of an individual, their ability to participate in
appropriate intermolecular interactions, and even to
remain in solution, decreases. Whether proteins in age-
related cataracts become insoluble as a result of complete
or partial denaturation, or whether they simply become
less soluble due to modifications that leave their protein
folds largely intact or both, is not currently known.
However, it seems clear that modifications to crystallin
proteins accumulate with aging and accelerate during
cataractogenesis, and the combination of crystallin modi-
fication, disulfide-crosslinking, denaturation, and aggre-
gation results in loss of lens transparency and cataract
formation (Hanson et al., 2000). The protein modifica-
tions involved in this process include, but are not limited
to, proteolysis, racemation, oxidative changes, and glyca-
tion. The many factors believed to induce these modifica-
tions include free radicals and superoxides, along with a
loss of the lens’ reducing state causing oxidation and
disulfide-crosslinking, sugar accumulation causing glyca-
tion, and cyanate causing carbamylation.

Protein modifications in age-related cataracts are
believed to arise from a combination of environmental
and endogenous factors. For instance, considerable evi-
dence suggests that oxidative modifications are a hall-
mark of age-related cataracts and oxidation of crystallins
and other lens proteins likely results from reactive
oxygen species that are produced by both UV-light
exposure and are also a byproduct of mitochondrial
respiration during which as much as 2% of respiratory
oxygen is converted to reactive oxygen species. A major
result of oxidation is conversion of methionine to
methionine sulfoxide, which increases with age in the
buman lens and reaches levels as high as 60% in age-
related cataracts relative to clear lenses.

Multiple identified and yet unidentified proteases
are present in the lens and proteolyzed crystallins are a
predominate feature of age-related cataracts. Among
multiple lens proteases that have been identified to act
on crystallin proteins, calcium-activated proteases are
believed to play major roles. Proteolysis of specific
crystallins is believed to result in protein aggregation
and cataracts.

Proteins in age-related cataracts become insoluble as
a result of complete or partial denaturation or by becom-
ing less soluble due to modifications that leave their
protein folds largely intact, or perhaps by a combination

of these processes. Many highly studied Mendelian
congenital cataract models support both denaturation,
as is seen in the association of some severe crystallin
mutations with cataracts, and simple insolubility with
maintained protein folds as is seen in other cataracts.
Many classical studies have demonstrated that lens
proteins become insoluble because they are denatured as
the lens ages. Insoluble protein in the aged cataractous
lens not only is denatured and crosslinked, but a fraction
exists as relatively short peptides cleaved from larger
proteins. It seems likely that the presence of large
amounts of unstable or precipitated crystallin, or other
protein, does damage to the lens cell and its proteins and
eventually contributes to cataracts not only directly
through light scattering by protein aggregates but
eventually also through disruption of cellular metabolism
and damage to the cellular architecture. This is clear from
numerous mouse models of cataracts resulting from
crystallin mutations (Graw and Loster, 2003).

Gene expression changes in cataract

In addition to crystallin modifications, age-related catar-
acts are also associated with changes in gene expression
detected at the level of increased or decreased mRNA in
the lens epithelium (Hejtmancik and Kantorow, 2004).
Since the lens epithelial cells cover the anterior surface
of the lens, whereas in age-related cataracts the opacities
tend to occur in the nuclear or cortical fiber cells, these
gene expression changes likely reflect responses of lens
epithelial cells to the presence of underlying cataracts
and/or altered epithelial function in the presence of
cataracts. These gene expression changes nevertheless
point to altered lens pathways associated with this
disease. For instance, the mRNAs encoding metallothio-
nein and osteonectin (also known as SPARC, secreted
acidic protein rich in cysteines) are increased in cataracts,
whereas those for protein phosphatase 2A regulatory
subunit and some ribosomal proteins including 121,
L15, L13a, and L7a are decreased. These alterations
suggest that increased binding of toxic metals and
Ca-++ with a concomitant decrease in growth pathways
and protein synthesis are features of cataract.

In addition to the identification of individual altera-
tions in gene expression, more recent studies have sought
to identify the full range of gene expression changes that
occur in the lens epithelium upon cataract formation
using DNA microarrays. Although literally thousands of
genes whose expression is altered in cataract have been
identified in these studies, some specific examples of genes
increased in cataract include SP1 required cofactor
for transcriptional regulation, osteomodulin, chloride
channel 3, Na+K+ transporting polypeptide beta 1, and
Ca-++ transporting ATPase, whereas genes decreased
include wA-crystallin, multiple glutathione peroxidases,
multiple ribosomal subunits, HSP 27, Na-+/K+ ATPase
and transketolase. The majority of the identified genes are
decreased in cataract, suggesting loss of gene expression
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as a consequence of lens damage. Functional clustering
of the identified genes suggests that the genes increased
in cataract tend to be associated with transcriptional
control, ionic and cytoplasmic transport, protein salva-
ging pathways, and extracellular matrix components;
transcripts decreased in cataract tend to be associated
with protein synthesis, defense against oxidative stress,
heat shock/chaperone activity, structural components
of the lens, and cell cycle control (Hejtmancik and
Kantorow, 2004).

Enzyme changes associated with cataracts

In addition to the protein modification and gene expres-
sion changes noted earlier, numerous metabolic and
enzyme activity changes are also associated with age-
related cataracts. These changes include decreased
reduced glutathione content, decreased NADPH levels,
increased free Ca™™ levels, increased activity of specific
proteases, and decreased ionic balance, among others.
Considerable evidence suggests that many of these
changes, other metabolic changes, and loss of lens protein
function results from loss of the activities of specific lens
protective and repair enzymes and other homeostatic
systems. Although the evidence for these changes has been
almost exclusively derived from animal, cell, and organ
culture experimental systems, loss of the activities of mul-
tiple protective systems including «-crystallins, MnSOD,
catalase, glutathione peroxidase, and y-glutamylcysteine
synthetase among many others are believed to contri-
bute to loss of lens function and ultimately cataract
formation. In addition to the loss of lens protective and
homeostatic systems, the loss of key repair systems
including thioltransferase and methionine sulfoxide
reductases are also believed to be key events in cataract
formation.

ANIMAL MODELS OF AGE-RELATED CATARACTS
Overview

Since cataractogenesis is a complex process accompanied
by numerous secondary changes, animal models may
provide useful information for delineating the causes of
senescent and other cataracts. Hereditary cataracts in
rodents have been especially useful in this regard (Graw
and Loster, 2003). One example is the Philly mouse,
which displays an autosomal dominant cataract in which
there is a deficiency of BB2-crystallin polypeptide. The
BB2-crystallin mRNA has a deletion of 12 nucleotides,
resulting in a four-amino-acid deletion in the encoded
protein. It has been hypothesized that this causes
aberrant folding of the protein and that cataract forma-
tion occurs as a result of the molecular instability of this
crystallin and is therefore a good model to examine the
roles of crystallin proteolysis and aggregation in age-
related cataract formation. Other models suggest that
some metabolic lesions can also cause cataracts. The
Nakano mouse, which has autosomal recessive cataracts

mapping to chromosome 16, shows reduced synthesis
of a- and B-crystallins. This is probably due to an increase
in the Na+/K+ ratio occurring because of inhibition
of the sodium-potassium pump. The Fraser mouse,
which displays an autosomal dominant cataract, shows
preferential loss of y-crystallins and their mRNAs.
However, the gene causing this cataract segregates
independently of the y-crystallin gene cluster, suggesting
that changes in crystallin expression must be secondary
in this cataract. It resides on chromosome 10 and has
been suggested to be allelic with the mouse lens opacity
gene (LOP).

Emory mouse

Unlike the animal cataract models eariler, the Emory
mouse is an interesting model for age-related cataracts
that has been phenotypically but not molecularly or
genetically well-characterized (Kuck, 1990). Two sub-
strains of Emory mice in which cataracts develop at
five to six months (early cataract strain) and six to
eight months (late-cataract strain) are known. Emory
mouse cataracts increase in severity with age and are
initiated in the lens superficial cortex. They eventually
progress into the deep anterior cortex and ultimately
result in complete opacification. Emory mouse cataracts
exhibit multiple changes that appear to mimic accelerated
aging including abnormal lens growth, decreased protein
accumulation, conversion of soluble to insoluble protein,
decreased reduced glutathione, decreased protein sulf-
hydryl levels, decreased superoxide dismutase activities,
decreased catalase activity, decreased glutathione perox-
idase activity, decreased y-glutamylcysteine synthetase
activity, and accelerated conversion of MP26 to MP24.
The Emory mouse is also associated with changes in gene
expression including decreased synthesis of crystallins
and increased expression of ARK tyrosine kinase, which
is believed to be a major upstream activator of the stress
response in many cell types.

In vivo hyperbaric oxygen treatment

Many of the modifications undergone by lens proteins
in aging and cataractous lenses are consistent with those
seen in photo-oxidative stress, and oxidative stress is
known to be a risk factor in age-related cataracts (Giblin
et al., 1995). Thus, exposing animals to increased oxygen
tension to simulate the more prolonged oxidative stress
associated with aging is an attractive and logical model
system for understanding human cataract. In these
studies, animals are exposed to 100% oxygen at increased
pressure several times weekly for two to three months,
and lens opacities are monitored by imaging with a slit
lamp. Molecular and biochemical changes in the treated
animals subsequently are correlated with lens opacity and
oxygen treatment. Hyperbaric oxygen treatment in vivo
accelerates lens opacity in the nuclear region of the
guinea pig lens including loss of water soluble and cyto-
skeletal proteins, formation of protein disulfides, and
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degradation of MIP26. Such modifications are similar
to modifications reported to occur in the nuclei of aging
and cataractous human lenses, confirming that hyperbaric
oxygen treatment is an excellent model to study those
processes occurring in human cataracts.

Other

In addition to the preceding models, cell culture, organ
culture, and transgenic mice provide powerful tools
for the study of lens transparency. Multiple lens epithelial
cell lines have been used to identify and functionally
analyze those enzymes and other proteins important
for resistance to oxidative stress, chaperone function,
and other processes associated with cataractogenesis.
For instance, the importance of specific enzymes such as
methionine sulfoxide reductase and MnSOD for main-
taining lens cell viability and resistance to oxidative stress
have been identified through the over-expression or
silencing of these enzymes in lens cells, which are sub-
sequently treated with H202 and/or other oxidants
associated with cataracts. Other approaches include
similar experiments using lens cells cultured from animal
knockouts deleted for specific lens proteins such as oA-
crystallin. In addition to cultured lens cells, cultured
whole lenses also have been employed to monitor multiple
biological events associated with cataracts.

In practice, creation of cataractous transgenic mouse
lines is facilitated by the lens being readily examined for
transparency, providing a rapid and efficient means to
screen for phenotypic effects of transgenic insertions.
Most cataracts in transgenic mice are associated with
abnormalities of lens development, especially uncon-
trolled growth, toxic ablation of specific lens cells, or
immune destruction of the lens. Lens abnormalities
have been caused in transgenic mice using a variety of
strategies. Expression of diphtheria toxin or ricin under
the control of a lens-specific a-crystallin or y-crystallin
promoter, respectively, has caused ablations within
the lens.

In addition to transgenic expression of normal or
modified proteins, disrupted expression of a protein
normally found in the lens has been shown to cause
cataracts. Lack of aA-crystallin expression causes catar-
acts with inclusion bodies in central lens fiber cells
(Brady et al, 1997). Other knockouts associated with
cataracts include osteonectin, connexins, and glutathione
peroxidase. Collectively, these engineered cataract models
emphasize the importance of the crystallins, cytoskeleton,
and intercellular matrix for lens transparency.

Macular Degeneration
BRIEF OVERVIEW

Macular degenerations are a phenotypically and geno-
typically heterogeneous group of blinding disorders
characterized by central vision loss associated with RPE

atrophy with or without choroidal neovascularization.
Of these, age-related macular degeneration (AMD) is a
degenerative disorder of the come-rich macular and
perimacular regions of the retina with resulting loss of
central visual acuity. Although AMD principally affects
the supporting and metabolic structures of the retina
including the retinal pigment epithelial (RPE) cells, the
choriocapillaris, and Bruch’s membrane, vision loss
comes from the resulting retinal atrophy and its asso-
ciated photoreceptor dysfunction (see Figure 68.3). Visual
dysfunction is made worse by neovascularization, the
ingrowth of choroidal vessels through defects in Bruch’s
membrane, with secondary hemorrhage, and retinal
detachment that characterize the “wet” form of AMD.
This is contrasted to the “dry” or nonneovascular form,
which comprises 80% of the disease but results in only
roughly 20% of its associated blindness. Drusen, small
yellow-white deposits below the retina, are increased in
individuals with AMD. Although they do not cause visual
loss by themselves, drusen represent a risk factor for
development of both the geographical atrophy (dry) and
neovascularization (wet) types of AMD, especially when
they are soft or indistinct. Recent results from the Age-
Related Eye Disease Study suggest that the incidence of
AMD could be lowered significantly by diet supplementa-
tion with high-dose antioxidant vitamins and zinc.

The clinical terms dry and wer typically are used to
refer to different forms of AMD, with the dry form
sometimes progressing to the wet form. Early stages of the
dry form are characterized by focal pigmentation and
accumulation of drusen between the RPE and Bruch’s
membrane. In later stages, the wet form is characterized
by choroidal neovascularization, detachment of the RPE,
and geographic atrophy of the RPE in the macular region.
Drusen are classified as hard and soft, based on their
shape, diameter, and color. Hard drusen are yellowish,

— Bruch's
membrane

Choroid

Figure 68.3 Hisiological section of the retina showing macular
degeneration. Although the ganglion cell layer (GCL), inner nuclear
loyer (INL) and choroid are well preserved, the outer nuclear layer,
which should appear similar to the INL, has been in large part
replaced by fibrovascular choroidal neovascularization  (CNV).
Courfesy of Dr. Chi Chao Chan, National Eye Institute, National
Institutes of Health.
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