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Not long after the
creation of the National Eye
Institute (NEI) by Congress
in 1968, a young, promising
vision research scientist
named Roy Steinberg
received one of the first

Roy H. Steinberg, M.D., Ph.D. NEI Research Career

Development Awards. This

marked the beginning of
a long and productive association between the NEI
and a researcher who served the vision community
in many ways.

With his great breadth of knowledge and sharp mind,
Roy had a clearer grasp than most of the many facets
of retinal research, both clinical and laboratory. Most
productive scientists establish a single theme to their
research program during their career. Roy
was different, adapting to new ideas and seeking
challenging new avenues through which to pursue his
numerous research interests. His early work led to
a greater understanding of the complex active
and passive ionic mechanisms governing retinal
pigment epithelium (RPE) cell transport properties.
He showed how the RPE contributes to the
electroretinogram and controls the environment
surrounding the photoreceptor cells.

In the late 1980°s, while maintaining an
interest in retinal physiology, Roy and his
colleagues at the University of California at San
Francisco became interested in growth factors
and their potential use in slowing or preventing
retinal degenerations. Roy was instrumental in
demonstrating that basic fibroblastic growth factors
could act as a survival-promoting neurotrophic factor
in hereditary retinal degenerations. At the time of
his death, Roy was involved in experiments he believed
could lead to treatment of blinding diseases like
retinitis pigmentosa and macular degeneration.

DEDICATION

Roy’s great intellect, careful experimental approach,
and keen scientific insights earned him the MERIT
Award from the NEI and the Friedenwald Award from
the Association for Research in Vision and
Ophthalmology. While maintaining an active and
vigorous vision research program, Roy also found time
to serve as an adviser to the National Institutes of
Health and the NEI. He was a member and later Chair
of the Visual Disorders Study Section, the forerunner
of today’s Visual Sciences C. He served as Chair of
the Retinal Diseases Panel for the NEI's Vision
Research—A National Plan: 1987 Evaluation and
Update and as a consultant to the 1978-1982 and the
1994-1998 national plans. He authored the highlights
and recommendations from two NEI-sponsored
workshops—the first on the Cell Biology of Retinal
Detachment in 1986, and the second on Repair and
Replacement to Restore Sight in 1991. In 1994, he
was appointed to the National Advisory Eye Council,
where he served with great distinction until his death.

The NEI and the vision community have lost a dear
friend. We are deeply indebted to Roy for his unselfish
service and loyalty. The NEI is proud to dedicate
Vision Research—A National Plan: 1999-2003 in his
memory.

Carl Kupfer, M.D.
Director
National Eye Institute
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ver the past few years, there has been

increasing interest in priority setting and

strategic planning processes throughout the
Federal sector. Among the overarching purposes of
the Government Performance and Results Act (GPRA),
which was passed by Congress and subsequently
signed into law in 1993, were provisions to make
Federal agencies accountable for achieving program
results through the establishment of program goals and
objectives against which progress could be measured.

Within the scientific community, concerns have
often been voiced that the science cannot be planned,
because the course of science is often influenced by
unexpected findings. Yet it could be argued that the
conduct of science is one of the most care-
fully planned of all activities funded by the Federal
Government. Indeed, the instructions for submitting
a research grant application require each applicant to
specify: what will be done, why it is important, what
has already been done, and how it will be done. These
points must be covered in the application’s sections
on the specific aims, background and significance,
preliminary studies and progress report, and research
design and methods. Evaluation of the applicant and
the proposed research through the peer review
process are also key elements of research funding.
These components bear great resemblance to the
requirements for a strategic plan identified in the GPRA.

While the focus of planning at the individual project
level is less global than at the program level, the basic
elements are essentially the same—establishment
of goals and objectives, assessment of the progress,
identification of the needs and/or opportunities, and
description of the research approaches to be used.
Admittedly, the exact course of scientific research or
rate of discovery cannot always be predicted,
because both depend greatly on incremental advances
in knowledge that often occur over a period of years.
Nonetheless, it is incumbent on us to ensure that the
investment of public funds is made in areas that are
deemed to represent the greatest need and
opportunity for progress.

FOREWORD

For more than 20 years, the National Eye Institute
(NEI) and the National Advisory Eye Council (NAEC),
through NAEC’s Vision Research Program Planning
Subcommittee, have attempted to conscientiously
meet their stewardship responsibilities through a
comprehensive planning process. During the planning
process for their first plan, published in 1975, the NEI
and the NAEC stated the need for involving the
research community in establishing recommendations
for the conduct and evaluation of vision research:

Such recommendations, when formulated
with the assistance of respected members of
the research community, can be helpful to the
investigator in planning the future course of
his or her research and to the Federal
administrator anxious to assure continuity of
high-quality research support in an uncertain
period of fluctuating research budgets.

The NEI and the NAEC have long considered the
planning and evaluation activities of the program as
essential components of the strategic planning
process. Panels of experts are assembled (o review
and make recommendations on NEI research
programs. They are also asked to determine where
progress was made by identifying the most important
research accomplishments that were achieved since
publication of the last plan. Not only is this
assessment key to evaluating the progress that has
been made in achieving the goals and objectives in
the previous plan, it is also a vital first step in
identifying the future needs and opportunities in each
program.

It should be stressed, however, that the NEI and
the NAEC have never viewed these plans as blueprints
or master plans for research, but rather as vehicles to
draw attention to areas of research need and
opportunity. Our first priority has been and continues
to be funding the highest quality investigator-
initiated research applications that will help achieve
the goals and objectives outlined in these plans.
To that end, the principal factor considered in
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determining which applications are funded continues
Lo be the scientific merit of the proposal, as evaluated
through the peer review system, combined with the
programmatic considerations of the NAEC.

In drafting this sixth formal plan, through the
cooperative efforts of members of the vision research
community, the NAEC, and the staff of the NEI, special
consideration was given to the purpose, intent, and
requirements of the GPRA. On behalf of those who

promote, support, and conduct every aspect of
science that is related to vision, it is a great privilege
to transmit this strategic plan for vision research that
conveys the goals and objectives to improve the visual
health of our Nation as we move into the 218t century.

Carl Kupfer, M.D.
Director
National Eye Institute
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EXECUTIVE SUMMARY

Institute (NEI) and the National Advisory Eye

Council (NAEC), through its Vision Research
Program Planning Subcommittee, have attempted
Lo conscientiously meet their stewardship
responsibilities through a comprehensive planning
process. This process has resulted in the development
and publication of a series of strategic plans that
address the most pressing visual health needs of
the Nation. These plans have been developed
in partnership with the full Council, NEI staff,
and numerous members of the vision research
community, and with supporters in countless scientific,
voluntary, and philanthropic organizations throughout
the country. This plan is sixth in the series that
dates back to the publication of Vision Research
Program Planning in 1975.

I Yor more than 20 years, the National Eye

VISION STATEMENT AND MISSION

Our eyes and the parts of our brain that allow us to
understand the visual information we receive from our
eyes comprise a unique and awe-inspiring sense
known as sight. Our eyesight provides intimate detail
of our daily life in the world around us. It allows us to
recognize the faces of those who are important to us
and to perform complex tasks for work or pleasure
that would otherwise be impossible.

Out of its concern for the eyesight of the American
people, Congress created the NEI in 1968. In
recognition of its special responsibility to address
the visual health needs of the Nation, the NEI and
the NAEC offer this vision and commitment for the
future:

The National Eye Institute will continue to protect
and improve the visual health of the Nation through
the support and performance of the highest quality
laboratory and clinical research aimed at increasing
our understanding of the eye and visual system in health
and disease and developing the most appropriate and
effective means of prevention, treatment, and

rehabilitation, and through the timely dissemination of
research findings and information that will promote
visual health.

This vision statement is the logical extension of the
NEI mission to “conduct and support research,
training, health information dissemination, and other
programs with respect to blinding eye diseases, visual
disorders, mechanisms of visual function, preservation
of sight, and the special health problems and
requirements of the blind.”

Inherent in this mission is the investigation of
normal tissue and normal visual processes, so that a
more complete understanding may be gained of the
abnormal processes that lead to diseases of the eye
and disorders of vision. These investigations are
conducted in hundreds of extramural laboratories and
clinics throughout the United States and in the NEI's
own intramural facilities in Bethesda, Maryland.

DEVELOPMENT OF THE 1999-2003 PLAN

In the development of this plan, panels of over 100
experts were assembled to represent each of the NEI's
five formal programs—Retinal Diseases; Corneal
Diseases; Lens and Cataract; Glaucoma; and
Strabismus, Amblyopia, and Visual Processing—along
with specialized groups representing Visual
Impairment and Its Rehabilitation and Health Services
Research. Information was also solicited for the panels
through the NEI homepage (http://www.nei.nih.gov/).
Visitors to the homepage were provided the
opportunity to comment on the most significant
accomplishments or advances since the last plan and
recommend the most important vision research
questions that should be addressed during the next 5
years. This information was then passed along to the
panels for consideration in preparing their reports.

Each panel was asked to prepare a report that had
the following elements: a program overview and goals;
assessment of the progress within the program,
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particularly related to the goals and objectives in the
last plan; program objectives that are the primary focus
for research in the program; the research needs and
opportunities that give rise to each objective; and
strategic research questions that will lead to
achievement of the goals and objectives.

It is important to note, however, that the NEI and
the NAEC do not view this plan, nor its predecessors, as
blueprints or master plans for research, but rather as
vehicles to draw attention to areas of research need and
opportunity. Our first priority has been and continues to
be funding the highest quality investigator-initiated
research applications that will help achieve the goals
and objectives outlined in these plans. To that end, the
principal factor considered in determining which
applications are funded continues to be the scientific
merit of the proposal, as evaluated through the peer
review system, combined with the programmatic
considerations of the NAEC. It is with this in mind that
the following summary of the programs, goals, highlights
of research progress, and research objectives are
presented for Fiscal Years 1999 to 2003.

RETINAL DISEASES PROGRAM

The retina is a complex tissue in the back of the
eye that contains specialized photoreceptor cells called
rods and cones. They are connected to a network of
nerve cells for the local processing of visual
information. This information is sent to the brain for
decoding into a visual image. The adjacent retinal
pigment epithelium (RPE) supports many of the
retina’s metabolic functions.

The retina is susceptible to a variety of diseases
that can lead to visual loss or complete blindness. One
such disease, diabetic retinopathy, iS a major cause
of blindness. In the proliferative stage of the disease,
newly formed abnormal blood vessels can break
through the retinal surface and hemorrhage into the
normally transparent, gelatin-like vitreous in the
middle of the eye. Scar tissue may subsequently form
and pull the retina away from the back of the eye,
causing a retinal detachment to occur. Laser treatment
(laser photocoagulation) is a highly effective clinical
tool for treating proliferative retinopathy.

The two most common forms of cancer that affect
the eye are retinoblastoma (RB) and choroidal
melanoma. RB is mainly a disease of childhood.

Through the advances achieved over the past few
years, RB is now one of the best understood of all
solid tumors. It has also opened new opportunities in
the etiology of other cancers. Choroidal melanoma
primarily affects adults, and its etiology is poorly
understood.

The inherited retinal degenerations are typified by
retinitis pigmentosa (RP), which results in the
destruction of photoreceptor cells, and the RPE.
This group of debilitating conditions affects
approximately 100,000 people in the United States.
The leading cause of visual loss in the elderly is
macular degeneration (MD), which has an increasingly
important social and economic impact in the United
States. As the size of the elderly population increases
in this country, age-related macular degeneration
(AMD) will become a more prevalent cause of blindness
than both diabetic retinopathy and glaucoma
combined. Although laser treatment has been shown
to reduce the risk of extensive macular scarring from
the “wet” or neovascular form of the disease, there
are currently no effective treatments for the vast
majority of patients with MD.

One of the major achievements in all of biology
has been in defining cellular events involved in the
process of visual transduction—the process that
describes the capture of light by the photoreceptor
cells and the initiation of the electrical signals utilized
by the brain in processing visual information. This is
now a classic model of how signal processing works
in other systems. Advances in understanding visual
biochemistry have yielded important new insights
into the causes of retinal diseases.

The brain decodes and interprets the visual images
that we perceive when electrical impulses generated
within the retina are transmitted by ganglion cells
via the optic nerve to the visual cortex of the brain.
The tools of modern neurobiology offer the potential
to understand both light adaptation (sensitivity to
varying light levels) and inactivation (turning off
of the sensitivity to light). A central unanswered
question in neurobiology is how the complex retinal
network permits the formation of images and the
discrimination of colors.




Program Goals

After a thorough evaluation of the entire program,
the Retinal Diseases Panel recommends the following
goals for the program for the next 5-year period.

e Understand the molecular and biochemical
basis for the different forms of MD, improve
early diagnosis, characterize environmental
effects on the etiology of MD, and develop
new treatments.

¢ Understand the pathogenesis of diabetic
retinopathy and other vascular diseases of
the retina and develop strategies for primary
prevention and improved treatment.

¢ Identify the genes involved in retinal
degenerative diseases, including RP,
and determine the pathophysiological
mechanisms underlying these mutations.

¢ Explore new potential therapeutic strategies
for inherited retinal diseases, such as gene
transfer, tissue and cell transplantation,
growth factor therapy, and pharmacological
intervention.

e Establish the causes and etiology of uveitis
and improve methods for its diagnosis,
therapy, and prevention.

e Use both molecular and physiological
approaches to study light adaptation in
photoreceptors, with particular emphasis on
the visual cycle.

¢ Build on knowledge gained from retinal
neuroscience to understand how retinal
networks process visual images, a
central unanswered question of modern
neurobiology.

Highlights of Recent Progress

Genes for a number of different forms of heritable
macular disease have been mapped to specific
chromosomes and, in some cases, the mutated genes
have actually been identified. Detection of genes mutated
in AMD will permit the development of genetic tests that
may identify individuals at risk for the disease.

EXECUTIVE SUMMARY

Aldose reductase, the initial enzyme of the “sorbitol
pathway,” may be critical for the development of
diabetic retinopathy. A potent new aldose reductase
inhibitor has been developed that inhibits the enzyme
by approximately 90 percent and prevents vascular
endothelial growth factor (VEGF), a factor that has
been linked to the abnormal growth of retinal blood
vessels or neovascularization, expression in long-term
galactosemic rats.

VEGF has become a leading candidate as the agent
responsible for neovascularization in retinal and
choroidal diseases. This growth factor is present at
high concentrations in the vitreous of patients with
proliferative diabetic retinopathy and is low to absent
in the vitreous of patients with nonvasoproliferative
disease.

At least 10 genes causing RP have been identified.
At least 24 additional loci causing RP have been placed
on the human genome map and are in varying stages
of being identified through positional cloning
strategies.

Transgenic animals expressing genetic mutations
in patients with inherited retinal degenerations have
been developed. These animal models are already the
subject of intensive study to determine the
pathophysiological mechanisms whereby these gene
defects lead to photoreceptor degeneration.

Progress has been reported in developing effective
strategies for retinal disease, particularly in the area
of somatic gene therapy using different delivery
systems. Significant slowing of photoreceptor
degeneration has been documented in several animal
models with the administration of growth factors.
Human trials may begin within this year.

A double-masked clinical trial of about 600 patients
with RP found that oral vitamin A supplementation
slowed the course of retinal degeneration, as
measured by the electroretinogram, and that vitamin E
hastened it.

Bacterial lipopolysaccharide has recently been
exploited as an experimental inducer of uveitis
(an intraocular inflammation) in mice and rats, and
this newer model has considerably enhanced
understanding ocular inflammation due to immuno-
pathogenic, rather than autoimmune, processes.
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The molecular components of the visual
transduction pathway have been described in
considerable detail. A significant advance has been
the identification and characterization of the guanylate
cyclase activating proteins. These proteins regulate
the activity of guanylate cyclase and play a role in
photorecovery and light adaptation.

The NEI-sponsored clinical trial entitled Studies
of the Ocular Complications of AIDS (SOCA)
has demonstrated that for AIDS patients with
cytomegalovirus (CMV) retinitis a combination therapy
with foscarnet and ganciclovir is more effective
than either drug alone in controlling it. A
recent advance has been the development of a
sustained-release ganciclovir device that is surgically
implanted into the vitreous cavity and releases
drug over several months. There is a significant
delay in progression of CMV retinitis for patients
receiving the implant.

Progress has been made in signal processing in the
retina on two fronts: understanding the codes by
which visual information is signaled, and under-
standing the way the retina transforms incoming
information. A new technique for recording signals in
the optic nerve has been created that depends on
powerful computers. Many optic nerve fibers can now
be studied simultaneously, allowing patterns of activity
that were once thought insignificant to be analyzed
for their information content.

Program Objectives

After carefully considering the research advances
that have been made in this program, and based on a
careful analysis of the current research needs and
opportunities, the Retinal Diseases Panel recommends
the following laboratory and clinical research
objectives:

e Explore the pathophysiological hetero-
geneity of AMD to hasten development of
the tools needed for improved diagnosis,
prevention, and therapy.

Identify novel causes of inherited retinal
degenerations; further examine the cellular
and molecular mechanisms whereby identi-
fied gene defects cause retinal degenerations.

Further develop and critically evaluate
therapies involving gene delivery, growth
factors, and transplantation for the treatment
of retinal disease.

Explore the cellular and molecular basis of
the response to retinal injury.

Identify the factors that dictate the unique
properties of intraocular immunity and
inflammation and alter systemic immunity to
intraocular antigens.

Develop diagnostic methods and thera-
peutic approaches that distinguish among
infectious, immunopathogenic, and auto-
immune posterior segment intraocular
inflammation.

Analyze the mechanisms underlying light
adaptation and recovery following photo-
transduction.

Study how visual information is transformed
by successive layers of the neural retina and
the mechanisms involved.

Identify and characterize factors important
in retinal cell fate determination and
differentiation.

Catalog, map, and functionally characterize
genes expressed in the retina and choroid
and begin to determine the cellular sites of
retinal gene expression in health and disease.

Probe the control of the retina’s micro-
environment through studies of Briich’'s
membrane, the interphotoreceptor matrix,
the RPE, glia, choroid, and vitreous.

Investigate the pathogenesis of vascular
diseases of the retina and choroid, including
diabetic retinopathy, AMD, and retinopathy
of prematurity (ROP); develop better
methods of prevention and therapy.

CORNEAL DISEASES PROGRAM

The cornea is the transparent tissue at the front of
the eye that serves two specialized functions: it forms
a protective physical barrier that shields the eye from




the external environment, and it serves as the main
refractive element of the visual system, directing
incoming light onto the lens. Refraction depends on
the cornea acquiring transparency during development
and maintaining this throughout adult life. In this
country, corneal diseases and injuries are the leading
cause of visits to eyecare clinicians, and are some of
the most painful ocular disorders. In addition,
60 percent of the American population have refractive
errors that could be corrected for sharper vision.

Program Goal

After a thorough evaluation of the entire program,
the Corneal Diseases Panel recommends the following
goal for the program for the next 5-year period.

¢ Understand the normal function of the cornea
and apply this knowledge to the prevention
and treatment of traumatic injury and
disease.

Highlights of Recent Progress

Recent NEI-funded research has led to great
progress in understanding and treating corneal
disorders. Much has been learned about new molecular
detail of the processes of hydration control that are
crucial to maintaining corneal transparency, through
the discovery of water-transporting elements called
aquaporin proteins. The genes for these transporters
have been cloned and sequenced and their functional
properties are being determined.

Genetic studies in families afflicted with corneal
dystrophies have yielded new insight into the
pathogenesis of 13 different corneal dystrophies. Their
causative genes have been identified, and the challenge
now is to clone the responsible genes to help understand
the etiology and pathogenesis of these conditions. This
understanding should also lead to improved methods of
diagnosis and treatment. The most common corneal
dystrophy in the United States is keratoconus, a
progressive thinning of the cornea, which causes it to
become cone shaped. This disease has become better
understood as a result of investigation of its genetic
predisposition, detection of early cases through
computerized topographic analysis, and initiation of a
clinical prospective assessment of the progression of the
disease in the Collaborative Longitudinal Evaluation of
Keratoconus Study or CLEK.

EXECUTIVE SUMMARY

Using molecular biology techniques, researchers
have now determined many of the molecules involved
in transparency and how they function. Researchers
know the origin of the cells that continuously replace
those of the corneal epithelium, and they know some
of the factors involved in their regulation. This
knowledge was recently applied to restoring the
disease-damaged corneal surface of a patient with
cells grown from the patient’s other, nondiseased eye.

There is mounting evidence that the pathology
of many corneal infections is mediated by the
immune system. This is particularly clear in the case
of infection with herpes simplex virus-1. Infection of
T-cell-deficient mouse strains fails to produce corneal
inflammation, and mice with corneas purged of
antigen-presenting cells develop a milder keratitis than
animals with normal corneas. Additionally, individuals
infected with the human immunodeficiency virus (HIV)
usually do not develop stromal keratitis.

Researchers have improved their understanding of
the causes of dry eye in recent years. The nature and
regulation of tears is better understood, and much work
has been done on the function of mucins (components
of tear fluid), hormonal regulation of tear production,
and the function of the lipid layer. Changes in lacrimal
gland innervation and electrophysiology have been
found to precede local autoimmune phenomena in
mouse models for Sjogren’s Syndrome, an autoimmune
disease in which dry eye is a significant symptom. A
new autoantigen (cytoskeletal a-fodrin) has been
implicated in Sjogren’s Syndrome autoimmunity,
suggesting improved diagnosis and new therapeutic
approaches.

Understanding how the cornea metabolizes lipids
(fatty molecules) to form mediators of inflammation
and wound healing has advanced in recent years.
Recent focus has been on the fatty acid called
arachidonic acid. Specific enzymes transform
arachidonic acid into prostaglandins, which are
substances that can alter blood vessel permeability
and platelet aggregation. This transformation
is inhibited by nonsteroidal anti-inflammatory
drugs (NSAIDs). Several NSAIDs have been introduced
into the clinical armamentarium during the past few
years. These are beneficial in relieving symptoms of
allergic conjunctivitis and in pain and inflammation
control following refractive surgery or cataract
extraction.
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Research on the cornea has generated knowledge
that can be applied to problems in other organ systems.
For example, studies on the properties of the eye that
make the cornea a privileged immune Site, i.e., one in
which normal immune responses do not occur, raise
the possibility that this property can be conferred to
other tissues. This may facilitate the transplantation
of other organs. Studies on the molecular structure of
corneal collagen, a key structural protein, not only
provide information on the assembly of this tissue, but
also contribute insight into developmental defects of
the skeletal system and the skin. Since the cornea is
constantly exposed to ultraviolet light and oxidative
damage, it has provided information on ways that cells
can protect themselves from this damage.

Program Objectives

After carefully considering the research advances
that have been made in this program, and based on a
careful analysis of the current research needs and
opportunities, the Corneal Diseases Panel recommends
the following laboratory and clinical research
objectives:

e Explore the molecular basis of corneal
transparency.

e Analyze the molecular nature of corneal
inflammation and wound healing.

¢ Delineate the pathogenesis of corneal
developmental anomalies and dystrophies.

¢ Improve the understanding of ocular surface
physiology.

LENS AND CATARACT PROGRAM

In contrast to the cellular and molecular
complexities present in most other tissues, the lens is
a much simpler system, composed of a single layer of
epithelial cells that differentiate into fiber cells. The
ease of obtaining lens epithelial and fiber cells, plus
the relative molecular simplicity of the fully
differentiated fiber cells, make the lens one of the best
tissues to study events that control aging.

Nonetheless, it is the transparent properties of the
lens and its ability to focus light that present some of
the most clinically relevant challenges in eye research.

Cataract is an opacity in the normally clear lens that
interferes with vision. Cataract is an immense medical
problem, whose eventual cure almost certainly depends
on increased understanding of the basic molecular
processes occurring in the normal and cataractous
lens. By far the most serious problem associated with
the lens is its loss of transparency, but most people in
midlife face another problem associated with the lens—
presbyopia. Presbyopia is the loss of the ability of the
lens to focus from distant to near (known as
accommodation). By understanding the changes in
physical properties of the normal lens and its
surrounding support structures as a function of age, it
may be possible to develop treatments that delay or
prevent presbyopia.

The objectives listed in this report have been
selected with the assumption that understanding basic
lens physiology will provide the framework for learning
more about mechanisms involved in presbyopia and
cataract and thereby allow researchers to develop more
effective treatments.

Program Goals

After a thorough evaluation of the entire program,
the Lens and Cataract Panel recommends the following
goals for the program for the next 5-year period.

¢ Understand the physiological basis of lens
transparency on the cellular and molecular
levels.

¢ Determine the causes and mechanisms of
cataract formation.

e (Characterize the controls of lens cell division
and differentiation and their roles in the
formation of posterior subcapsular and
secondary cataracts.

e Understand lens development and the
diseases associated with defects in this
process.

Highlights of Recent Progress

An important recent discovery has been that
a-crystalling, a major structural component of lens cells,
prevent damage by denaturation and aggregation of
proteins. This novel finding suggested a particularly




significant role for this important class of proteins
as a molecular chaperone. Chaperones are proteins
that affect protein-protein interactions by stabilizing
proteins and preventing other damage when exposed
Lo heat or other environmental stresses.

Progress has also been made in characterizing
structural changes that occur to lens proteins during the
normal aging process. Advances in technological
capabilities have led to the identification of sites
where modifications to lens proteins occur. None have
yet been specifically associated with age-related cataract,
but rather seem to be part of the normal aging process.

Advances in understanding the lens cell cycle have
centered around the discovery that the protein
made by the RB gene is the central gatekeeper that
prevents the lens fiber cells from entering into the
cell cycle and, hence, from proliferating. This protein
also plays a key role in preventing apoptosis or
programmed cell death in the lens and other organs.

Growth factors are involved in all stages of lens
development, and their relevance to maintaining a
healthy lens has been firmly established. Over the last
5 years, much has been learned about how growth
factors signal lens differentiation, regulate the cell
cycle, and impact on lens transparency. Experiments
indicate that members of the fibroblast growth factor
family are prime candidates for the retina-derived
inducers of fiber cell differentiation during lens
development and the molecules responsible for
maintaining the balance between differentiation and
division in the nature lens.

The identification of mutations in the Pax-6
gene as being responsible for causing aniridia, a
congenital malformation of the eye, was a major
breakthrough not only in understanding this
disease, but in understanding the developmental
processes controlling eye development. This was the
first gene to be shown by genetic function to
be essential for normal vertebrate eye development.

The identification and characterization of gap
junction proteins have also been important in
understanding the function of gap junction in the
maintenance of lens transparency. Gap junctions
contain channels between cells that provide an
aqueous pathway between adjacent cells, allowing
them to share ions and small molecules. Because
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the lens is avascular, it has been hypothesized that gap
junctions between lens cells play a crucial role in inter-
cellular metabolic support essential for lens survival.

Program Objectives

After carefully considering the research advances
that have been made in this program, and based on
a careful analysis of the current research needs
and opportunities, the Lens and Cataract Panel
recommends the following laboratory and clinical
research objectives:

e Determine if there are novel markers that
differentiate the normal aging process from
the diseased (cataractous) state.

* Definitively test hypotheses of cataract.

e Map, identify, and characterize genes which,
when mutated, cause congenital or age-
related cataract; determine if there are
genetic factors that interact with environ-
mental factors to confer susceptibility to
age-related cataract.

¢ Identify genes and pathways that control eye
development, especially those critical for lens
induction, cell fate determination, and cell
differentiation.

e Define the contributions of crystallins to
normal lens function.

e Characterize the control of the cell cycle in
lens epithelial cells by identifying cell cycle
regulators, growth factors, receptors, and
signal transduction pathways.

e Characterize, at the molecular level, the ion
channels, transporters, and gap junction
proteins needed to maintain lens homeo-
stasis; determine what roles perturbations
in these systems play in cataract formation.

¢ Define the mechanisms that regulate the
cellular and subcellular architecture of the
lens, with special emphasis on the contri-
bution of minor constituents and their
progressive modification during aging and
opacification.
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e Understand the basis of lens accommodation
and presbyopia at the molecular and
mechanistic levels.

GLAUCOMA PROGRAM

Glaucoma is not a uniform disease but rather
a heterogeneous group of disorders that share a
distinct type of optic nerve damage that leads to loss
of visual function. The disease is manifest as a
progressive optic neuropathy that, if left untreated,
leads to blindness. It is estimated that as many as
3 million Americans have glaucoma and, of these, as
many as 120,000 are blind as a result. Furthermore,
it is the number one cause of blindness in
African-Americans. Its most prevalent form, primary
open-angle glaucoma, can be insidious. This form
usually begins in midlife and progresses slowly but
relentlessly. If detected early, disease progression can
frequently be arrested or slowed with medical and
surgical treatment.

The overall emphasis for research in this program
is on identifying the biological mechanisms responsible
for glaucoma so that improved treatment can
be developed. Continued laboratory and clinical
research has provided a greater understanding of
the normal functions of the ocular tissues involved
in this disease. Such studies have led to the
introduction of a variety of new drugs to reduce
intraocular pressure; the development of new
diagnostic tools; better estimates of disease
prevalence; and, most importantly, the identification
of glaucoma genes.

Program Goals

After a thorough evaluation of the entire program,
the Glaucoma Panel recommends the following goals
for the program for the next 5-year period.

* Develop improved measures to aid in the
clinical diagnosis of glaucoma; monitor
progression of disease and treatment
effectiveness; and elucidate the patho-
physiology and natural history of the
disease.

¢ Understand the molecular and biochemical
basis of aqueous humor dynamics, with
special emphasis on outflow.

¢ Identify genetic loci and genes contributing
to glaucoma, especially those responsible for
the common forms of the disease.

e Determine the mechanisms of optic nerve
damage and retinal ganglion cell loss and
survival in glaucoma.

Highlights of Recent Progress

The development of new diagnostic and imaging
methods provides more reliable and objective methods
for early diagnosis of glaucoma and for determining
progression of glaucomatous damage. Unlike
traditional methods that are based on detection of a
small increment of white light on a white background,
the new procedures are designed to isolate and
measure those visual functions mediated by specific
cell populations damaged in glaucoma.

Epidemiological studies conducted in the United
States and the West Indies have improved the prevalence
and incidence estimates of primary open-angle glaucoma
among white and black populations. One strength of these
recent studies is the adoption of more inclusive definitions
of primary open-angle glaucoma that require the
presence of visual field loss or optic disc damage, but do
not necessarily require the presence of elevated
intraocular pressure.

Over the past 5 years, two new medical therapies
for glaucoma have been introduced: latanoprost
(Xalatan) and dorzolamide (Trusopt). These are the
products of research sponsored by the NEL.

Over the past decade, the use of antifibrotic agents
(which inhibit scar tissue formation) to enhance the
success of glaucoma filtration surgery in patients has
become accepted practice. Filtration surgery is
undertaken in the 40 percent to 50 percent of patients
whose glaucoma is not amenable to medical therapy.
This procedure involves opening a channel through the
white of the eye to allow fluid drainage from the eye so
that the pressure in the eye does not build up. The
surgery frequently failed in the past because an
excessive healing response caused scar tissue to be
deposited around the site for drainage.

There have been substantial advances in
characterizing the pathways that mediate response
Lo drugs in the iris-ciliary body and trabecular




meshwork. Along with the classic neurotransmitters,
many neuropeptides have been identified in ocular
autonomic and sensory nerves that supply all tissues
of the front chamber of the eye.

The genetic linkage mapping of a locus on
chromosome 1q to juvenile open-angle glaucoma was
a major breakthrough. Since that time, several
additional loci have been mapped for glaucomas or
ocular diseases associated with secondary glaucomas.
This work and mapping of other glaucoma-related loci
have substantiated the concept of a genetic component
to glaucoma.

In addition to mapping of glaucoma loci by genetic
linkage, significant advances in the discovery of
glaucoma-causing genes have occurred. A gene for
juvenile primary open-angle glaucoma was identified.
The gene codes for a protein called trabecular
meshwork glucocorticoid response protein was first
identified as a protein made by trabecular meshwork
cells exposed to glucocorticoid hormones.

Conceptualization that retinal ganglion cell loss
in glaucoma is an active cellular process amenable
to mechanistic study and to the development of
novel therapeutics has been an important step forward
in understanding and treating glaucoma. In the last
few years, there has been a realization that, in order
to understand glaucoma, researchers need to
understand how retinal ganglion cells die, irrespective
of whether ischemia, mechanical damage, or another
mechanism initiates the degeneration. Recent
observations have brought new insights into
understanding retinal ganglion cell death after axonal
damage and have underscored the importance of
the need to investigate cellular and molecular
mechanisms of neuronal degeneration. Additionally,
data have shown that retinal ganglion cells are
sensitive to peptides that are known to enhance their
survival, thereby suggesting a possible therapeutic
opportunity.

Program Objectives

After carefully considering the research advances
that have been made in this program, and based
on a careful analysis of the current research
needs and opportunities, the Glaucoma Panel
recommends the following laboratory and
clinical research objectives:
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¢ Identify genes and genetic loci contributing
to glaucoma, especially those responsible for
the common forms of the disease, and
characterize the function and interaction of
their gene products.

e Define the molecular and biochemical
mechanisms that lead to retinal ganglion cell
death in human glaucoma and in relevant
animal models of related optic nerve injury.

¢ Enhance understanding of the structure and
function of the aqueous humor outflow
pathways at the cellular and molecular level.

¢ Develop a better understanding of anterior
segment immunology.

e Improve our understanding of the nature
and course of glaucoma, incorporating
studies of comorbidity, natural history, and
genetics with special emphasis on Hispanic,
Native American, and African-American
populations.

¢ Develop improved diagnostic techniques
encompassing measures of visual function,
optic nerve, and nerve fiber layer structure,
in situ and for clinical applications of genetics.

¢ Identify neuroprotective strategies that could
prevent retinal ganglion cell death, promote
survival, or stimulate regeneration.

STRABISMUS, AMBLYOPIA, AND
VISUAL PROCESSING PROGRAM

The Strabismus, Amblyopia, and Visual Processing
Program supports both clinical and laboratory
research on development, neural processing, eye
movement, and associated disorders involving
the output of retina and those portions of the brain
that serve vision. Studies on normal and impaired
vision go hand-in-hand. Detailed knowledge of
the normal visual system provides the foundation
for understanding the causes of impaired vision
and for developing corrective measures.

Over the last three decades visual neuroscience
funded by the NEI has exerted a substantial impact
on other fields of neuroscience. This is especially true
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for developmental and functional studies of the central
visual pathways, which have yielded results that have
been generalized to the brain as a whole. In
developmental neuroscience, the increasing power and
sophistication of molecular approaches has led over
the past 5 years to an explosion of new information
on the basic molecular mechanisms that guide the
initial formation and connectivity of the nervous
system in general and the visual system in particular.
The accessibility of the visual pathways, such as the
optic nerve, has enabled the development of powerful
models for studying regeneration in the adult central
nervous system.

The Strabismus, Amblyopia, and Visual Processing
Program has traditionally supported cutting-edge
research into the brain systems underlying visual
perception and underlying movements of the eyes. The
new knowledge resulting from this investment has now
brought systems neuroscience to the threshold of a
new era in which physiologists can ask incisive
questions about how sophisticated visual information,
encoded at the highest levels of the cortical visual system,
can guide motor planning decisions implemented at the
highest levels of the oculomotor system.

Future vision research with emerging technology
holds great promise for understanding the
development and normal function of the visual and
oculomotor systems. Progress in the diagnosis and
treatment of clinical disorders that impair vision, such
as amblyopia, myopia, nystagmus, and strabismus,
depends on laboratory research. Both the future
promise and the close link between clinical practice
and research are reflected in the overarching program
goals of the Strabismus, Amblyopia, and Visual
Processing Program.

Program Goals

After a thorough evaluation of the entire
program, the Strabismus, Amblyopia, and Visual
Processing Panel recommends the following goals
for the program for the next 5-year period.

¢ Determine the etiology of human myopia
and identify the risk factors associated with
this and other refractive errors so as to
prevent their occurrence or progression.

e Understand how the visual system is
assembled during development, how its
assembly is influenced by endogenous and
exogenous factors, and what factors are
involved in its regeneration after injury.

e Investigate the development of visual
function in children with high risk of
amblyopia and strabismus, and develop and
disseminate knowledge about effective
detection methods and therapeutic
interventions to restore normal vision.

¢ Analyze visual performance in normal and
dysfunctional states and develop clinically
useful diagnostic tests for assessing visual
performance, particularly in infants and
young children.

e Understand the neural and motor
mechanisms that control eye movements
under natural environmental conditions and
discover the mechanisms that provide
plasticity to the oculomotor system.

¢ Understand how the brain processes visual
information, how neural activity is related
to visual perception, and how visual
processing interacts with other brain
systems underlying cognition.

Highlights of Recent Progress

A key advance in the last 5 years has been the
demonstration that the growth of the eye and the
development of accurate focus (refractive state) are
guided by visual feedback during early life. Myopia, or
nearsightedness, is a common condition in which
images of distant objects are focused in front of,
instead of on, the retina, usually because the eye is
too long. Two recent studies have shown that images
not focused on the retina guide the developing eye to
grow to correct for this lack of focus, and the focusing
of images on the retina can cause changes in eye
growth directly by a cascade of chemical signals from
the retina to the sclera.

Concerted efforts in a number of laboratories
over the past two decades have led to the realization
that many strabismic and amblyopic states result
from abnormal visual experience in early life and




can be prevented or reversed with early detection
and intervention.

Molecular, genetic, and neural investigations have
been made into disease states affecting the extraocular
muscles and the eyelid. Recent evidence suggests that
specific genes regulate the development of specific
motoneuron pools and that mutations in these genes
could be etiologic factors in congenital disorders that
affect ocular motility.

Leber’s Hereditary Optic Neuropathy (LHON) is a
maternally inherited genetic disease that results in
substantial loss of central vision in affected patients.
The three most common mutations causing LHON have
now been identified, providing a useful diagnostic test
for LHON as well as new insight into the pathogenesis
of the disease.

The Ischemic Optic Neuropathy Decompression
Trial was a randomized clinical trial initiated to
compare a commonly used surgical procedure against
careful observation of patients who had no surgery.
This trial has been completed except for long-term
followup studies. Results from this study indicate that
decompression surgery, a difficult and expensive
procedure, is no better than careful followup (in terms
of improved vision) and possibly worse. This finding
will result in substantial savings in medical costs and
will put fewer people at risk to an unnecessary surgical
procedure.

Another important advance has been the discovery
of molecular and cellular mechanisms that regulate
cell growth, survival, and death. In contrast to
peripheral nerves, the central nervous system
(including the retina and optic nerve) is extremely
limited in its capacity for regrowth after injury. Recent
experiments in the fruit fly (Drosophila), zebrafish, and
mouse have identified master control genes for eye
formation. In humans, mutations of one of these genes
account for a genetic disorder called aniridia, which
causes retinal, lens, and iris defects.

Among the most dramatic advances of the last
b years has been the discovery of specific molecular
factors that mediate the formation of topographic
order and guide axons to their appropriate targets
within the developing visual system. Additional
discoveries of fundamental importance in this field
are identification of molecules called netrins and
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semaphorins, which attract or repel growing axons
and form the refined pattern of connections throughout
the vertebrate nervous system.

One of the major accomplishments over the past
b years in the area of functional processing has been
the advent of new strategies for minimally invasive
optical imaging of the brain. Using what has now
become a straightforward technology, it has become
possible to visualize the functional organization of
exposed visual areas with an unprecedented degree
of spatial resolution.

The advent of noninvasive imaging technologies,
such as positron emission tomography (PET) and
functional magnetic resonance imaging (fMRI) has, for
the first time, allowed researchers to peer inside the
living human brain and assess visual function with
reasonable spatial and temporal resolution. Several
research groups have now identified and
topographically mapped visual areas in humans. In
addition, several research groups have studied a
region called the middle temporal area that may be
involved specifically in the analysis of visual motion
information.

Central neural mechanisms that govern perceptual
sensitivity to visual stimuli continue to be discovered.
The past 5 years have yielded a number of behavioral
studies that demonstrate that practice on specific
perceptual tasks results in increased sensitivity to
weak visual signals, as well as increased capacity for
discriminating among very sSimilar signals.
Furthermore, these capacities can be sharply
restricted to the region of space in which the important
signal commonly occurs.

Studies have provided novel insights into
mechanisms for transforming visual information into
signals appropriate for guiding motor behavior. Recent
work on perceived self-motion through the
environment has led to more insight. Psychophysical
and modeling studies have shown that this “optic flow”
pattern can be used to compute the observer’s future
position with respect to obstacles and landmarks.
Psychophysical research has shown that humans are
exceedingly adept at interpreting these complex flow
patterns, and that this capability requires information
about the motor signals sent to the eyes and head in
addition to the visual flow signals falling on the retina.
Physiological studies have identified neural circuits
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in a cortical area called MST that receives a combination o
of visual flow, eye movement, and head position signals
appropriate for solving the self-motion problem.

Program Objectives

After carefully considering the research advances .
that have been made in this program, and based on a
careful analysis of the current research needs and
opportunities, the Strabismus, Amblyopia, and Visual
Processing Panel recommends the following laboratory
and clinical research objectives:

¢ Identify the visual error signals that govern
eye growth during correction for refractive
error; identify human risk factors for .
myopia and abnormal eye growth and
evaluate promising treatments for preventing
the onset of or slowing the progression of
myopia, such as special spectacles or contact .
lenses or pharmacological treatments.

¢ Investigate the effectiveness of immuno-
modulating therapies in halting disease D
progression in optic neuritis; identify the
unique characteristics of ocular muscles
that render them vulnerable to Graves’
ophthalmopathy, myasthenia gravis, orbital
myositis, and chronic progressive external
ophthalmoplegia.

e Discover how topographic gradients are
generated and read out to form retino-
topically ordered structures, and identify the
sites and mechanisms of action of axon
guidance molecules. J

e Determine the role of peptide growth
factors, such as neurotrophins, in the
development, plasticity, and regeneration of
the visual pathways; determine how critical
periods are regulated; manipulate the
molecular signals underlying this regulation
to enhance the adaptive and regenerative D
properties of the adult brain.

¢ Elucidate the mechanisms by which sponta-
neous patterns of electrical activity, present
before the onset of visual experience, guide
the formation of visual structures prior to
visual experience.

Characterize the clinical problems of amblyo-
pia and impaired stereoscopic vision more
precisely, and clarify their relationship to
strabismus, anisometropia, and other related
conditions.

Study the development and plasticity of
neural mechanisms affected in strabismus
and amblyopia, including studies in animal
models and normal and abnormal human
populations.

Develop innovations in the detection and
treatment of strabismus and amblyopia.

Develop fMRI and related technologies as
useful, quantitative tools for exploring the
neural basis of human visual processing.

Understand how neural computations are
accomplished and stored within the central
visual system.

Understand plastic mechanisms in the
oculomotor system that ensure accurate gaze
shifts, precise alignment of the two eyes,
steady fixation that can be affected by
nystagmus, and a stable visual world during
self-movement.

Extend studies of eye alignment to include
vertical and torsional eye movement control;
gain insight into the pathogenesis of
cyclovertical strabismus.

Discover how visual information contributes
Lo perceptual decisions, object recognition,
internal representations of external space,
transformations between different spatial
frames of reference, and the formation of
neural signals appropriate for guiding
behavior.

Understand the cellular mechanisms that
give rise to changes in visual sensitivity
associated with attention and perceptual
learning.




VISUAL IMPAIRMENT AND ITS
REHABILITATION

Vision impairment can be defined as any chronic
visual deficit that impairs everyday function and is not
correctable by ordinary eyeglasses or contact lenses.
Although there have been important strides in the
treatment and prevention of eye disease over the past
few decades, there still are many causes of vision loss
for which there is no cure, and even with the best medical
treatment many Americans must live with impaired
vision. In the United States, visual impairment is typically
defined as visual acuity with best correction in the better
eye worse than or equal to 20/200 or a visual field extent
of less than 20 degrees in diameter.

Current estimates indicate that there are more than
3 million Americans with low vision, almost 1 million
who are “legally blind,” and roughly 200,000 who are
totally blind. Because of their reliance on narrow
definitions of vision impairment, these figures
underestimate the prevalence of vision impairment.
When more broadly defined as visual problems that
hamper the performance and enjoyment of everyday
activities, other recent estimates indicate that