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Preface to the Series

Under the guidance of its founders Alan Boulton and Glen Baker, the Neuromethods 
series by Humana Press has been very successful, since the first volume appeared in 1985. 
In about 17 years, 37 volumes have been published. In 2006, Springer Science + Business 
Media made a renewed commitment to this series. The new program will focus on meth-
ods that are either unique to the nervous system and excitable cells or which need special 
consideration to be applied to the neurosciences. The program will strike a balance 
between recent and exciting developments like those concerning new animal models of 
disease, imaging, in vivo methods, and more established techniques. These include immu-
nocytochemistry and electrophysiological technologies. New trainees in neurosciences 
still need a sound footing in these older methods in order to apply a critical approach to 
their results. The careful application of methods is probably the most important step in 
the process of scientific inquiry. In the past, new methodologies led the way in developing 
new disciplines in the biological and medical sciences. For example, Physiology emerged 
out of Anatomy in the nineteenth century by harnessing new methods based on the newly 
discovered phenomenon of electricity. Nowadays, the relationships between disciplines 
and methods are more complex. Methods are now widely shared between disciplines and 
research areas. New developments in electronic publishing also make it possible for scien-
tists to download chapters or protocols selectively within a very short time of encounter-
ing them. This new approach has been taken into account in the design of individual 
volumes and chapters in this series.

Wolfgang Walz
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Preface

Retinal diseases are leading causes of irreversible visual impairment and blindness, affect-
ing over 100 million individuals worldwide. Age-related macular degeneration and glau-
coma are the leading causes of blindness in the elderly, while diabetic retinopathy is the 
leading cause of visual impairment in middle-aged individuals. The prevalence of all three 
of these retinal diseases will continue to increase as our world’s populations continue to 
age and diabetes becomes endemic. There are a wide variety of additional important reti-
nal diseases, including various acquired retinal degenerations (e.g., retinitis pigmentosa), 
maculopathies, retinal vascular disorders (e.g., ischemic retinopathies such as central reti-
nal vein occlusion, sickle cell retinopathy, retinopathy of prematurity), and inflammatory 
retinopathy, each of which has devastating consequences on our most important sense 
perception.

Appropriate study models, especially animal models, are essential to the understand-
ing of the etiology, pathology, and progression of these diseases. They are also critical to 
the evaluation, development, and improvement of therapeutic strategies for these diseases. 
The overall objective of this book is to provide a survey of valuable techniques as well as 
animal models for the prominent retinal diseases. The book starts with an overview of the 
morphology of the retina, visual behavior, and genetics and genomics approaches for reti-
nal research, followed by animal models for the research of specific human retinal diseases, 
e.g., retinal degeneration, age-related macular degeneration, retinopathy of prematurity, 
diabetic retinopathy, glaucoma, retinal ischemia, and retinal inflammation. Each chapter 
was written by recognized experts in their respective fields. We hope that this book is valu-
able to ocular investigators and ophthalmologists currently working in the area of retinal 
diseases and ophthalmology. Its detailed and practical descriptions of the models should 
also appeal to those interested in entering this fascinating and important field of 
research.

Fort Worth, TX Iok-Hou Pang, Ph.D.
Fort Worth, TX Abbot F. Clark, Ph.D.
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Chapter 1

Essentials of Retinal Morphology

Robert F. Mullins and Jessica M. Skeie

Abstract 

The conversion of wavelengths of light into information useful to the brain requires a tremendous degree 
of anatomic and functional specialization. The mammalian retina is a remarkably refined and adapted 
tissue that is capable of light detection, processing, and transmission of information to other sites in 
the central nervous system. In this chapter, we provide a brief overview of the anatomical features of the 
mammalian retina and discuss regional variability observed in the eyes of humans and other species.

Key words: Retinal morphology, Retinal layers, Retinal cells

The conversion of wavelengths of light into information useful to 
the brain is a daunting challenge. The mammalian retina is a 
remarkably refined and adapted tissue that is capable of light 
detection, for both forming images and for nonvisual light per-
ception (for example, regulating circadian rhythms). These pro-
cesses require an intricate anatomy and involve at least three 
different classes of light sensing cells, a set of neurons with long 
axons that project to the brain, and dozens of subtypes of inter-
mediate neurons that modulate interactions between photoreceptor 
and ganglion cells. In this chapter, we provide a brief overview of 
the anatomical features of the mammalian retina.

The major axis that is useful in understanding ocular anatomy 
is the “inner-outer axis.” The inner retina is the portion of the 
retina closest to the vitreous, whereas the outer retina is the por-
tion of the retina closest to the choroid. Thus, one can remember 
the relative positions of the internal limiting membrane and 
external limiting membrane, inner and outer segments, and so on by 

1. Introduction
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this axis. In addition, central and peripheral are terms that are also 
valuable in understanding how the retina varies regionally. We 
discuss this further below.

The retina is generally considered to have two major components, 
the neurosensory retina and the pigment epithelium of the retina 
(RPE). Although the morphological features of the neural retina 
and RPE do not appear consistent with grouping these tissues 
together, during embryonic development the RPE and neural 
retina are derived from the same layer of neuroepithelium, and 
thus both are neuroectoderm and are considered “retina”.

A casual examination of the histology of the neural retina 
(Fig. 1) reveals its characteristic lamination in which three princi-
pal layers of nuclei are ordered perpendicular to the inner–outer 
axis. These are, from internal to external, the relatively thin gan-
glion cell layer (the location of cell bodies of the various classes of 
ganglion cells and displaced amacrine cells), the inner nuclear 

2. Layers  
of the Retina

Fig. 1. Basic morphological features of the mouse retina. Hematoxylin–eosin-stained 
section (Left ) shows the characteristic retinal lamination. Depicted are the internal 
limiting membrane (ILM), ganglion cell layer (GCL), inner plexiform layer (IPL), inner 
nuclear layer (INL), outer plexiform layer (OPL), outer nuclear layer (ONL), external limiting 
membrane (ELM), inner segments (IS), outer segments (OS), retinal pigment epithelium 
(RPE), and choroid (CH)
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layer (the layer housing the nuclei of bipolar cells, amacrine 
cells, horizontal cells, and Muller cells), and the outer nuclear 
layer, in which the nuclei of rod and cone photoreceptors reside. 
These layers are depicted in Fig. 1.

Other compartments of the retina that are not occupied by 
cell nuclei include the two plexiform, or synaptic layers. The inner 
plexiform layer is located between the ganglion cell and inner 
nuclear layer, and the outer plexiform layer resides between the 
outer and inner nuclear layers. The retinal synaptic layers contain 
intricate arrangements of axons and dendrites. This circuitry sup-
ports early visual processing, allowing events such as adjustment to 
vastly different environmental levels of light, and detection of the 
movement of stimuli across the retina.

In addition, two compartments referred to as the internal and 
external limiting membranes (or inner and outer limiting mem-
branes) are recognized. The nomenclature of “membrane” is a 
carryover from early histological observations in which the term 
membrane was used to describe any band-like structure observed 
on histology. The eye includes several “membranes,” in the cor-
nea, retina, and choroid. The external limiting membrane (or 
outer limiting membrane) lies between the outer nuclear layer 
and photoreceptor inner segments, and is comprised of intracel-
lular junctions between photoreceptor cells and Muller cells. This 
layer can be variably observed in some preparations of retina, par-
ticularly using phase contrast or differential interference optics. 
Its molecular constituents include the adhesion molecules CD44 
and ICAM-1 (1, 2). The internal limiting membrane, which is the 
interface between the retina and vitreous, is an attachment site for 
Muller cells; its composition includes extracellular matrix mole-
cules such as collagen type IV and laminin typically found in basal 
laminae.

The retina contains a rich diversity of cell types, including light-
sensing neurons not found anywhere else in the mammalian body. 
This complexity was first noted by Santiago Ramon y Cajal, whose 
precise illustrations of silver-impregnated retinal neurons remain 
striking and accurate over a hundred years after they were created. 
This organization and complexity, and the fact that the retina is 
an accessible component of the central nervous system, is in part 
responsible for its popularity in research.

The RPE is the outermost layer of cells of the retina. It is a 
simple cuboidal epithelium, which contains large melanosomes 
that, along with those in the choroidal melanocytes, quench 

3. Cell Types  
of the Retina
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photons that are not absorbed during their first pass through 
the retina. Apart from this role in minimizing light scattering, the 
RPE displays a wide range of biological functions, including 
phagocytosis of outer segment discs, creation of the outer aspect 
of the blood–retinal barrier, maintenance of the choroidal vascu-
lature, and recycling of vitamin A derivatives during the visual 
cycle. The RPE can be appreciated in unstained sections by its 
brown-black appearance due to the presence of melanosomes. 
The presence of melanin and, in older primate eyes, lipofuscin, 
can make detection of immunohistochemical signals challenging 
on these cells. In albino animals, species with a tapetum lucidum 
(in which the RPE is regionally unpigmented), or zebrafish raised 
in pigment inhibitor, structural features of the RPE can be more 
readily visualized and stained. Molecular markers for the RPE 
include anti-RPE65 antibodies (localized to the cytosol), anti-
bestrophin antibodies (localized to the basolateral membrane), 
and anti-CRALBP antibodies, the last of which also recognize 
Muller cells. During some disease phenotypes, the RPE can 
become dedifferentiated and downregulate cell-type specific 
genes (3).

The retinal photoreceptor cells are the exquisitely specialized 
neurons in the outer retina. The light gathering component 
of these cells is called the outer segment, which is comprised of 
stacks of highly organized membranous discs enriched in an opsin 
protein, a heterotrimeric G protein (transducin) and other bio-
chemical machinery necessary for phototransduction. On its inner 
aspect, the outer segment connects to the inner segment via a 
primary cilium with nine circumferential microtubule doublets 
and no core microtubules (i.e., the “9 + 0” arrangement observed 
ultrastructurally in primary, nonmotile cilia). The fact that pho-
totransduction proteins are all delivered to the outer segment 
through this isthmus makes the connecting cilium a strategic site 
essential for the maintenance of photoreceptor cells, and it is 
notable that several cilium disrupting mutations result in photo-
receptor degenerations (4). The inner segment of the photore-
ceptor cell contains a large number of organelles responsible for 
oxidative respiration and protein synthesis. Rods and cones can 
be readily distinguished by the appearance of their inner seg-
ments, which are narrow and cylindrical in rods and teardrop 
shaped in cones. Photoreceptor cells also have cell bodies with 
nuclei in the outer nuclear layer, axons that extend to the outer 
plexiform layer, and synaptic terminals (pedicles in cones and 
spherules in rods) that form intricate synaptic contacts with hori-
zontal and bipolar cells. Useful markers for photoreceptor cells 
include anti-rhodopsin antibodies for rod outer segments, anti-
cone opsin antibodies for cone outer segments, peanut agglutinin 
lectin for cone inner/outer segments, and various antibodies that 
recognize proteins involved in phototransduction.
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The diversity of inner retinal neurons, based on profiles of 
shape, neurotransmitter receptor profile, sublayers in which their 
synapses form, and physiological responses to light is somewhat 
baffling to an outsider. In this brief discussion of structural fea-
tures of the retina we make no attempt to demystify these com-
plex patterns but refer interested readers to a few excellent review 
articles (5–7). Bipolar cells span from the outer plexiform layer to 
the inner plexiform layer, in which they form synaptic contacts 
with photoreceptor cells and ganglion cells, respectively. These 
contacts are further modulated by interdigitating horizontal and 
amacrine cells. The nuclei of bipolar cells are found in the inner 
nuclear layer. Horizontal cells are arranged in the outer aspect of 
the inner nuclear layer and, in contrast to bipolar cells, show an 
extended lateral morphology. In preparations of mouse eyes these 
cells frequently exhibit a large pale staining cytoplasm on the 
outer margin of the inner nuclear layer. Amacrine cells comprise a 
very large and diverse group, based on their structure, dendritic 
architecture and distribution of histochemical markers (8, 9). 
These cells are present in both the inner nuclear layer and the 
ganglion cell layer where they relay impulses and modify the func-
tions of other retinal neurons. Markers for amacrine cells depend 
on cell class; antibodies directed against species of calcium binding 
proteins serve as markers for some amacrine cells.

A number of classes of ganglion cells have also been recog-
nized, differing in their morphology, size, and the synaptic layer 
in which their dendrites ramify. Ganglion cells are distinguished 
in part by having long axons that run along the nerve fiber layer, 
perpendicular to the visual axis, and then turn and exit the eye 
through the optic nerve on their path the lateral geniculate 
nucleus and other cells in the central nervous system. Recently, a 
class of photosensitive ganglion cells containing a novel form of 
opsin has been discovered. These cells detect light but do not 
participate in the formation of images; instead they sense overall 
illumination. For a more detailed discussion of melanopsin and 
other ganglion cells, a few recent reviews are suggested (10, 11). 
Ganglion cells can be labeled with antibodies directed against 
synuclein, neurofilament heavy chains, and Thy1/CD90.

In addition to its neuronal populations, the retina also con-
tains glial cells that support the retinal microenvironment through 
contributing to the inner aspect of the blood–retinal barrier, traf-
ficking vitamin A derivatives, removing wastes and playing a space 
filling, structural role. These include Muller cells, also called radial 
glia, that span from the internal limiting membrane to the exter-
nal limiting membrane, with nuclei in the inner nuclear layer. 
These cells possess pyramid-shaped endfeet along the internal 
limiting membrane and microvilli at the external limiting mem-
brane, and show an electron dense cytosol on transmission elec-
tron microscopy. They also exhibit numerous smaller projections 
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that extend into the spaces between retinal neurons. Markers for 
Muller cells include antibodies directed against cellular retinalde-
hyde-binding protein (also expressed in the RPE); glial fibrillar 
acidic protein is expressed as well but may be detectable only 
when Muller cells become activated, observed in some diseases. 
Astrocytes, the other type of true glia in the retina, are present in 
the ganglion cell layer and optic nerve head. These cells serve 
auxiliary functions in the retina, including contributing to the 
blood–retina barrier (12), and express glial fibrillar acidic protein 
and vimentin under normal conditions. Microglia are also found 
in the retina. These cells are not true neuroblast-derived glia, but 
are rather of hematopoietic origin, and can be detected in the 
human retina using antibodies directed against leukocytes (for 
example, MHC antigens, CD45). There has been considerable 
recent interest in these cells in age-related eye disease (for example 
(13–15)).

Examples of immunohistochemical markers expressed in 
retina are depicted in Fig. 2.

Fig. 2. Sections of mammalian eyes labeled with antibodies against different cell-type 
specific markers. Rhodopsin (top left  ) is present in rod outer segments on a normal 
mouse eye. Blue cone opsin (top middle) labeling is restricted to cone cell subsets in a 
human macula (note the autofluorescence of the RPE due to lipofuscin, commonly 
observed in normal aged human eyes). Calbindin reactivity in mouse (top right panel) is 
present in horizontal cells and other inner retinal neurons, including three sublayers of 
synapses of the inner plexiform layer. Human Muller cells are labeled with antibodies 
directed against cellular retinaldehyde-binding protein (CRALBP), whereas Thy1 reactiv-
ity in human eyes shows labeling predominantly of ganglion cells. ICAM-1 labeling in 
retina is present in the external limiting membrane. Abbreviations as given in Fig. 1
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Cells of the inner retina are nourished by a set of continuous 
capillaries arising from the central retinal artery, while the outer 
retina, including the photoreceptor cells and RPE, is supplied by 
the choriocapillaris, arising from posterior ciliary arteries that 
breach the sclera at several positions (16). Structurally and func-
tionally, the retinal capillaries and choroidal capillaries are quite 
distinct. The choriocapillaris endothelium is fenestrated and per-
meable to large macromolecules, presumable due to the actions 
of vascular endothelial growth factor (17). The diameters of chor-
oidal capillaries are comparatively large. In contrast, the retinal 
capillary endothelium is of the nonfenestrated continuous type, 
with a large degree of cytosol and pericyte and glial concentric 
barriers around each capillary (18), which helps to preserve the 
highly regulated, defined milieu of the neural retina.

Endogenous alkaline phosphatase has been described on the 
endothelial cells of the arteries, arterioles, and capillaries (19, 20). 
Although the exact role of alkaline phosphatase in the retina and 
choroid is not fully understood, it can be used to visualize the 
vascular network of the retina and choroid in several species, as 
shown in Fig. 3.

4. Vascular Supply

Fig. 3. Vascular endothelial cell labeling using alkaline phosphatase substrate in several 
species. The enzyme alkaline phosphatase is an enzyme present on the endothelium of 
the inner retinas of mouse, porcine, bovine, and human eyes. This labeling technique 
provides a reliable means of histochemically visualizing the vascular networks of the 
retina and can provide useful insights in terms of vascular growth or dropout, two com-
mon pathobiologies correlated with retinal disease
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Structural features of the retina vary in many species according to 
topographic position. Humans and nonhuman primates have a 
distinctive organization of the retina in which there are impressive 
central-peripheral differences in organization and cell density 
(Fig. 4). These species, in which rods vastly outnumber cones, 
possess a region called the fovea centralis, which has a very high 
density of photoreceptors. In humans and diurnal primates, the 
center of the fovea contains cones and no rods (21, 22), with 
variations in topography in nocturnal species (23). This high acu-
ity, binocular vision is useful for tasks requiring depth perception 
such as seeing to leap from branch to branch. In humans, the 
density of cones is at its peak in the center of the fovea and drasti-
cally decreases to a consistent density in the periphery. These 
foveal cones are morphologically much more tapered than cones 
in the peripheral retina, although short wavelength cones (or 
S-cones), with a larger diameter than red and green cones, par-
tially disrupt the packing of cones at the foveal center due to their 
larger dimensions.

The concentration of rods increases concentrically with increas-
ing distance from the center of the fovea, with the highest packing 
of rods at 4.5 mm from the center of the fovea. The density of 

5. Topographic 
Variability  
in the Retina  
with Emphasis  
on Primate Eyes

Fig. 4. Topographical differences in the human retina. In the fovea centralis (FOV) region 
of the retina the cones are very densely packed, having the highest density of cones per 
mm squared. There are no rods, ganglion cells, or bipolar cells in this region. Surrounding 
the fovea, the macular region just outside of the fovea is depicted (MAC). In this region, 
the thickness of each of the retinal layers is quite high. The macular ganglion cell layer 
is more than one cell thick, and there is a prominent Henle’s fiber layer, where the OPL 
contains numerous cone axons. The retinal layers are progressively thinner in the mid-
periphery and far periphery
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cones falls dramatically at this distance from the fovea, displaying 
a consistent density in the peripheral retina, only slightly higher in 
the nasal hemisphere than in the temporal hemisphere. The optic 
nerve head, the site at which ganglion cell axons exit the retina, is 
free of both rods and cones.

The spatial organization of ganglion cells is very similar to 
that of the cones. In the macula, the ganglion cell layer is more 
than one nucleus in thickness. This is the only region where this 
is true. The high density of cones and associated ganglion cells in 
the macula are required in this region for high spatial acuity. 
Peripheral to the fovea, ganglion cells have higher densities in the 
nasal and superior hemispheres in contrast to the temporal and 
inferior hemispheres (24).

Histological and biochemical studies in human have found 
some molecular heterogeneity in macular and peripheral regions 
(see, for example (25–31)). Understanding the molecular profiles 
of macular and extramacular areas may be helpful in understand-
ing a number of human diseases, in which there is sparing of 
either macular cells (e.g., some forms of retinitis pigmentosa) or 
peripheral cells (e.g., age-related macular degeneration).

Apart from primates, other orders of mammals show distinct 
distributions of photoreceptor cells and other elements (32, 33). 
One common variation is the presence of a visual streak, a horizontal 
band with enriched photoreceptor density similar in form but different 
in geographic distribution to the area centralis. This morphological 
adaptation permits a wide field of view useful for monitoring the 
horizon for approaching predators. In addition, superior–inferior 
gradients of photoreceptor cell densities and, an asymmetric, supe-
rior tapetum lucidum (responsible for reflective eyes of nocturnal 
animals) with nonpigmented RPE cells, are all indicators of regional 
specificity in mammals lacking an anatomic macula.

All of these regional anatomic specializations require that care 
be taken in evaluating mammalian eyes when comparing the 
effects of an intervention or a mutation on retinal morphology. 
For example, it is easy to be misled – and infer a pathologic phe-
notype – by comparing features like outer nuclear layer thickness 
collected from nonequivalent regions of the retina of treated vs. 
untreated animals. Thus the scientist interested in animal models 
of retinal disease needs to take into account the regional special-
izations of the model s/he is studying.

The retina and its supporting tissues are complex. Specializations 
in the retina include: migration of developing neurons and glia 
to distinct positions during development in an orderly array; 

6. Closing 
Remarks
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intricate details of synaptic wiring; dependence of retinal physiology 
on blood–retinal barriers and appropriate ionic conditions; 
removal of cellular debris without stimulating inflammation; 
axonal transport of macromolecules from ganglion cell bodies to 
distant synapses in the brain; and high demand for oxygen and 
other nutrients by photoreceptor cells.

We wish to make two points about these functional special-
izations. First, these functions are possible only because of a tre-
mendous level of interdependency and interaction of cell types. 
In principal, the number of cells required for vision is a light-
sensing photoreceptor cell and a cell to carry the signal to the 
higher processing centers of the brain. In contrast, the practical 
requirements of this process in vertebrates necessitate the pro-
found number of supporting and modulating cell types found in 
the retina. Interactions between neuronal, glial, epithelial, 
endothelial, and myeloid cells create the exquisite process of 
vision. Understanding these interactions at a molecular level is a 
major goal of vision science.

Secondly, each of these specializations can, and does, malfunc-
tion in humans with different eye diseases. For this reason, the 
study of animal models of retinal diseases in which genetic, ana-
tomic, and physiologic features can be manipulated continues to 
greatly improve our understanding of human disease. Current 
and future treatments for blinding diseases depend on a deeper 
understanding of the biology of the retina, which can, thankfully, 
be appreciated through the study of animal eyes.
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Chapter 2

Visual Behavior

Robert M. Douglas, Trevor J. McGill, and Glen T. Prusky

Abstract 

Because repairing visual dysfunction is the primary goal of therapy for retinal disease, a quantification of 
visual function is imperative for the evaluation of potential treatments for these diseases. The Visual Water 
Task and the Virtual Optokinetic System have been developed to conduct behavioral tests of vision in 
rodent models of retinal disease. These tests are less invasive and often more sensitive than physiological 
or anatomical measures of retinal function. Moreover, discrepancies between different measures of retinal 
function suggest that central and retinal adaptations may complicate the disease process.

Key words: Vision, Retinal disease, Behavior, Acuity

Typically a disturbance in vision, or outright vision loss is what 
prompts an initial visit to the doctor’s office. The task of the clini-
cian then is to identify the underlying pathology and possible 
causes. The order is reversed for the research scientist: given a 
hypothesized disease cause, the questions are how do changes in 
physiological processes occur, and how do they lead to the clinical 
symptoms. Unfortunately, few basic science laboratories have had 
the ability to take the final step; to see whether the altered physi-
ology or proposed treatment actually benefits to visual behavior. 
As such, many researchers believe that because a retinal disease 
causes the degeneration of retinal cells, the appropriate measure-
ment of treatment success should be the restoration of those cells, 
not whether vision is improved. Not only is this flaw in the 
research process a problem in translating basic research into clini-
cal practice, it may also mean that fundamental aspects of biology 
have been overlooked.

1. Why Measure 
Vision?

Iok-Hou Pang and Abbot F. Clark (eds.), Animal Models for Retinal Diseases, Neuromethods, vol. 46
DOI 10.1007/978-1-60761-541-5_2, © Springer Science+Business Media, LLC 2010
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There are also practical advantages to a greater use of 
behavioral measures. For example, time series studies requiring 
repeated measures are feasible, whereas other methodologies are 
often limited to a few sessions (i.e., unit recording), or just one 
endpoint (i.e., histology). Anesthetics are needed for most elec-
trophysiological recordings but the anesthetic itself can alter cel-
lular responses (1) and produce detrimental cumulative effects 
when used repeatedly.

A disease can give rise to more than one symptom and ideally 
an animal model should capture as many features as possible. 
Unfortunately, this has not been easy as no single behavioral task 
can measure all relevant aspects of vision in all species, and thus, 
multiple tests may be necessary. In addition, the behavioral task 
has to be matched to the species as each has its own evolutionary 
history and behavioral repertoire. To be efficient a visual task 
must be made to conform as closely as possible to what the 
animal would do naturally. While some species have certain 
advantages, such as large eyes (e.g. primates, dogs, pigs, and 
rabbits), a fovea (primates), or specific genetic mutations (RPE65 
dog), behavioral testing of vision is not straightforward in many 
species. Rodents are an important exception. Learning in rats has 
been a common subject of psychological research over the last 
century, and there is now considerable experience with mice as 
well. Fortunately, this matches up well with the use of these 
rodents in retinal research where there are a large number of 
inbred and transgenic rodent models with various genetic muta-
tions, each of which represent a specific analog of a human retinal 
disease. For example, the Royal College of Surgeons (RCS) rat 
has a mutation within the RPE, which indirectly causes progres-
sive death of photoreceptors and deterioration of visual function 
similar to what is typically seen in patients with AMD. In addi-
tion, numerous mouse models also exist with intraphotoreceptor 
mutations that cause the progressive death of photoreceptors 
(rd1, rd2, rho–/–, etc), lipofuscin (Elovl4 mice; (2)) as well as 
drusen accumulation and neovasularization, two classic charac-
teristics of AMD (ccl2; (3)).

The biggest choice an experimenter must make is whether 
they need a task in which each animal is required to make a per-
ceptual choice about whether it sees a pattern, or they may rely on 
simple visual reflexes to gage whether a visual signal is effective. 
We have used both approaches, and in this chapter we will describe 
our efforts in testing visual function in rats and mice, and why this 
is important for evaluating the progression of retinal degenerative 
diseases and potential therapies.
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In choice tasks, the animal views several stimuli, either side-by-side 
or sequentially, and then indicates which one they can see. The 
stimuli are then changed until the animal can no longer tell 
the difference and, after several repetitions, a threshold value is 
established. The big difficulty is of course, getting the animal to 
tell the experimenter what it is seeing, and a wide variety of 
approaches and reinforcement regimes have been tried. In the 
1930s Lashley had rats jump toward a door covered with the 
“positive” stimulus (Fig. 1a). If they made an error and jumped 
the wrong way to the “negative” stimulus, the door was locked 

2. Choice Tasks
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Fig. 1. Schematic of three systems used to study vision in rodents. (a) Lashley’s jumping 
stand (4) in which a rat had to choose one of two doors to which it had to jump. The 
correct choice allowed the animal to pass through the door to safety, while a wrong 
resulted in the rat dropping to the net below. (b) In a more modern system, the Visual 
Water Task (11), the choices are displayed on computer monitors and the animal’s task 
is to use the visual pattern as cue to find a platform that is just below the surface of the 
water. (c) In the Virtual Optokinetic System (22), the animal is in a virtual reality chamber 
(left panel) and sees grating pattern on cylinder (right panel). Rotation of the cylinder 
evokes a tracking only if the visual system detects the motion
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and they fell to catch net (4). The jumping stand is still used to a 
limited extent (5) but has been superceded largely by operant 
techniques that are less aversive and easier to learn. For example, 
to study color vision Williams and Jacobs (6–8) have trained their 
animals to push illuminated panels to obtain soy milk. Using this 
approach they have characterized murine spectral sensitivity 
behaviorally and demonstrated color vision in normal mice (6), 
changes with age (7), and trichromatic color in mice with human 
photopigments (8). A similar approach has been used to measure 
acuity and contrast sensitivity in rats (9).

In our own laboratories we have used escape from water as a rein-
forcer, thus avoiding having to use the food or water deprivation 
that has been needed in the other operant tasks to motivate ani-
mals to perform. We came to this after having experience with the 
Morris water maze. Morris (10) built a circular water tank with a 
movable but hidden escape platform to study navigation in rats, 
and this task continues to be extremely popular for this purpose. 
Rats (and mice) swim well but will work to get out of water as 
soon as practical. Water mazes have an advantage that the rodents 
quickly learn to use distal visual cues to locate the platform. Water 
removes olfactory and tactile cues, possibly forcing the animal to 
rely more on vision than it would normally be inclined to do.

For the vision researcher the main problem with the Morris 
water maze lies on the stimulus front. While a visible platform in 
the Morris water maze is sometimes used to check for visual prob-
lems, viewing distances are hard to control, making quantitative 
measurements nearly impossible and the task can confuse visual 
detection with visual acuity. To get around the problems of an 
open circular tank and uncontrolled stimuli, we developed the 
Visual Water Task (VWT), a water version of the classic Y-maze 
(Fig. 1b) (11). Computer monitors at the ends of the arms of the 
Y maze allow a wide variety of spatial patterns to be displayed and 
the length of the arms, set by adjusting the length of an opaque 
barrier, specifies the closest viewing distances. Rats naturally swim 
to the end of the barrier and then peer around at each display 
before deciding on which arm to enter, making scoring easy. 
Animals are trained to discriminate between two visual stimuli 
and are positively reinforced for each correct response.

The most common measure of vision is acuity, the ability to 
resolve two high-contrast items as being distinct. For humans the 
Snellen chart provides a convenient series of tests as two parts of 
the same letter. For animals, and in many human studies, an 
equivalent task is to discriminate between a sine-wave grating and 
a gray screen of the same mean luminance. The spatial frequency 
is adjusted until a threshold established and the resultant acuity 
estimate is expressed in cycles per degree (c/d). Normal human 
acuity is 30 c/d while typical Long Evans rat and C57BL6 mouse 

2.1. Visual Water Task
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thresholds are near 1.0 and 0.5 c/d, respectively (11). Albino rat 
strains have about half the acuity of pigmented ones (12). 
Computer monitors allow other parameters like contrast, orienta-
tion (13), and motion sensitivity to be measured (14). On the 
other hand, color perception in animals is almost impossible to 
study with current computer-driven monitors.

McGill et al. (15) characterized the visual acuity of RCS rats from 
30 days of age until blindness at 11 months. This was the first lon-
gitudinal quantification of spatial vision in a model of retinal dis-
ease. There are two noteworthy aspects to the data shown in 
Fig. 2a. First, visual acuity measured at P28 is already impaired 
when compared with nondystrophic animals. Second, we obtained 
low but still measurable acuities long after ERGs had disappeared. 
These two results suggest that a behavioral assay may be more sen-
sitive than the standard electrophysiological test. In a subsequent 
study we have used this task to show cellular therapies with both a 
human-derived RPE cell line (ARPE19) and human Schwann cells 
significantly limit the progression of visual deterioration (16).

A significant limitation of the VWT is the time invested in train-
ing and testing animals is on the order of weeks, which limits 
longitudinal studies to a maximum of once per month measure-
ment. Although, when the animals are well-trained, they do not 
require a full retraining before subsequently obtaining another 
threshold, 1–2 weeks are still needed. Thus daily measurements 
of vision are not possible in the VWT. Another consequence is 
that the earliest age at which visual thresholds can be measured 
from rodents in the VWT is approximately P30, about 2 weeks 
after the day of eye-opening.

2.2. Example of Use

2.3. Limitations
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Fig. 2. Examples of data behavioral measures of retinal degeneration in RSC rats. (a) Acuity in dystrophic RCS rats as 
measured in the VWT declined as the animals aged (15). Arrows mark where the (a) and (b) wave of the ERG are lost. 
(b) Using the VOS there was no decrease in the spatial frequency threshold in one eye of dystrophic RCS rats treated with 
syngeneic Schwann cell transplants, while vision was gradually lost in the untreated fellow eye (17)
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Typically behavioral testing is done in a photopic or mesopic 
levels during the light part of the day. Since a human experimenter 
must insert and remove the animal from the apparatus, testing at 
scotopic levels may also be difficult or impossible.

All choice tasks require time to train the animals and it can take 
days or weeks to establish a single threshold. Thus, one cannot 
follow the rapid changes early in development, or immediately 
after an intervention. But by using automatic, untrained responses, 
it is possible to devise visual tests that require no training. Even 
more importantly, because reflex responses are rapid and stereo-
typed, changes that happen over a few days can be followed.

Pupilloconstriction happens automatically when light is shone 
on the retinae. Lund and colleagues (18) have used this pupillary 
reflex to follow the gradual loss of visual function with age in 
Royal College of Surgeons (RCS) rats and to demonstrate resto-
ration of function after retinal transplants (19). However, the 
presence of a pupillary response is a long way from the desired 
clinical result, and tests of spatial pattern vision are needed. The 
optokinetic system provides a near ideal way of evaluating vision 
in untrained animals. When large parts of the visual field are stim-
ulated with a moving pattern, a feeling of self-motion or circular 
vection is induced. The tendency then is to rotate the direction of 
gaze (eyes, head, and body) in the same direction so as to reduce 
image motion on the retina.

Traditionally, an optokinetic test system consisted of a large 
mechanical drum driven by a servo-motor (20). Changing stimu-
lus patterns on the drum was difficult and typically consisted of 
high-contrast square-wave patterns of checkerboards. The easiest 
stimulus to deliver is a prolonged rotation in one direction. 
Scoring the response is also not as simple as seeing whether the 
animal finds a platform or presses a panel. Unlike the digital-like 
discrete responses in operant choice tasks, the optokinetic track-
ing response is more analog. If the head is held stationary the eye 
shows a nystagmus with slow compensatory eye movements 
interrupted periodically by brief resetting quick phases (OKN). 
The gain of the system is calculated by dividing the velocity of the 
slow phase, compensatory eye movements by the velocity of the 
image movement. There is a large and rich literature studying 
OKN in many species, and this topic is beyond the scope of this 
chapter (see a recent review by Stahl (21)). However, we have a 
general concern that the head-fixed condition is artificial, and the 
use either of an anesthetic or restraint of an awake, conscious 
animal may have their own difficulties. Moreover, eye movement 

3. Visual Reflex 
Tasks
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recording techniques (electrooculography or magnetic search 
coil) require surgical preparation that makes them a poor 
choice when dealing with a large number of or fragile 
animals.

Recently, we have created a new version of the optokinetic task to 
address these stimulus and response issues (22). Figure 1c shows 
our Virtual Optokinetic System (VOS). Rats or mice are placed 
on a platform at the epicenter of a testing arena surrounded by 
four monitors. The monitors display four views from inside a 
virtual optokinetic drum on which we have displayed sine-wave 
gratings. The virtual drum can be rotated clockwise or counter-
clockwise, stimulating an optokinetic tracking (OKT) response. 
Furthermore, as we are using computer-generated patterns we 
can change spatial frequency, contrast, and direction of move-
ment instantaneously. This has allowed us to measure thresholds 
for stimulus parameters, which formerly were largely unobtain-
able with a mechanical system.

The other key aspect of our approach has been to let the ani-
mals move freely and, by using a video camera mounted above 
the platform, track them as they follow the stimulus. The observed 
head position is used to keep the computed optokinetic drum 
centered on the animal’s head to ensure that spatial frequency 
remains fixed as the animal moves around. We also use the camera 
to watch head and body movements for an indication of whether 
the animal can follow the grating. We can ignore the eye move-
ments in this situation as the average eye over several seconds will 
be very close to center. In addition, it is not easy to calculate head 
and body velocities from a video image with the precision needed 
to compute a gain. Instead, we have adopted a simpler approach: 
an experimenter watches the video from the camera and makes a 
decision about the presence or direction of the tracking. The sine-
wave grating is then increased in spatial frequency (making it 
more difficult to resolve) until the animal no longer responds. 
This process is repeated in a staircase procedure to establish a 
threshold. Experimentally “blind” testing procedures are also 
possible with this technology.

The VOS has been used to quantify visual thresholds in developing 
mice (22) and rats (23) and in mice monocularly deprived in adult-
hood (24). The VOS has also been used to examine the visual func-
tion in mice without functional rods or cones (25), noerg-1 (26), 
and nob4 mice (27), and used to evaluate the role of ON bipolar 
cells that were engineered to be photosensitive (28). Spatial fre-
quency thresholds and contrast sensitivity functions have also been 
characterized in the RCS rat as the retina degenerate as well as after 
one potential treatment, syngeneic Schwann cell transplants (17). 
Example data are shown in Fig. 2b.

3.1. Virtual Optokinetic 
System

3.2. Example of Uses
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One of the major advantages of using the VOS is that animals 
require no reinforcement training before being tested. This 
greatly decreases the time required to generate a visual threshold, 
and therefore allows for much larger group sizes to be examined. 
In addition, the ability to generate thresholds quickly, in some 
cases as fast as 5–10 min, allows for spatial frequency and contrast 
sensitivity thresholds to be assessed on a daily basis. This is of 
particular importance in developmental studies as animals can be 
tested from the day of eye-opening, and for very fast retinal 
degenerations where visual decline can occur sooner than it can 
be measured with other tasks.

Another advantage is that the two eyes can be tested inde-
pendently (29). In rodents with only one open we see tracking 
only when the stimulus moves in the temporal to nasal direction. 
When both eyes are open, when the virtual cylinder is rotated in 
the clockwise direction, only the left eye responds to the move-
ment resulting in an elicited optokinetic behavior moving in 
the same direction as the grating movement. Conversely, if the 
cylinder is rotated in the counter-clockwise direction, only the 
right eye (again temporal to nasal) responds to the stimuli. 
This phenomenon is particularly advantageous as therapies for 
retinal disease are often performed monocularly, maintaining the 
contralateral eye as a control (See Fig. 2.2b as an example). 
Therefore, employing the VOS allows for within-animal 
controls to be used in the experimental design, a powerful 
method in research.

The main limitation is that OKT “acuity” is less than the best 
the eye provides and thus it may miss small effects. The spatial 
frequency threshold is ~0.38 c/d in the VOS while in the VWT 
the threshold is greater than 0.5 c/d. This presumably reflects 
the lower resolution information carried by subcortical visual 
pathways. On the other hand, measuring contrast sensitivity at 
lower frequencies (<0.1 c/d) is problematic in the VWT task 
due to the smaller field of view. The VOS can go down to one 
cycle in 360 degrees.

The two approaches may also have differences in how much 
of the retina they need. Even in normal rodents the retina is not 
completely homogenous and different parts may have different 
thresholds. With the VOS we have been able to reduce the area of 
stimulation to the nasal (binocular) fields without any decrement 
in performance while the thresholds of the temporal, monocular 
fields are significantly worse. Spatial frequency sensitivity increases 
as the stimulation area falls below 50 degrees, and the thresholds 
with full-field stimulation match those of the most sensitive fields 
(23, 24).

One cannot be sure what threshold one is measuring. In the 
VOS, the tracking movements are subtle near threshold and 

3.3. Advantages

3.4. Limitations
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require extensive experience to monitor; consequently the limits 
in part may be human threshold for seeing motion. Automating 
the tracking with a machine vision system does change this funda-
mentally as a computer algorithm will also have a threshold; 
indeed our experience so far is that it will be hard to beat a trained 
human observer. Moreover, even in the VWT is the threshold 
really a true sensory threshold, or some point above threshold at 
which the animal stops relying on it and adopts some other strategy 
(such as always going left)?

There is now abundant evidence that electrophysiological or 
anatomical measures of retinal disease cannot be equated with 
visual performance. For example, in Royal College of Surgeons 
(RCS) rats, photoreceptor degeneration is evident at ~3 weeks of 
age, and by 90 days of age the 12 photoreceptor cell body thick 
layer has declined to one cell body thick. Previously published 
electrophysiological data in the RCS rat suggests that the elec-
troretinogram (ERG) is no longer measurable by ~4 months, and 
luminance thresholds measured from the brain are lost by 
~7 months (30). Using the VWT and VOS visual thresholds can 
be measured reliably with each behavioral method up to 
~10 months of age (15–17), significantly longer than expected 
given the degree of photoreceptor death and the earlier loss of 
electrophysiological responses. The differences are substantial. 
For example, at 4 months of age, a time when nearly all photore-
ceptors have been lost, and the ERG is no longer measurable, the 
RCS rat still retains approximately 40–50% of their visual acuity. 
Likewise, using a transgenic rat model with a mutation in the 
rhodopsin gene, Sagdullaev et al. (31) reported that by P60-100, 
photoreceptor cell death is near complete and multiunit record-
ings from the superior colliculus are nonresponsive; however, 
Thomas et al. (32) report measurable OKRs at both P135 and 
P205 using the same S334ter-3 rats.

Similar discrepancies between measures of the visual system 
can also be found in the clinic. For example, patients with advanced 
Retinitis Pigmentosa (RP) usually have a significantly reduced 
ERG while still having near normal acuity. Another example has 
been found in patients with Duchenne’s Muscular Dystrophy 
where an absent or severely reduced ERG seems to have little 
effect on vision (33, 34). Clearly, the use of anatomical or electro-
physiological measure to infer vision rescue following therapeutic 
intervention can be misleading, and because vision rescue is the 
ultimate clinical goal of treatment, vision needs to be measured in 
some form.

4. Future 
Directions
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It is important to remember that behavioral tests are sensitive 
to changes all along the visual pathways. For example, induced 
strokes and aspiration lesions of the visual cortex result in a signifi-
cant drop in VWT acuity from 1 c/d down to ~0.7 c/d (unpub-
lished observations). Monocular deprivation early in life also 
decreases VWT acuity (35). Central adaptations can also improve 
performance. Early experience with VOS improves visual thresh-
olds in rats (23), as can monocularly deprivation in both adult rats 
and mice (24). These enhancements, which we are currently study-
ing in detail, offer additional capabilities as well as potential prob-
lems for experimenters more concerned with retinal function.

Finally, multiple measures of visual function may be needed. 
For example, we have reported that following subretinal trans-
plantation of syngeneic Schwann cells without the aid of immune-
suppression, spatial frequency thresholds in our VOS were 
preserved near normal levels up to 35 weeks of age (Fig. 2b) (17). 
However, that was not the only visual test conducted. In particu-
lar, whereas VOS contrast sensitivity was significantly preserved 
over controls, it was not maintained near normal levels. This sug-
gested incomplete rescue of visual function, which was confirmed 
through evaluation of the visual acuity in the VWT task. The 
visual acuity showed a rescue of approximately 60% of normal 
vision, again better than controls but much lower than the VOS 
spatial frequency thresholds suggested.

Retinal disease causes irreversible vision loss for which there  
is currently no effective treatment. Many animal models exist  
for studying the mechanisms and potential treatments for retinal 
disease; rodent models appear to be the most advantageous. 
Historically, measuring vision in rodents has been difficult and 
constrained by the lack of effective testing devices. Recently, the 
Visual Water Task and the Virtual Optokinetic System have been 
developed, which have significantly advanced the field of vision 
science in rodents. This chapter describes the history of measur-
ing vision, the development of the two tasks, and how the devel-
opment of these tasks has enabled researchers to address specific 
queries regarding rodent models of retinal disease.

References

5. Summary

 1. Pham TA, Graham SJ, Suzuki S et al (2004) 
A semi-persistent adult ocular dominance 
plasticity in visual cortex is stabilized by activated 
CREB. Learn Mem 11:738–747

 2. Karan G, Lillo C, Yang Z et al (2005) 
Lipofuscin accumulation, abnormal electro-
physiology, and photoreceptor degeneration 
in mutant ELOVL4 transgenic mice: a model 



23Visual Behavior

for macular degeneration. Proc Natl Acad Sci 
USA 102:4164–4169

 3. Tuo J, Bojanowski CM, Zhou M et al (2007) 
Murine ccl2/cx3cr1 deficiency results in reti-
nal lesions mimicking human age-related 
macular degeneration. Invest Ophthalmol Vis 
Sci 48:3827–3836

 4. Lashley KS (1930) The mechanism of vision: 
I. A method for rapid analysis of pattern vision 
in the rat. J Gen Psych 37:453–460

 5. Seymoure P, Juraska JM (1997) Vernier and 
grating acuity in adult hooded rats: the 
influence of sex. Behav Neurosci 111: 
792–800

 6. Jacobs GH, Williams GA, Fenwick JA (2004) 
Influence of cone pigment coexpression on 
spectral sensitivity and color vision in the 
mouse. Vis Res 44:1615–1622

 7. Williams GA, Jacobs GH (2007) Cone-based 
vision in the aging mouse. Vis Res 47: 
2037–2046

 8. Jacobs GH, Williams GA, Cahill H, Nathans J 
(2007) Emergence of novel color vision in 
mice engineered to express a human cone pho-
topigment. Science 315(5819):1723–1725

 9. Keller J, Strasburger H, Cerutti DT, Sabel BA 
(2000) Assessing spatial vision - automated 
measurement of the contrast-sensitivity func-
tion in the hooded rat. J Neurosci Methods 
97:103–110

 10. Morris R (1984) Developments of a water-
maze procedure for studying spatial learning 
in the rat. J Neurosci Methods 11:47–60

 11. Prusky GT, West PW, Douglas RM (2000) 
Behavioral assessment of visual acuity in mice 
and rats. Vis Res 40:2201–2209

 12. Prusky GT, Harker KT, Douglas RM, 
Whishaw IQ (2002) Variation in visual acuity 
within pigmented, and between pigmented 
and albino rat strains. Behav Brain Res 
136:339–348

 13. Bowden F, Douglas RM, Prusky GT. 
Horizontal bias in rat visual acuity. Program 
No 26018 Abstract Viewer/Itinerary Planner 
Washington, DC: Society for Neuroscience, 
2002 Online 2002.

 14. Douglas RM, Neve A, Quittenbaum JP, Alam 
NM, Prusky GT (2006) Perception of visual 
motion coherence by rats and mice. Vis Res 
46:2842–2847

 15. McGill TJ, Douglas RM, Lund RD, Prusky 
GT (2004) Quantification of spatial vision in 
the Royal College of Surgeons rat. Invest 
Ophthalmol Vis Sci 45:932–936

 16. McGill TJ, Lund RD, Douglas RM, Wang S, 
Lu B, Prusky GT (2004) Preservation of 
vision following cell-based therapies in a 

model of retinal degenerative disease. Vision 
Res 44:2559–2566

 17. McGill TJ, Lund RD, Douglas RM et al 
(2007) Syngeneic Schwann cell transplanta-
tion preserves vision in RCS rat without 
immunosuppression. Invest Ophthalmol Vis 
Sci 48:1906–1912

 18. Whiteley SJ, Young MJ, Litchfield TM, Coffey 
PJ, Lund RD (1998) Changes in the pupillary 
light reflex of pigmented royal college of sur-
geons rats with Age. Exp Eye Res 66: 
719–730

 19. Whiteley SJ, Litchfield TM, Coffey PJ, Lund 
RD (1996) Improvement of the pupillary 
light reflex of Royal College of Surgeons rats 
following RPE cell grafts. Exp Neurol 
140:100–104

 20. Coffey PJ, Girman S, Wang SM, Hetherington 
L, Keegan DJ, Adamson P, Greenwood J, 
Lund RD (2002) Long-term preservation of 
cortically dependent visual function in RCS 
rats by transplantation. Nat Neurosci 
5:53–56

 21. Stahl JS (2008) Characteristics and applica-
tions of mouse eye movements. In: Chalupa 
LM, Williams DL (eds) Eye, Retina, and 
Visual System of the Mouse. MIT Press, 
Cambridge, pp 87–105

 22. Prusky GT, Alam NM, Beekman S, Douglas 
RM (2004) Rapid quantification of adult and 
developing mouse spatial vision using a virtual 
optomotor system. Invest Ophthalmol Vis Sci 
45:4611–4616

 23. Prusky GT, Silver BD, Tschetter WW, Alam 
NM, Douglas RM (2008) Experience-
dependent plasticity from eye opening enables 
lasting, visual cortex-dependent enhancement 
of motion vision. J Neurosci 28:9817–9827

 24. Prusky GT, Alam NM, Douglas RM (2006) 
Enhancement of vision by monocular depriva-
tion in adult mice. J Neurosci 26: 
11554–11561

 25. Schmucker C, Seeliger M, Humphries P, Biel 
M, Schaeffel F (2005) Grating acuity at differ-
ent luminances in wild-type mice and in mice 
lacking rod or cone function. Invest 
Ophthalmol Vis Sci 46:398–407

 26. Pinto LH, Vitaterna MH, Shimomura K et al 
(2005) Generation, characterization, and 
molecular cloning of the Noerg-1 mutation of 
rhodopsin in the mouse. Vis Neurosci 22: 
619–629

 27. Pinto LH, Vitaterna MH, Shimomura K et al 
(2007) Generation, identification and func-
tional characterization of the nob4 mutation 
of Grm6 in the mouse. Vis Neurosci 
24:111–123



24 Douglas, McGill, and Prusky

 28. Lagali PS, Balya D, Awatramani GB et al 
(2008) Light-activated channels targeted to 
ON bipolar cells restore visual function in 
retinal degeneration. Nat Neurosci 
11:667–675

 29. Douglas RM, Alam NM, Silver BD, McGill 
TJ, Tschetter WW, Prusky GT (2005) 
Independent visual threshold measurements 
in the two eyes of freely moving rats and mice 
using a virtual-reality optokinetic system. Vis 
Neurosci 22:677–684

 30. Girman SV, Wang S, Lund RD (2005) Time 
course of deterioration of rod and cone func-
tion in RCS rat and the effects of subretinal 
cell grafting: a light- and dark-adaptation 
study. Vis Res 45:343–354

 31. Sagdullaev BT, Aramant RB, Seiler MJ, Woch 
G, McCall MA (2003) Retinal transplanta-
tion-induced recovery of retinotectal visual 

function in a rodent model of retinitis  
pigmentosa. Invest Ophthalmol Vis Sci 
44:1686–1695

 32. Thomas BB, Seiler MJ, Sadda SR, Aramant RB 
(2004) Superior colliculus responses to light – 
preserved by transplantation in a slow degen-
eration rat model. Exp Eye Res 79:29–39

 33. Cibis GW, Fitzgerald KM (2001) The nega-
tive ERG is not synonymous with nightblind-
ness. Trans Am Ophthalmol Soc 99:171–175 
discussion 5–6

 34. Cibis GW, Fitzgerald KM, Harris DJ, 
Rothberg PG, Rupani M (1993) The effects 
of dystrophin gene mutations on the ERG in 
mice and humans. Invest Ophthalmol Vis Sci 
34:3646–3652

 35. Prusky GT, West PW, Douglas RM (2000) 
Experience-dependent plasticity of visual acu-
ity in rats. Eur J NeuroSci 12:3781–3786



25

Chapter 3

Genetic and Genomic Approaches for Understanding  
Retinal Diseases

Gareth R. Howell and Simon W.M. John

Abstract 

Here we review both established and emerging approaches for studying retinal diseases. We primarily 
focus on the use of the mouse as a genetic model, as it is a mammalian model with many resources and 
is amenable to a variety of genetic manipulations. Additionally, we highlight two other organisms, 
zebrafish and fruit fly that are emerging as valuable genetic tools to study retinal disease. We discuss the 
ways in which near-complete genome sequences of these three organisms are revolutionizing our ability 
to investigate the complex mechanisms involved in retinal diseases.

Key words: Genetics, Genomics, Mouse, Zebrafish, Fruit fly, Genome manipulation, Genetic screen

The neural retina is the transparent tissue lining the interior of the 
eye. It is responsible for detecting and processing visual stimuli. 
The many different neurons in the retina include the photorecep-
tors that receive the initial light stimuli, amacrine, horizontal, and 
bi-polar cells that process the visual signals and the retinal gan-
glion cells (RGCs), the output neurons that translate the pro-
cessed signals to the brain. The retinal neurons are supported by 
a variety of cell types including glia, immune cells, and vascular-
associated cells. There are numerous diseases that affect the 
different populations (and subpopulations) of retinal neurons, 
including various forms of retinal degeneration (defined as 
diseases primarily affecting the photoreceptors) and glaucoma 
(primarily affecting the RGCs). Animal models for these and 
other retinal diseases are reviewed in detail in other chapters. In this 
chapter, we focus on modeling genetic disorders of the retina. 

1. Introduction

Iok-Hou Pang and Abbot F. Clark (eds.), Animal Models for Retinal Diseases, Neuromethods, vol. 46
DOI 10.1007/978-1-60761-541-5_3, © Springer Science+Business Media, LLC 2010
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Table 1 
Review of useful genetic and genomic resources

Database Web address
Database 
type Summary

Mouse Mutant 
Resource (MMR)

http://mousemutant.jax.
org

Organism 
specific

Catalogs spontaneous mutations 
that arise in the breeding 
colonies at The Jackson 
Laboratory

The Knockout 
Mouse Project 
(KOMP)

http://www.knockout-
mouse.org

Organism 
specific

Project to generate a knockout  
in every mouse gene

European 
Conditional 
Mouse 
Mutagenesis 
Program 
(EUCOMM)

http://www.eucomm.org Organism 
specific

Project to generate a knockout  
in every mouse gene

Mouse Genome 
Informatics 
(MGI)

http://informatics.jax.org Organism 
specific

Catalogs all pertinent data  
for the mouse including  
a catalog of genes and mutant 
strains available

The Zebrafish 
Model Organism 
database (ZFin)

http://zfin.org Organism 
specific

Catalogs all pertinent data  
for the zebrafish including  
a catalog of genes and mutant 
lines available

Flybase http://flybase.org Organism 
specific

Catalogs all pertinent data  
for fruit fly including a catalog 
of genes and mutant lines 
available

Ensembl http://www.ensembl.org Genome 
browser and 
catalog of 
orthologs

Genome sequence and annotation 
for vertebrates and other 
eukaryotes. Includes the most 
comprehensive catalog of 
orthologous genes

UCSC Genome 
Bioinformatics

http://genome.ucsc.edu Genome 
browser

Reference sequence  
and annotation for a large  
collection of genomes

National Center for 
Biotechnology 
Information 
(NCBI)

http://www.ncbi.nlm.nih.
gov

Molecular 
biology 
resource

Wide range of integrated databases 
encompassing Pubmed, 
nucleotide and protein 
sequences and gene catalogs

EntrezGene@NCBI http://www.ncbi.nlm.nih.
gov/gene

Gene catalog Most comprehensive catalog  
of genes for completed 
genomes

Homologene@
NCBI

http://www.ncbi.nlm.nih.
gov/homologene

Ortholog 
catalog

Groups together orthologous 
genes for completed genomes

http://mousemutant.jax.org
http://mousemutant.jax.org
http://www.knockoutmouse.org
http://www.knockoutmouse.org
http://www.eucomm.org
http://informatics.jax.org
http://zfin.org
http://flybase.org
http://www.ensembl.org
http://genome.ucsc.edu
http://www.ncbi.nlm.nih.gov
http://www.ncbi.nlm.nih.gov
http://www.ncbi.nlm.nih.gov/gene
http://www.ncbi.nlm.nih.gov/gene
http://www.ncbi.nlm.nih.gov/homologene
http://www.ncbi.nlm.nih.gov/homologene
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We also highlight databases that contain valuable genetic and 
genomic information that aides in investigating complex 
mechanisms involved in retinal diseases. These databases are 
summarized in Table 1.

In this section, we discuss the techniques available for both induc-
ing and identifying retinal disease-causing mutations in animal 
models, information that can then be used to identify mutations 
in the equivalent retinal diseases in humans as well as to aid in the 
understanding of the pathogenesis of the disease.

Recent advances have greatly facilitated the identification of 
disease genes in the human population. These advances provide 
great promise for understanding complex human diseases that 
have been notoriously difficult to understand at the genetic and 
molecular levels (1). For example, common high-risk and protec-
tive alleles for age-related macular degeneration (AMD) have 
been identified in genes such as complement factor H, comple-
ment components 2 and 3 (reviewed in (2)). Recently, a 412Phe 
variant (encoded by the T allele of a single nucleotide polymor-
phism) of the Toll-like receptor 3 gene (TLR3) was associated 
with protection against geographic atrophy, or “dry” AMD (3). 
This association was replicated in two independent case-control 
series. Despite these advances, many challenges remain. This is 
especially true for complex diseases such as glaucoma that are 
common but do not appear to be affected by high frequency 
alleles. Instead, it is likely that low-frequency alleles in many dif-
ferent genes confer risk. The low frequency of these alleles added 
to the confounding effects of other genetic factors and environ-
ment will continue to make the identification of the genes deter-
mining disease risk challenging.

To aid in the identification of specific retinal disease-causing 
mutations it can be advantageous to turn to animal models where 
well-defined large pedigrees are easy to produce and gene map-
ping is possible at very high resolution. In cases where the caus-
ative mouse gene is located in a chromosomal region that matches 
a region of the human genome that is implicated in the same dis-
ease (concordance), the mouse information can help to identify 
the human gene even if the implicated region of human chromo-
some is large (4). Identifying a disease-causing mutation in a gene 
within a small critical region of the genome in an animal model 
provides candidate gene(s) to assess in patients. In cases where 
the associated genetic interval contains multiple genes that are all 
sequenced, but causative mutations are not obvious, information 

2. Generating 
Animal Models  
of Human Retinal 
Diseases
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from multiple species may be combined to identify the specific 
gene that is important. The ability to manipulate genes and 
determine the effects of specific mutations in experimental organ-
isms will be very important for determining the important genes 
and how they interact. It will also provide disease models to inves-
tigate molecular mechanisms and to test new treatment ideas.

A number of features influence the usefulness of a particular 
animal as a genetic model for human retinal diseases. These 
include: (1) the similarity of the retina of the animal model to 
the human retina, (2) the availability of resources such as well-
characterized genomes and genetically defined strains, (3) the 
ability to manipulate the genome to generate new disease models, 
and (4) the ease and cost of housing and breeding the animal 
model. In this review, we highlight three animal models (mouse, 
zebrafish, and fruit fly) that are being used as genetic tools to 
study human retinal disorders. Other animal models are emerging, 
such as the chicken and the frog, and many of the points discussed 
below will be applicable to these emerging models as the respective 
resources are developed.

The mouse (Mus musculus) is the most widely used animal model 
for genetic studies of human retinal diseases. Several factors con-
tribute to this. First, mice have essentially the same, layered struc-
ture of the retina as humans. The biggest differences are the 
absence of a macula and fovea in mice (5). In addition to directly 
studying the retina, the mouse provides a powerful system for 
studying mechanisms in other tissues that affect retinal disease. 
For example, the aqueous humor drainage structures of mice and 
people have key similarities. Therefore, the mouse is a powerful 
model to study mechanisms of IOP elevation, a strong risk factor 
for glaucoma (6). Second, there are many genetically defined and 
uniform strains of mice. It can be important to study any disease 
on controlled genetic backgrounds, as genotype/phenotype 
interactions are not confounded by differing and uncontrolled 
genetic interactions that may modify the phenotype (discussed 
below). Third, the mouse is the mammal most amenable to 
genetic manipulation, including the ability to carry out large-scale 
genetic screens. Last, in practical terms, mice are relatively inex-
pensive to house (compared particularly to larger mammals), and 
breed quickly (a gestation time of around 20 days).

There are approximately 100 “classical” common inbred mouse 
strains, including the popular C57BL/6J mouse – the strain used 
in the initial sequencing of the mouse genome (7). Each distinct 
inbred mouse strain has a constant genetic background where 
each mouse is genetically identical to every other mouse of 
the same strain. This uniformity is the result of successive 
filial matings designed to render the mice homozygous at every 

2.1. The Mouse as a 
Model for Retinal 
Diseases

2.1.1. Mouse Model 
Resources of Retinal 
Diseases: Inbred Strains 
and Spontaneous 
Mutations
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locus in the genome (reviewed in (8)). More recently, the 
collaborative cross was initiated to generate a large panel of 
recombinant inbred strains derived from a genetically diverse set 
of founder strains. The collaborative cross strains will provide a 
common reference panel designed to assess complex traits and 
interactions between genes, environments, pathogens, and other 
factors (9).

The classical inbred strains have unique sets of mutations that 
give each strain distinctive characteristics, such as coat color, 
weight, and lifespan. In some cases, spontaneous mutations that 
are fixed in these strains model human retinal diseases. The C3H/
HeJ strain is homozygous for the retinal degeneration allele 
Pde6brd1, and has been widely used to study retinal degeneration 
in mice (10). Similarly, the DBA/2J strain is now widely used to 
study glaucoma. DBA/2J mice have acquired mutations in two 
genes, Tyrp1 and Gpnmb, which cause iris pigment dispersion 
(ipd) and iris stromal atrophy (isa) leading to elevation in intraoc-
ular pressure (IOP) (11, 12). The elevation in IOP is necessary to 
cause glaucomatous RGC degeneration and associated optic 
nerve degeneration.

Spontaneous mutations can be loss of function, gain of function, 
and dominant-negative mutations. The larger the collection of 
mouse strains the more likely that spontaneous mutations will 
arise. The Jackson Laboratory, Bar Harbor, is one of the largest 
repositories for mouse strains. The Mouse Mutant Resource 
(MMR – see http://mousemutant.jax.org) at The Jackson 
Laboratory is the primary repository of strains and stocks carry-
ing spontaneous genetic mutations. The MMR performs basic 
characterization (both genetic and phenotypic) of mice with 
spontaneous mutations that arise in the large breeding colonies, 
and they maintain and distribute established stocks. This collec-
tion includes a significant number of models of retinal diseases 
(highlighted in Table 2 and reviewed in (13)). For example, 
mutations in CRB1 have been shown to cause retinal diseases and 
Leber congenital amaurosis in humans (14, 15). A mouse model 
(retinal degeneration 8, rd8) distributed by The Mouse Mutant 
Resource was discovered at The Jackson Laboratory and shown 
to be caused by a single base deletion in the Crb1 gene (16)

Although the affected gene(s) involved in a new spontaneous dis-
ease model may not necessarily be known, researchers are able to 
study aspects of the disease without understanding the underlying 
genetic change. However, it is important to identify the genetic 
alteration that led to the observed phenotype. In this section, 
we briefly describe methods for mutation detection in mice that 
are also applicable for other animal models including zebrafish 
and fruit fly.

2.1.2. Spontaneous 
Mutations Model Human 
Disease Mutations

2.1.3. Identifying 
Spontaneous  
Disease-Causing 
Mutations by Genetic 
Mapping and Sequencing

http://mousemutant.jax.org
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As genetic maps for mouse were made available, many 
spontaneous mutations were identified. Detailed descriptions of 
mutation mapping and mutant gene identification are given in 
reference (8). To map a given mutation that exists in an inbred 
strain, the original mutation-carrying strain is “outcrossed” to a 
second inbred line (the “mapping” strain) that is genetically dis-
tinct (genome has a large number of informative genetic markers) 
to the original strain. The resulting progeny (known as F1s) are 
now heterozygous for the original two-parent strains at every locus 
that differed between the parental strains. F1 progeny can then 
be either intercrossed (bred among themselves) or backcrossed 
(bred with one or both of the parental strains) to generate F2 or 
N2 progeny, respectively. The genomes of progeny will consist 

Table 2 
Key mouse models of retinal diseases (adapted from (13))

Gene/Strain Location Phenotype description

Pde6brd1 Chr 5 Retinal degeneration 1

Agtphp1pcd Chr 13 Purkinje cell degeneration, retinal 
degeneration

RdsRd2 Chr 17 Retinal degeneration 2

Rd3 Chr 1 Retinal degeneration 3

Tub Chr 7 Retinal degeneration 5

Mfrprd6 Chr 9 Retinal degeneration 6

Nr2e3rd7 Chr 9 Retinal degeneration 7

Crb1rd8 Chr 1 Retinal degeneration 8

Pde6brd10 Chr 5 Retinal degeneration 10

Rpe65rd12 Chr 3 Retinal degeneration 12

Cep290rd16 Chr 10 Retinal degeneration 16

Col2a1sedc Chr 15 Retinoschisis

nob2 Chr X Missing outer plexiform layer and poor ERG

Pde6ccpfl1 Chr 19 Cone photoreceptor function loss 1

Gnatcpfl3 Chr 3 Cone photoreceptor function loss 3

Vldlrtm1Her Chr 19 Retinal spots and subretinal 
neovascularization

Rpl24Bst Chr 16 Age-related, subretinal neovascularization

DBA/2 J Chr4/
Chr6

Pigmentary glaucoma caused by mutations 
in Tyrp1 and Gpnmb
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of random combinations of the original and mapping strain  
(both heterozygous and homozygous). Determining how the 
phenotype of the progeny corresponds to inheritance of alleles 
from each parental strain localizes the mutation of interest to 
a particular region of the genome, which is commonly called the 
critical region.

Following gene mapping, the most common mutation detec-
tion strategy is to amplify by the polymerase chain reaction (PCR) 
and sequence all functional elements (coding regions, untrans-
lated regions (UTRs), and promoters) for genes contained within 
the critical region. This relatively simple PCR amplification and 
Sanger sequencing strategy has been made possible by the avail-
ability of a well-annotated mouse genome sequence. By compar-
ing affected and nonaffected individuals, potential disease-causing 
mutations are identified. Mutation identification is not always 
simple. A mutation may not be identified even after screening all 
known functional elements, in the critical region. Not all func-
tional elements in the mouse genome have been identified. 
Mutation detection will be more successful with further improve-
ments in the annotation of the mouse genome as well as with the 
evolution of next generation sequencing enabling larger regions 
of the genome to be sequenced more efficiently (see Sect. 4). 
After identifying potential mutations, their ability to cause disease 
is further evaluated. Candidate mutations are assessed by screen-
ing a number of affected and nonaffected mice to determine if the 
mutation segregates with the phenotype of interest. Follow up 
experiments include generating a targeted mutation in the gene 
harboring the mutation to test if it is actually disease causing. 
Rescuing the mutant phenotype by transgenesis also tests causa-
tion. Similar strategies were used successfully to identify and prove 
that the GpnmbR150X and Tyrp1b mutations cause glaucoma in 
DBA/2J mice (11, 12).

A major advantage of using mouse as a model system is the depth 
of well-developed techniques available for manipulating the 
genome. In this section, we highlight some of the more common 
methods used as more detailed descriptions are provided else-
where (17, 18). The ability to target and alter a specific gene(s) 
is an important and necessary tool. For instance, the function of 
a gene can be completely ablated (loss of function) in all cell 
types, or conditionally in specific cell types. Conversely, a gene 
can be mutated in such a way to generate a novel function (a 
gain of function) such as engineering a known human mutation 
into a mouse gene. Inducing mutations in genes of choice and 
assessing phenotype is commonly termed “reverse genetics,” as 
it is the opposite of “forward genetic” approaches whereby 
spontaneous/induced mutations are discovered as a result of an 
overt phenotype.

2.1.4. Manipulation  
of the Mouse Genome  
to Generate Targeted Models
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Here, we briefly summarize the key features of traditional 
gene targeting technology. A targeting construct is designed to 
mutate a functionally important part of the gene of interest or to 
replicate a human mutation. The construct is integrated into the 
genome of embryonic stem (ES) cells by homologous recombi-
nation, thereby removing the functionally important region in 
the gene of interest. The targeted ES cells are then injected into 
blastocysts that are then implanted into surrogate females. The 
resulting pups will be chimeras made up of cells derived from 
both the targeted ES cell line and the host blastocyst. Commonly, 
coat color mutations are used to distinguish between ES cells and 
host and to determine the degree of chimerism. Chimeras derived 
largely from the targeted ES cell line are most likely to transmit 
the targeted mutation to offspring and are used to establish a 
mouse line with the desired targeted allele in every cell.

In addition to “knocking out” the function of a gene in all 
cell types as described above, genes can also be ablated or altered 
“conditionally”. Conditional knockouts are vital to study genes 
that have multiple functions, particularly if one function is neces-
sary for embryonic or early development. In these cases, simply 
removing the function of the gene in all cells is likely to cause 
embryonic or premature lethality, preventing assessment of gene 
function in adults. In conditional knockouts, the function of a 
gene is altered in either a spatial and/or temporal manner. 
Conditional knockouts are often generated using recombination 
sequences known as loxP sites that are recognized and recom-
bined by Cre recombinase from bacteriophage P1. Another sys-
tem utilizes FRT sites and FLP recombinase from yeast. loxP sites 
are incorporated into a targeting construct flanking the function-
ally important sequence(s) to be deleted from the gene of inter-
est. Commonly, after targeting in the ES cells and generation of 
the mouse line, the gene of interest is still functional, as the loxP 
sites do not disrupt the normal transcription and translation of 
the gene. However, in the presence of Cre recombinase, the por-
tion of DNA flanked by the two loxP sites is removed. Cre recom-
binase is not natural in mice, but can be introduced into specific 
cells or tissues by crossing the line with the conditional allele to a 
second mouse strain that has been engineered to express Cre 
recombinase (a Cre line) in particular cell types using cell-specific 
promoters.

An additional advantage of the Cre recombinase system is the 
ability to induce Cre recombinase expression using tamoxifen. In 
this case, the Cre recombinase gene is fused with a Tamoxifen-
binding domain (TBD) and recombinase activity is induced only 
in the presence of Tamoxifen. This fusion gene is known as 
CreERT (see (17)). This system has been used to study choroider-
emia (CHM), an X-linked degeneration of the retinal pigment 
epithelium, photoreceptors, and choroid caused by loss of 
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function of the CHM gene (Fig. 1) (19). Complete knockouts of 
the Chm in mice are embryonic lethal. Therefore, a conditional 
knockout of the Chm gene was created using a tamoxifen-inducible 
and tissue-specific Cre recombinase. These experiments show that 
the degenerative process likely proceeds independently in the 
RPE and the photoreceptors, an important consideration when 
developing therapeutic strategies for human CHM patients.

Generating a targeted knockout can be expensive and time con-
suming for individual research labs and so efforts are underway to 
generate a knockout for every gene in the mouse genome. The 
Knockout Mouse Project (KOMP – http://www.knockout-
mouse.org) is initially targeting approximately 10,000 genes, 
either by completely removing the functional protein, or generat-
ing a conditional allele. Similarly, the European Conditional 
Mouse Mutagenesis Program (EUCOMM- http://www.
eucomm.org) is generating up to 13,000 conditional mutations 
across the mouse genome. The selected genes are intended to be 
a different subset to those chosen by KOMP. These resources will 
be important for both studying mechanisms involved in retinal 
disease as well as generating new retinal disease models.

2.1.5. Generating a 
Knockout for Every Gene  
in the Mouse Genome

Fig. 1. Generating conditional alleles using Cre recombinase. In this example, a targeting vector was designed carrying 3 
loxP sites, a neomycin and spectinomycin resistance cassette (Neor, Spr), and two homology arms for the Chm gene in 
mice. The Chm3lox allele was generated by homologous recombination in ES cell clones. Cre-mediated recombination 
between the 3 loxP sites within the Chm3lox allele resulted in three possible alleles: Chmflox, Chmnull+neo, and Chmnull, which 
were distinguished by Southern blot analysis using EcoR1 digestion and probe A. Reproduced from (19)

http://www.knockoutmouse.org
http://www.knockoutmouse.org
http://www.eucomm.org
http://www.eucomm.org
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The probability that a spontaneous mutation arises in a gene of 
interest is low, and targeting a mutation to a specific gene requires 
prior knowledge that ablating the function of the gene will have 
an effect on retinal function. A complementary strategy is to ran-
domly introduce mutations, and screen the resulting mice for 
phenotypes of interest. The mutant animals provide valuable new 
models and allow disease gene identification, as discussed for 
spontaneous mutations. Genetic screens such as these represent 
an unbiased approach to uncover novel genes and mechanisms 
involved in retinal diseases. In mice, mutations are commonly 
induced using ethylnitrosourea (ENU), a chemical mutagen 
(reviewed in (20)). ENU is injected into male mice (G0 males) 
and causes mutations to be introduced at random into the germ 
line. The dose of ENU injected determines the number of muta-
tions created and varies with different strains. G0 male mice are 
then mated to females and the resulting progeny (G1s) will each 
carry a unique complement of ENU-induced mutations. G1 mice 
can be screened for phenotypes of interest caused by dominantly 
inherited mutations. To assess recessive mutations, G1s are 
crossed to wild-type females to generate G2 progeny. G2s can 
then be either intercrossed or backcrossed with the parental G1 
male to produce G3s that are assessed for phenotypes of interest. 
Once phenotypes of interest are identified, the mutation can be 
identified using genetic mapping and mutation detection strate-
gies described above.

A novel ENU-induced mutation in the mouse Optic atrophy 1 
(Opa1) gene has provided useful insights into autosomal dominant 
optic atrophy (ADOA) (21). Mutations in the human OPA1 gene 
cause the most common form of optic neuropathy in which RGCs 
are lost and visual acuity is impaired from an early age (22, 23). 
OPA1 is involved in mitochondrial homeostasis, resulting mito-
chondrial fusion and sequestration of cytochrome C to the mito-
chondria. An ENU mutagenized DNA archive from 10,000 
C3HeB/FeJ male mice (24) was screened for point mutations in 
Opa1 exons and a Q285X protein-truncation mutation was identi-
fied. The Opa1+/− mice exhibited abnormal mitochondrial morphol-
ogy, optic nerve myelination anomalies and visual deficits (Fig. 2). 
This mouse is a valuable tool to directly investigate the pathophysi-
ology of ADOA. OPA1 has now been suggested to be elevated in 
human glaucoma and suggests mitochondrial fission may play an 
important role in the early pathogenesis of glaucoma (25).

An important component of studying the consequences of genetic 
mutations is the assessment of the phenotype on different genetic 
backgrounds. In human diseases, a mutation in one individual 
can result in severe symptoms, whereas that same mutation can 
cause little or no disease in others. This is often due to differences 
in their genetic background. Therefore, consideration of genetic 
background is important both when generating a novel mouse 

2.1.6. High Throughput 
Genetic Screens

2.1.7. Assessing Mutations 
on Multiple Genetic 
Backgrounds can Identify 
Quantitative Trait Loci and 
Genetic Modifiers
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model of a human disease and also in understanding the patho-
genesis of disease. Identifying genetic modifiers can gain insight 
into important pathways involved in disease as well as identifying 
molecular targets for potential new treatments. A major advan-
tage of the mouse as a model organism is the ability to assess 
causative mutations on different controlled genetic backgrounds 
and identify quantitative trait loci (QTLs) and genetic modifiers 
(reviewed in (26)).

In mice, QTLs have been identified that modify the retinal 
degenerations rd3 (27) and rd7 (28), as well as susceptibility of 
RGCs to death after optic nerve crush (29). Mutations in the 
human RD3 gene has been shown to cause Leber Congenital 

Fig. 2. An ENU-induced mutation causes autosomal dominant optic atrophy in mice. (A) DNA sequence chromatogram of 
B6;C3-Opa1Q285STOP Opa1+/− mutant compared with Opa1+/+ control, illustrating the exon 8 C–T transition at 1051 bp. (b) 
Mouse genomic sequence showing C–T transition at 1051 bp, which leads to Q285 STOP. (c) PCR allele-specific genotyp-
ing for Opa1 for a selection of Opa1+/– and Opa1+/+ mice. Both wild-type and mutant fragments are 160 bp. (d) Mouse 
genotyping for a selection of Rd1+/+ and Rd1+/– mice by multiplex PCR for Rd1 alleles. (e) RT–PCR from retinal cDNA 
extracted from a selection of Opa1+/+ and Opa1+/– mice and resolved on 3% agarose using primers F3 and R8/9. Three 
isoforms are shown. (f) RT–PCR on retinal cDNA using primers F3 and R5 and R5b 
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Amaurosis, type XII (30). Mutations in the mouse ortholog, Rd3 
cause a similar retinal degeneration. RD3 has no known molecu-
lar function in either humans or mice. However, the degeneration 
phenotype is significantly faster on a BALB/cByJ genetic back-
ground (BALB-rd3/rd3) compared to an albino C57BL/6 J 
strain (B6a-rd3/rd3) (27). Potential modifiers were identified 
using a reciprocal (BALB-rd3/rd3 × B6a-rd3/rd3) F1 intercross 
and six highly significant QTLs were identified (31). In a similar 
study, Li and colleagues observed varying levels of susceptibility 
to optic nerve crush in 15 inbred strains of mice (32). Optic nerve 
crush causes optic nerve degeneration and RGC death, important 
components of glaucoma. They went on to map a dominant 
modifying QTL, RGC susceptible 1 (Rgcs1) to a 58 Mb region 
on mouse chromosome 5 (29). Further refinement of QTLs by 

Fig. 2. (continued) (B) Transmission electron micrographs of optic nerve taken from 5–6 months old Opa1+/+ (Ba) and 
Opa1+/− (Bb), 9 months old Opa1+/+ (Bc) and Opa1+/− (Bd), 15 months old C57BL/6Jcr1 (Be), and 18 months old Opa1+/− (Bf) 
mice. The optic nerves appear comparable at 6 months of age between genotypes; however, by 9 months of age 
anomalies, shown by black arrows, identified as whirls of myelin, were observed in the optic nerves of the Opa1+/− mice, 
which continued to 18 months of age. Bar = 2 mm. Reproduced from (21)
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additional mapping and testing of genes within the critical region 
is required to identify individual genetic modifiers.

The identification of genetic modifiers can suggest new ave-
nues for improved therapy in human disease. In humans, muta-
tions in the cytochrome P450 family 1, subfamily B, polypeptide 
1 (CYP1B1) gene cause primary congenital glaucoma (PCG) but 
striking phenotypic differences occur between individuals. 
Cyp1b1-deficient mice have focal angle abnormalities similar to 
that observed in PCG but they do not develop high IOP or glau-
coma. However, Cyp1b1-deficient mice that are also deficient for 
the Tyrosinase (Tyr) have more severe angle malformations than 
do mice carrying the Cyp1b1 mutation alone (33). Tyr also modi-
fied the phenotype of Foxc1-deficient mice, another gene whose 
ortholog causes human glaucoma. Importantly for potential 
treatments in humans, Tyrosinase produces L-DOPA and admin-
istration of L-DOPA in the drinking water of pregnant mice defi-
cient in both CYP1B1 and tyrosinase substantially alleviated the 
developmental abnormalities (33).

Over the last decade, the zebrafish (Danio rerio) has become a 
powerful model system for studying vertebrate retinal develop-
ment and emerges as a model organism for retinal disorders. The 
zebrafish retina has the same basic morphology as the mammalian 
retina (reviewed in (34)). Even for glaucoma risk factors, the 
zebrafish appears more relevant than was initially believed. The 
aqueous humor outflow pathway has recently been shown to have 
some similarities to that of mammals, suggesting molecular con-
servation of some functions, and strengthening the potential for 
zebrafish as a model for studying IOP elevation and glaucoma 
(Fig. 3) (35). Zebrafish are easy to maintain in the laboratory set-
ting and they breed easily. A single breeding pair can produce 
more than 200 offspring from a single mating. The eggs are fer-
tilized externally and are transparent, as are the developing 
embryos. Within 24 h after fertilization all major organ systems 
are formed and by 3 days there are free swimming and feeding 
larvae. Disadvantages of using zebrafish include the lack of genet-
ically inbred strains and the greater evolutionary distance from 
humans compared to mammals. Despite this, the great power and 
speed of genetic analyses in zebrafish make it a very important 
and complementary model system.

The success of the zebrafish as a model organism has largely been 
due to its amenability for large-scale genetic and chemical screens 
to study vertebrate development. However, these tools are now 
being applied to the study of retinal diseases including photore-
ceptor degeneration and glaucoma. Multiple laboratories have 
developed methods to carry out large ENU-based mutagenesis 
screens to uncover genes involved in development (36–38). 

2.2. The Zebrafish as a 
Model for Retinal 
Diseases

2.2.1. The Zebrafish is 
Amenable to Large-Scale 
Chemical and Genetic 
Mutagenesis



38 Howell and John

Recessive mutations were recovered using the same three-generation 
mating scheme as described for mouse. Many more lines could be 
analyzed efficiently and at a cheaper cost than equivalent screens 
in mice. Mutations induced phenotypes relevant to the eye and, 
specifically, retinal development. Subsequently, more focused 
screens targeting development and function of the retina have 
been carried out. Although many mutations affect photoreceptor 
morphogenesis, a subset shows striking similarities to human 
retinal disorders such as retinitis pigmentosa, cone dystrophies or 
macular degenerations (reviewed in (39)). Zebrafish larvae are 
cone rich and it has been suggested that they may be of particular 
importance for studying macular degenerations (39), a disease 
that causes 50% of blindness in the western world. Although 
few studies have evaluated disease of later age of onset in 
zebrafish, preliminary studies have identified elevated IOP and 
enlarged eyes, providing models of potential importance for 
glaucoma (40).

An additional major advantage of the zebrafish is the ability 
with which insertional mutagenesis can be carried out. A pseudo-
type retrovirus that was first developed for gene therapy and 
genetic studies can infect many organisms including zebrafish 
where the transformation rate approaches 100% (34). Most 
founders transmit on an average ten proviral inserts to their 
progeny. The retrovirus inserts randomly into the zebrafish 

Fig. 3. Model of aqueous humor dynamics in the zebrafish eye. (a) Overview showing the vectorial flow of aqueous 
humor (blue arrows) from the dorsal ciliary epithelium to the ventral canalicular network and ventral vitreal-retinal vessels. 
(b) Higher magnification of aqueous humor outflow indicating absorption into (1) the iridocorneal and (2) ciliary openings 
of the ventral canalicular network and (3) ventral vitreal-retinal vessels. (c) Higher detail of the outflow pathway showing 
juxtacanalicular connective tissue cells at the iridocorneal and ciliary openings (indicated by arrows) and the tortuous 
lacunae created by endothelial cells (green) lining the canalicular network. Lens and cornea, light blue; annular ligament 
(AL), purple; blood-filled vessels and sinuses, red; iris argentea, yellow; iris stroma, lentis retractor, and sclera, gray; 
neural retina (NR), pink; scleral ossicle, dark blue; aqueous humor in outflow tissues, blue–white dots in (a) and (b) and 
pale blue in (c). Reproduced from (35)
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genome, and phenotypes are observed when the retroviral 
insertion alters the function of a gene (such as disrupting 
transcription or translation). The proviral insert acts as a marker 
and the affected gene can be readily identified. A study by Gross 
and colleagues identified 40 genes that when mutated by 
insertional mutagenesis cause defects in visual system develop-
ment and function, the majority of which showed photoreceptor 
degeneration (41).

As discussed earlier, the ability to specifically knockout the func-
tion, a gene of interest, is a powerful strategy in elucidating both 
its primary function as well as possible roles in disease pathogen-
esis. In the mouse, targeted gene knockout procedures are well-
established. In zebrafish, the necessary resources, such as ES cells, 
and targeted mutagenesis by homologous recombination are not 
yet developed. An alternative strategy that has been used to eluci-
date the function of known genes is to carry out posttranscrip-
tional gene silencing or gene “knockdown.” The process by which 
translation of an mRNA transcript is prevented by RNA interfer-
ence (RNAi) was first developed in the nematode, Caenorhabditis 
elegans. In zebrafish, gene knockdown is achieved by the injection 
of modified antisense oligonucleotides (morpholinos) that block 
translation of the desired mRNA. Morpholinos are commonly 
injected at the 1–2 cell stage and knockdown persists for up to 
6 days. These experiments also allow the function of groups of 
genes to be assessed at one time as morpholinos targeting multi-
ple genes can be injected at the same time. Morpholino-based 
knockdown has been used to study the pathogenic mechanisms of 
Oculo-Auricular Syndrome (OAS) (42). Mutations in HMX1 
(also known as NKX5-3) cause a variety of ophthalmic anomalies 
including microphthalmia, abnormalities of the RPE and rod/
cone dystrophy. Morpholinos designed to knockdown the 
zebrafish ortholog nkx5-3 were injected into zebrafish embryos at 
the 1–2 cell stage and by 5 days after fertilization the eye showed 
microphthalmia and an absence or delay of stratification of the 
retina. Although injection of the nkx5-3 morpholino does not 
completely recapitulate human OAS, these experiments were able 
to implicate nkx5-3 in axial patterning of the retina (42).

The compound eye of the fruit fly (Drosophila melanogaster), is 
very different to a vertebrate eye. The compound eye is com-
prised of approximately 800 ommatidia (simple eyes), each of 
which contains 20 cells including eight photoreceptor cells 
(PRCs) (reviewed in (43)). The fruit fly retina has no equivalent 
structure to vertebrate RGCs and optic nerve. Instead, the axons 
of the PRCs project into the lamina and medulla, and synapse 
with the lamina and medulla neurons. Despite these differences 
the fruit fly is still a useful genetic model for retinal diseases, 

2.2.2. Knocking Down 
Genes in Zebrafish Using 
Morpholinos

2.3. The Fruit Fly  
as a Model for Retinal 
Diseases
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but primarily those affecting photoreceptors (43). The PRCs of 
the fruit fly have similar molecular functions to the photorecep-
tors in vertebrates. For various mutant genes that cause PRC 
degeneration in the fruit fly, the orthologous genes cause photo-
receptor degeneration in humans. The first fly mutations linked 
to retinal degeneration were in ninaE, which encodes the major 
rhodopsin, Rh1. This observation had human relevance as muta-
tions in human rhodopsins were subsequently shown to account 
for a large percentage of autosomal dominant retinitis pigmen-
tosa (44). Mutations in almost any gene that functions in the 
phototransduction pathway cause retinal degeneration in fruit fly; 
the molecular processes underlying these degenerations are 
diverse (reviewed in (45)).

A major advantage of the fruit fly is the ability to carry out large-
scale genetic screens efficiently and in a cost effective manner. The 
majority of genes involved in phototransduction are not required 
for fruit fly viability and so genetic screens for mutations affecting 
these pathways have been successful in Drosophila. Initial studies 
screened for visual cues but more recently, many studies use 
electroretinograms (ERGs). ERGs are extracellular recordings 
that measure the summed responses of all retinal cells to light. 
ERGs are generally carried out using white light and by placing 
an electrode on the surface of the compound eye (46). Mutations 
in genes involved in axonal and synaptic function can be essential 
for embryo or larval development. However, unique to Drosophila, 
it is possible to generate homozygous ENU-induced mutations 
in just the PRC cells of the eye, while the rest of the fly remains 
heterozygous. The system utilizes the GAL4/UAS and FLP/
FRT, using an eye-specific GAL4 driver, in combination with 
a photoreceptor-specific, cell lethal transgene GMR-hid (47). 
This method was used to identify milton, a kinesin-associated 
protein required to localize mitochondria to nerve terminals. 
Photoreceptors, mutant for milton, show aberrant synaptic trans-
mission despite normal phototransduction (48, 49).

Forward genetic screens in the fruit fly commonly utilize 
transposable elements. Transposons cause mutations by “hop-
ping” into or close to functional genetic elements causing disrup-
tion of the function of a gene. The P element was initially 
discovered in a wild-type strain and so has been the most com-
monly used transposable element. Transposon-based forward 
genetic screens use two strains, the “jump starter” strain, that car-
ries the P element transposase that when intercrossed efficiently 
mobilizes the transposon present in the genome of the “mutator” 
strain. P elements have been adapted to “trap” different genomic 
elements of transcription units including exons, enhancers and 
poly-adenylation signals (46).

2.3.1. Forward and 
Reverse Genetic Screens 
for Genes Required  
in Photoreceptor 
Development and Function
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The availability of well-annotated genome sequence has  
revolutionized studies of human diseases, including those of the 
retina. The efficiency of finding disease-causing mutations within 
a given region of the chromosome is greatly improved with a 
detailed map of the functional elements contained within. Also, a 
well-annotated genome is necessary for efficiently manipulating 
genomes to generate new animal models of retinal diseases. The 
human genome was sequenced using two different approaches. 
The publicly funded approach adopted a large insert clone map-
ping strategy (50). Briefly, human genome DNA (derived from 
many different individuals) was fragmented and subcloned into 
large insert clones (primarily bacterial artificial chromosomes – 
BACs). A physical map consisting of many overlapping BAC 
clones was generated for each human chromosome using genetic 
markers and DNA fingerprinting (51, 52). A minimum set of 
overlapping clones (a tile path) was subcloned into sequencing 
vectors and sequenced to generate contiguous portions of 
sequence (contigs) covering each human chromosome. The sec-
ond approach by Celera (a privately funded enterprise) used a 
whole genome shotgun (WGS) strategy which very quickly gen-
erated sequence covering large amounts of the human genome 
(53). WGS sequencing of large genomes was developed to 
sequence the 168-Mb fruit fly genome (54). The WGS approach 
generates sequence faster as it bypasses the need for physical map-
ping. DNA is sheared into smaller fragments that are cloned into 
sequencing vectors and sequenced at random. Ultimately this 
version of the human genome sequence was less accurate and 
covered the human genome with more discontiguous expanses of 
sequence. The physical mapping approach allows for sequence 
contigs to be placed more accurately onto chromosomes and gaps 
between contigs to be closed using additional mapping and 
sequencing.

Sequencing of the mouse genome used a combination of the 
strategies developed during the sequencing of the fruit fly and 
human genomes. This hybrid approach combines the advantages 
of both the WGS and physical mapping strategies. A WGS step 
efficiently and quickly generated sequence covering large regions 
of the mouse genome, and in parallel a physical map was generated 
and tile path clones sequenced. Sequence from both approaches 
was combined to generate an accurate sequence assembly of the 
mouse genome. The mouse genome sequence was initially gener-
ated from DNA isolated from C57BL/6J, a commonly used 
inbred mouse strain and is considered to be the “reference” mouse 
genome sequence. Subsequently, resequencing using high-density 

3. Sequencing  
and Accessing 
Annotated 
Genomes
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oligonucleotide arrays of 4 wild-derived and 11 classical strains of 
mice has generated a dense map of genetic variation in the labora-
tory mouse genome (55). The zebrafish genome is 1.7 Gb, two-
thirds the size of the human and mouse genomes and was 
sequenced using the hybrid WGS and physical mapping strategy. 
As there is no inbred strain of zebrafish, the reference sequence 
was generated from DNA isolated from a number of different 
individual zebrafish.

A near-complete genome sequence is only useful if the genes and 
other functional elements are identified and well-annotated. In 
this section, we summarize the current status of the annotation of 
the genomes of human, mouse, zebrafish, and fruit fly (data taken 
from Ensembl as of January 2009). After human, the mouse is 
the next best vertebrate genome annotated, and only the worm 
and fruit fly have similar levels of annotation among all other 
eukaryotes. The mouse genome sequence is 2.7 Gb and contains 
23,435 known protein-coding genes and 3,164 noncoding RNA 
genes. This compares to 3.03 Gb of human genome sequence 
containing 21,649 protein-coding genes and 4,810 noncoding 
RNA genes. More than 80% of human protein-coding genes are 
predicted to have orthologs in the mouse genome (and this 
expected to get higher as gene annotation continues to improve). 
Over 90% of disease-causing human genes have a counterpart in 
mouse. The 1.7-Gb zebrafish genome contains 17,330 protein-
coding genes. Sixty percent of human protein-coding genes are 
predicted to have at least one ortholog in the zebrafish genome. 
However, there is good evidence to suggest that the zebrafish 
genome has undergone at least one genome duplication making 
it more difficult to identify the ortholog that has the same func-
tion as the equivalent gene in humans. In approximately 20% of 
cases, a single human gene is predicted to have at least two 
zebrafish orthologs (reviewed in (56)). The fruit fly genome is 
predicted to encode 14,141 protein-coding genes and 949 RNA 
genes. Approximately 20% of the predicted protein-coding genes 
in human are expected to have an ortholog in the fruit fly.

Although the annotation of these genomes is advanced, there 
are many biological features that are still not well-represented in the 
genome browsers. True transcription start sites are not well-anno-
tated for many genes, as these are difficult to identify. Annotation of 
transcription start sites relies almost exclusively on aligning the 
sequence of a full-length cDNA clone to the genomic sequence. 
Unfortunately, many cDNA clones are not always full length (com-
monly missing 5¢ sequence). Therefore, the true transcription start 
site of a given gene may be upstream of the annotated start site. In 
addition, although a significant number of alternatively spliced tran-
scripts are annotated, many of these are a “best guess” and may not 
represent real biologically relevant transcripts. It is also likely that 

3.1. Identifying Genes 
and Other Functional 
Elements
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many alternatively spliced transcripts are not annotated at all. 
Even less well-annotated are other functional elements such as 
promoter regions and regulatory elements. These tend to be 
short elements with low primary sequence conservation and so 
are difficult to identify in genomic sequence. To address this, the 
ENCODE (Encyclopedia of DNA Elements) consortium was 
established by the National Human Genome Research Institute 
(NHGRI) in 2003 to identify and characterize functional ele-
ments in the human genome. These elements include 5¢ end of 
transcripts, chromatin structure, and replication features. In the 
pilot phase over 200 studies identified functional elements in 1% 
of the human genome (made up of 44 regions) using a broad 
range of assays (57). The results showed a number of interesting 
findings including a large number of intercalated transcripts and 
transcription factors that were previously thought to bind only 
promoters actually bind more widely. These studies have been 
essential in defining the direction for identification and annota-
tion of all functional elements in complex genomes.

The current versions of the annotated genome sequences for a 
wide variety of eukaryotic organisms including human, mouse, 
zebrafish, and fruit fly can be viewed at Ensembl (http://www.
ensembl.org) or at UCSC Genome Browser (http://genome.
ucsc.edu). In addition, databases are available that provide com-
prehensive resources specific for each organism. These databases 
include Mouse Genome Informatics (MGI – http://mgi.jax.org), 
the zebrafish-specific database ZFIN (http://zfin.org) and Flybase 
(http://flybase.org), the fruit fly-specific database. Although each 
database is designed and maintained by different groups, they are 
similarly structured. These databases provide a wealth of informa-
tion for each organism including an up-to-date catalog of every 
known or predicted gene in the genome, genetic mapping infor-
mation where available, associated phenotype information, and 
links to the genome browsers and other important databases. The 
National Center for Biotechnology Information (NCBI – http://
www.ncbi.nlm.nih.gov) is a collection of a wide variety of data-
bases that includes Pubmed and Entrez Gene, a database that 
catalogs known and predicted genes from organisms with com-
pleted genome sequences. All pertinent information for a given 
gene, including nucleotide and protein sequence, known alterna-
tive splice forms and salient references are included in each Entrez 
Gene entry.

An important feature of all databases mentioned is their inter-
linked nature. This allows for easy navigation between databases 
to access functional information for homologous genes from dif-
ferent organisms (orthologs). For example, as discussed earlier 
OPA1 causes ADOA in humans and has been suggested to play a 
role in glaucoma. The orthologs of OPA1 can be identified using 

3.1.1. An Interlinked 
Network of Online 
Databases Provides Access 
to Genome Sequences, 
Gene Catalogs, and 
Mutants
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either the Homologene database at the NCBI (http://www.ncbi.
nlm.nih.gov/homologene) or the Predicted Ortholog section in 
the Human Ensembl genome browser. Homologene utilizes sim-
ilarity searches and taxonomy information to group potential 
orthologs together. Ortholog prediction in Ensembl uses similar-
ity searches combined with a phylogenetic tree strategy to deter-
mine the most likely orthologs. The homologene entry for OPA1 
(ID:14618) includes the orthologs in mouse, zebrafish, and fruit 
fly. Due to the increased sensitivity of the ortholog prediction in 
Ensembl, OPA1 orthologs can be identified for more distant 
organisms including yeast.

A summary of the database highlighted in this section can be 
found in Table 1.

The availability of improving gene catalogs for organisms such as 
human, mouse, zebrafish, and fruit fly enable the roles of all genes 
in a given genome to be interrogated at one time. In this section, 
we briefly highlight important features regarding genome-wide 
expression profiling. Most commonly, microarrays have been used 
where probe sets for as many genes as possible are designed and 
manufactured onto glass slides. Fluorescently labeled RNAs 
derived from tissues of interest are hybridized to glass slides and 
the number of copies of a gene can be determined based on the 
intensity of fluorescent signal. Genome-wide gene expression 
profiling is used extensively as a tool to gain insight into molecu-
lar changes occurring in disease. RNA from diseased tissue is 
compared to healthy control tissue. Recently, Punzo and col-
leagues have used gene expression profiling to identify important 
pathways in retinitis pigmentosa (RP) (58). RP is commonly 
caused by mutations in rod-photoreceptor specific genes and yet 
as the disease progresses, cone-photoreceptors also die. To under-
stand this progression, expression profiles of four mouse models 
of RP, harboring mutations in rod-specific genes, were analyzed 
by Affymetrix microarray analysis. Changes were found in the 
insulin/mammalian target of rapamycin pathway. Mice treated 
systemically with insulin, prolonged cone survival, whereas deple-
tion of insulin had the opposite effect (58).

Microarray analysis can also be used to determine cell-specific 
gene expression profiles. Individual cell types are isolated from 
tissue using, for instance, immunopanning where antigenically 
unique cell types can be purified (>95%) using specific antibodies. 
Examples include gene expression profiles that have been carried 
out on purified astrocytes, neurons, and oligodendrocytes (59). 

4. Genome-Wide 
Gene Expression 
Profiling
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These data created the foundation for determining that astrocytes 
can induce RGCs to upregulate complement receptor C1q, a nec-
essary step for RGC synapse elimination during development and 
possibly glaucoma (60). In a separate study, the transcriptome of 
Muller glia, the major glial type in the mammalian retina identi-
fied core Muller glia cell genes as well as growth factors and 
chemokines that may allow communication between Muller glia 
and surrounding retinal neurons (61). Gene expression profiles of 
cell types are a necessary resource in understanding normal func-
tions of cells and then importantly how these become perturbed 
in disease.

As discussed in earlier sections of this review, a major limitation of 
genetic studies in both humans and animal models has been the 
ability to identify causative mutations within large regions of 
genomic sequence. Disease-causing mutations in humans can 
often only be localized to large regions, sometimes many 
megabases in size. Also, although the mapping of spontaneous or 
induced mutations in animal models is not as restrictive as in 
humans, mutations may still remain unidentified if the mutations 
are not easily ascertained using traditional sequencing methods 
within known functional elements. Historically, sequencing has 
been carried out using Sanger sequencing where short fragments 
of DNA sequence are generated (500 bp–1 Kb per lane or 
capillary).

Massively parallel sequencing (MPS) allows for hundreds of 
megabases of sequence to be produced in a single lane of a 
sequencing cell (reviewed in (62)). Three systems are currently 
available that use different chemistries, but all are able to produce 
large amounts of sequencing data in an efficient manner. The 
major systems are the Solexa Genome Analyzer from Illumina, 
the 454 Genome Sequencer from Roche and the SOLiD system 
from Applied Biosystems. A major driving force for improving 
MPS is to sequence 1,000 human genomes to create the most 
detailed and medically useful picture of human genetic variation 
(see http://www.1000genomes.org/). The sequencing is being 
carried out for a fraction of the cost and in a fraction of the time 
taken for the reference human genome sequence. The ultimate 
target is to sequence whole genomes for $1,000.

In conjunction with MPS, DNA enrichment technologies are 
being developed to enable specific regions of genomes (for exam-
ple, those harboring potential disease-causing mutations) to be 
isolated and sequenced. DNA enrichment relies either on solution 

5. The Sequencing 
Revolution: 
Massively Parallel 
Sequencing

http://www.1000genomes.org/
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based capture (63) or hybridization-based methods where tiled 
probes are used to capture the regions of interest (64). A few 
megabases to as much as 30 Mb of sequence can be captured in a 
single experiment and can be either a contiguous stretch of 
genomic sequence or a selected set of functional elements dis-
persed throughout the genome. Ultimately it will be possible to 
enrich for the entire exome (all known exons) or all functional 
elements within the genomes of human or animal models.

Currently, MPS is being used in a number of different areas, 
for example, to better understand cancer biology by assessing 
tumor-specific transcriptomes and identifying somatic mutations 
in tumors. In one study, microRNAs, a class of nonprotein-coding 
genes, are being shown to be important in the progression of dis-
ease in a mouse model of leukemia (65). A second study used copy 
number variations in tumor genomes to identify potential cancer-
causing genes (66). Next generation sequencing will enable the 
identification of mutations relevant to retinal diseases, in particular 
identifying DNA variations that contribute to complex diseases 
such as glaucoma and age-related macular degeneration.

In this review, we have highlighted a variety of genetic and 
genomic approaches to study mechanisms of disease in animal 
models. The continued development of genetic resources, in 
combination with rapid development of genomic technologies 
such as MPS are greatly increasing our ability to identify many 
new genes and pathways involved in the pathogenesis of complex 
diseases. As is being suggested for many diseases (67), systems 
genetics, where mutation detection, DNA variation, transcrip-
tome analysis, and phenotyping in both human and animal studies 
are combined, will be the most powerful approach for developing 
improved human therapies for retinal diseases.

References

6.  Summary

 1. Libby RT, Gould DB, Anderson MG, John 
SW (2005) Complex genetics of glaucoma 
susceptibility. Annu Rev Genomics Hum 
Genet 6:15–44

 2. Ding X, Patel M, Chan CC (2009) Molecular 
pathology of age-related macular degenera-
tion. Prog Retin Eye Res 28(1):1–18

 3. Yang Z, Stratton C, Francis PJ, Kleinman ME, 
Tan PL, Gibbs D, Tong Z, Chen H, 
Constantine R, Yang X et al (2008) Toll-like 
receptor 3 and geographic atrophy in  

age-related macular degeneration. N Engl J 
Med 359(14):1456–1463

 4. Wang X, Ishimori N, Korstanje R, Rollins J, 
Paigen B (2005) Identifying novel genes for 
atherosclerosis through mouse-human com-
parative genetics. Am J Hum Genet 
77(1):1–15

 5. Smith RS, John SWM, Nishina PM, Sundberg 
JP (eds) (2002) Systematic evaluation of the 
mouse eye: anatomy, pathology and 
biomethods. CRC Press, Baco Raton



47Genetic and Genomic Approaches for Understanding Retinal Diseases

 6. Gould DB, Smith RS, John SW (2004) 
Anterior segment development relevant to 
glaucoma. Int J Dev Biol 48(8–9):1015–1029

 7. Waterston RH, Lindblad-Toh K, Birney E, 
Rogers J, Abril JF, Agarwal P, Agarwala R, 
Ainscough R, Alexandersson M, An P et al 
(2002) Initial sequencing and comparative 
analysis of the mouse genome. Nature 
420(6915):520–562

 8. Silver L (1995) Mouse genetics. Oxford 
University Press, Oxford

 9. Churchill GA, Airey DC, Allayee H, Angel 
JM, Attie AD, Beatty J, Beavis WD, Belknap 
JK, Bennett B, Berrettini W et al (2004) The 
collaborative cross, a community resource for 
the genetic analysis of complex traits. Nat 
Genet 36(11):1133–1137

 10. Bowes C, Li T, Danciger M, Baxter LC, 
Applebury ML, Farber DB (1990) Retinal 
degeneration in the rd mouse is caused by a 
defect in the beta subunit of rod cGMP-phos-
phodiesterase. Nature 347(6294):677–680

 11. Anderson MG, Smith RS, Hawes NL, Zabaleta 
A, Chang B, Wiggs JL, John SW (2002) 
Mutations in genes encoding melanosomal 
proteins cause pigmentary glaucoma in 
DBA/2 J mice. Nat Genet 30(1):81–85

 12. Chang B, Smith RS, Hawes NL, Anderson 
MG, Zabaleta A, Savinova O, Roderick TH, 
Heckenlively JR, Davisson MT, John SW 
(1999) Interacting loci cause severe iris atro-
phy and glaucoma in DBA/2 J mice. Nat 
Genet 21(4):405–409

 13. Chang B, Hawes NL, Hurd RE, Wang J, 
Howell D, Davisson MT, Roderick TH, 
Nusinowitz S, Heckenlively JR (2005) Mouse 
models of ocular diseases. Vis Neurosci 
22(5):587–593

 14. den Hollander AI, Heckenlively JR, van den 
Born LI, de Kok YJ, van der Velde-Visser SD, 
Kellner U, Jurklies B, van Schooneveld MJ, 
Blankenagel A, Rohrschneider K et al (2001) 
Leber congenital amaurosis and retinitis pig-
mentosa with Coats-like exudative vasculopa-
thy are associated with mutations in the 
crumbs homologue 1 (CRB1) gene. Am J 
Hum Genet 69(1):198–203

 15. den Hollander AI, ten Brink JB, de Kok YJ, 
van Soest S, van den Born LI, van Driel MA, 
van de Pol DJ, Payne AM, Bhattacharya SS, 
Kellner U et al (1999) Mutations in a human 
homologue of Drosophila crumbs cause 
retinitis pigmentosa (RP12). Nat Genet 23(2): 
217–221

 16. Mehalow AK, Kameya S, Smith RS, Hawes 
NL, Denegre JM, Young JA, Bechtold L, 
Haider NB, Tepass U, Heckenlively JR et al 
(2003) CRB1 is essential for external limiting 

membrane integrity and photoreceptor 
morphogenesis in the mammalian retina. 
Hum Mol Genet 12(17):2179–2189

 17. Adams DJ, van der Weyden L (2008) 
Contemporary approaches for modifying the 
mouse genome. Physiol Genomics 34(3): 
225–238

 18. Nagy A (2003) Manipulating the mouse 
embryo, 3rd edn. Cold Spring Harbor 
Laboratory, New York

 19. Tolmachova T, Anders R, Abrink M, Bugeon 
L, Dallman MJ, Futter CE, Ramalho JS, 
Tonagel F, Tanimoto N, Seeliger MW et al 
(2006) Independent degeneration of photo-
receptors and retinal pigment epithelium in 
conditional knockout mouse models of chor-
oideremia. J Clin Invest 116(2):386–394

 20. Justice MJ, Noveroske JK, Weber JS, Zheng 
B, Bradley A (1999) Mouse ENU mutagene-
sis. Hum Mol Genet 8(10):1955–1963

 21. Davies VJ, Hollins AJ, Piechota MJ, Yip W, 
Davies JR, White KE, Nicols PP, Boulton ME, 
Votruba M (2007) Opa1 deficiency in a mouse 
model of autosomal dominant optic atrophy 
impairs mitochondrial morphology, optic 
nerve structure and visual function. Hum Mol 
Genet 16(11):1307–1318

 22. Alexander C, Votruba M, Pesch UE, Thiselton 
DL, Mayer S, Moore A, Rodriguez M, Kellner 
U, Leo-Kottler B, Auburger G et al (2000) 
OPA1, encoding a dynamin-related GTPase, 
is mutated in autosomal dominant optic atro-
phy linked to chromosome 3q28. Nat Genet 
26(2):211–215

 23. Delettre C, Lenaers G, Griffoin JM, Gigarel 
N, Lorenzo C, Belenguer P, Pelloquin L, 
Grosgeorge J, Turc-Carel C, Perret E et al 
(2000) Nuclear gene OPA1, encoding a mito-
chondrial dynamin-related protein, is mutated 
in dominant optic atrophy. Nat Genet 
26(2):207–210

 24. de Hrabe Angelis MH, Flaswinkel H, Fuchs 
H, Rathkolb B, Soewarto D, Marschall S, 
Heffner S, Pargent W, Wuensch K, Jung M 
et al (2000) Genome-wide, large-scale pro-
duction of mutant mice by ENU mutagenesis. 
Nat Genet 25(4):444–447

 25. Ju WK, Kim KY, Lindsey JD, Angert M, 
Duong-Polk KX, Scott RT, Kim JJ, 
Kukhmazov I, Ellisman MH, Perkins GA et al 
(2008) Intraocular pressure elevation induces 
mitochondrial fission and triggers OPA1 
release in glaucomatous optic nerve. Invest 
Ophthalmol Vis Sci 49(11):4903–4911

 26. Hunter KW, Crawford NP (2008) The future 
of mouse QTL mapping to diagnose disease 
in mice in the age of whole-genome associa-
tion studies. Annu Rev Genet 42:131–141



48 Howell and John

 27. Linberg KA, Fariss RN, Heckenlively JR, 
Farber DB, Fisher SK (2005) Morphological 
characterization of the retinal degeneration in 
three strains of mice carrying the rd-3 muta-
tion. Vis Neurosci 22(6):721–734

 28. Haider NB, Zhang W, Hurd R, Ikeda A, 
Nystuen AM, Naggert JK, Nishina PM (2008) 
Mapping of genetic modifiers of Nr2e3 rd7/
rd7 that suppress retinal degeneration and 
restore blue cone cells to normal quantity. 
Mamm Genome 19(3):145–154

 29. Dietz JA, Li Y, Chung LM, Yandell BS, 
Schlamp CL, Nickells RW (2008) Rgcs1, a 
dominant QTL that affects retinal ganglion 
cell death after optic nerve crush in mice. 
BMC Neurosci 9:74

 30. Friedman JS, Chang B, Kannabiran C, 
Chakarova C, Singh HP, Jalali S, Hawes NL, 
Branham K, Othman M, Filippova E et al 
(2006) Premature truncation of a novel pro-
tein, RD3, exhibiting subnuclear localization 
is associated with retinal degeneration. Am J 
Hum Genet 79(6):1059–1070

 31. Danciger M, Ogando D, Yang H, Matthes 
MT, Yu N, Ahern K, Yasumura D, Williams 
RW, Lavail MM (2008) Genetic modifiers of 
retinal degeneration in the rd3 mouse. 
Investig Ophthalmol Vis Sci 49(7): 
2863–2869

 32. Li Y, Semaan SJ, Schlamp CL, Nickells RW 
(2007) Dominant inheritance of retinal gan-
glion cell resistance to optic nerve crush in 
mice. BMC Neurosci 8:19

 33. Libby RT, Smith RS, Savinova OV, Zabaleta 
A, Martin JE, Gonzalez FJ, John SW (2003) 
Modification of ocular defects in mouse devel-
opmental glaucoma models by tyrosinase. 
Science 299(5612):1578–1581

 34. Fadool JM, Dowling JE (2008) Zebrafish: a 
model system for the study of eye genetics. 
Prog Retin Eye Res 27(1):89–110

 35. Gray MP, Smith RS, Soules KA, John SW, 
Link B (2008) The aqueous humor outflow 
pathway of zebrafish. Invest Ophthalmol Vis 
Sci 50:1515–1521

 36. Driever W, Stemple D, Schier A, Solnica-
Krezel L (1994) Zebrafish: genetic tools for 
studying vertebrate development. Trends 
Genet 10(5):152–159

 37. Mullins MC, Nusslein-Volhard C (1993) 
Mutational approaches to studying embryonic 
pattern formation in the zebrafish. Curr Opin 
Genet Dev 3(4):648–654

 38. Solnica-Krezel L, Schier AF, Driever W (1994) 
Efficient recovery of ENU-induced mutations 
from the zebrafish germline. Genetics 
136(4):1401–1420

 39. Malicki JJ, Pujic Z, Thisse C, Thisse B, Wei X 
(2002) Forward and reverse genetic 
approaches to the analysis of eye development 
in zebrafish. Vision Res 42(4):527–533

 40. Link BA, Gray MP, Smith RS, John SW 
(2004) Intraocular pressure in zebrafish: 
comparison of inbred strains and identifi-
cation of a reduced melanin mutant with 
raised IOP. Invest Ophthalmol Vis Sci 45(12): 
4415–4422

 41. Gross JM, Perkins BD, Amsterdam A, Egana 
A, Darland T, Matsui JI, Sciascia S, Hopkins 
N, Dowling JE (2005) Identification of 
zebrafish insertional mutants with defects in 
visual system development and function. 
Genetics 170(1):245–261

 42. Schorderet DF, Nichini O, Boisset G, Polok 
B, Tiab L, Mayeur H, Raji B, de la Houssaye 
G, Abitbol MM, Munier FL (2008) Mutation 
in the human homeobox gene NKX5–3 causes 
an oculo-auricular syndrome. Am J Hum 
Genet 82(5):1178–1184

 43. Ting CY, Lee CH (2007) Visual circuit devel-
opment in Drosophila. Curr Opin Neurobiol 
17(1):65–72

 44. Iakhine R, Chorna-Ornan I, Zars T, Elia N, 
Cheng Y, Selinger Z, Minke B, Hyde DR 
(2004) Novel dominant rhodopsin mutation 
triggers two mechanisms of retinal degenera-
tion and photoreceptor desensitization. J 
Neurosci 24(10):2516–2526

 45. Wang T, Montell C (2007) Phototransduction 
and retinal degeneration in Drosophila. 
Pflugers Arch 454(5):821–847

 46. Mates L, Izsvak Z, Ivics Z (2007) Technology 
transfer from worms and flies to vertebrates: 
transposition-based genome manipulations 
and their future perspectives. Genome Biol 
8(Suppl 1):S1

 47. Stowers RS, Schwarz TL (1999) A genetic 
method for generating Drosophila eyes com-
posed exclusively of mitotic clones of a single 
genotype. Genetics 152(4):1631–1639

 48. Gorska-Andrzejak J, Stowers RS, Borycz J, 
Kostyleva R, Schwarz TL, Meinertzhagen IA 
(2003) Mitochondria are redistributed in 
Drosophila photoreceptors lacking milton, a 
kinesin-associated protein. J Comp Neurol 
463(4):372–388

 49. Stowers RS, Megeath LJ, Gorska-Andrzejak J, 
Meinertzhagen IA, Schwarz TL (2002) 
Axonal transport of mitochondria to synapses 
depends on milton, a novel Drosophila pro-
tein. Neuron 36(6):1063–1077

 50. Lander ES, Linton LM, Birren B, Nusbaum 
C, Zody MC, Baldwin J, Devon K, Dewar K, 
Doyle M, FitzHugh W et al (2001) Initial 



49Genetic and Genomic Approaches for Understanding Retinal Diseases

sequencing and analysis of the human genome. 
Nature 409(6822):860–921

 51. Bentley DR, Deloukas P, Dunham A, French 
L, Gregory SG, Humphray SJ, Mungall AJ, 
Ross MT, Carter NP, Dunham I et al (2001) 
The physical maps for sequencing human 
chromosomes 1, 6, 9, 10, 13, 20 and X. 
Nature 409(6822):942–943

 52. McPherson JD, Marra M, Hillier L, Waterston 
RH, Chinwalla A, Wallis J, Sekhon M, Wylie 
K, Mardis ER, Wilson RK et al (2001) A 
physical map of the human genome. Nature 
409(6822):934–941

 53. Venter JC, Adams MD, Myers EW, Li PW, 
Mural RJ, Sutton GG, Smith HO, Yandell M, 
Evans CA, Holt RA et al (2001) The sequence 
of the human genome. Science 291(5507): 
1304–1351

 54. Adams MD, Celniker SE, Holt RA, Evans 
CA, Gocayne JD, Amanatides PG, Scherer 
SE, Li PW, Hoskins RA, Galle RF et al (2000) 
The genome sequence of Drosophila melano-
gaster. Science 287(5461):2185–2195

 55. Frazer KA, Eskin E, Kang HM, Bogue MA, 
Hinds DA, Beilharz EJ, Gupta RV, 
Montgomery J, Morenzoni MM, Nilsen GB 
et al (2007) A sequence-based variation map 
of 8.27 million SNPs in inbred mouse strains. 
Nature 448(7157):1050–1053

 56. Postlethwait JH (2007) The zebrafish genome 
in context: ohnologs gone missing. J Exp 
Zool B Mol Dev Evol 308(5):563–577

 57. Birney E, Stamatoyannopoulos JA, Dutta A, 
Guigo R, Gingeras TR, Margulies EH, Weng 
Z, Snyder M, Dermitzakis ET, Thurman RE 
et al (2007) Identification and analysis of 
functional elements in 1% of the human 
genome by the ENCODE pilot project. 
Nature 447(7146):799–816

 58. Punzo C, Kornacker K, Cepko CL (2009) 
Stimulation of the insulin/mTOR pathway 
delays cone death in a mouse model of retini-
tis pigmentosa. Nat Neurosci 12(1):44–52

 59. Cahoy JD, Emery B, Kaushal A, Foo LC, 
Zamanian JL, Christopherson KS, Xing Y, 
Lubischer JL, Krieg PA, Krupenko SA et al 

(2008) A transcriptome database for astrocytes, 
neurons, and oligodendrocytes: a new 
resource for understanding brain develop-
ment and function. J Neurosci 28(1): 
264–278

 60. Stevens B, Allen NJ, Vazquez LE, Howell 
GR, Christopherson KS, Nouri N, Micheva 
KD, Mehalow AK, Huberman AD, Stafford B 
et al (2007) The classical complement cascade 
mediates CNS synapse elimination. Cell 
131(6):1164–1178

 61. Roesch K, Jadhav AP, Trimarchi JM, Stadler 
MB, Roska B, Sun BB, Cepko CL (2008)  
The transcriptome of retinal Muller glial 
cells. J Comp Neurol 509(2):225–238

 62. Shendure J, Ji H (2008) Next-generation 
DNA sequencing. Nat Biotechnol 26(10): 
1135–1145

 63. Gnirke A, Melnikov A, Maguire J, Rogov P, 
LeProust EM, Brockman W, Fennell T, 
Giannoukos G, Fisher S, Russ C et al (2009) 
Solution hybrid selection with ultra-long 
oligonucleotides for massively parallel tar-
geted sequencing. Nat Biotechnol 
27(2):182–189

 64. Albert TJ, Molla MN, Muzny DM, Nazareth 
L, Wheeler D, Song X, Richmond TA, Middle 
CM, Rodesch MJ, Packard CJ et al (2007) 
Direct selection of human genomic loci by 
microarray hybridization. Nat Methods 
4(11):903–905

 65. Kuchenbauer F, Morin RD, Argiropoulos B, 
Petriv OI, Griffith M, Heuser M, Yung E, 
Piper J, Delaney A, Prabhu AL et al (2008) 
In-depth characterization of the microRNA 
transcriptome in a leukemia progression 
model. Genome Res 18(11):1787–1797

 66. Chiang DY, Getz G, Jaffe DB, O’Kelly MJ, 
Zhao X, Carter SL, Russ C, Nusbaum C, 
Meyerson M, Lander ES (2009) High-
resolution mapping of copy-number altera-
tions with massively parallel sequencing. Nat 
Methods 6(1):99–103

 67. Sieberts SK, Schadt EE (2007) Moving 
toward a system genetics view of disease. 
Mamm Genome 18(6–7):389–401



51

Chapter 4

Animal Models for Retinal Degeneration
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Abstract 

Retinal degeneration is often used to describe a category of human eye diseases, which are characterized 
by photoreceptor loss leading to severe visual impairment and blindness. An important, yet heterogeneous 
group of such diseases is called Retinitis Pigmentosa (RP). To understand the molecular mechanisms of 
disease induction and progression and to develop therapeutical strategies for the preservation of vision in 
RP patients, appropriate animal models are used in many research laboratories worldwide. The largest 
category of models consists of mutant (spontaneous and genetically engineered) mice. However, in recent 
years, zebrafish has been established as a highly valuable tool for the study of various biological problems, 
including retinal degeneration. In this review, we summarize the currently available mouse and zebrafish 
models to study retinal degeneration and give a short overview about recent developments in the field.

Key words: Mouse models, Zebrafish, Retinal degeneration, Retinitis Pigmentosa

Inherited retinal dystrophies are a heterogeneous group of 
diseases of which Retinitis Pigmentosa (RP) is the largest sub-
group. RP is a genetically determined retinal degeneration 
affecting primarily the photoreceptor layer in both eyes.

With a prevalence of about 1:4,000 (1), more than 1 million 
people are affected worldwide.

The name “retinitis” is inaccurate, in that inflammation is not 
a prominent feature of the pathophysiology of this disease. 
Instead, progressive loss of retinal function and cell death leading 
to retinal atrophy are hallmarks of RP. The rod photoreceptors 
are first affected with a variable degree of subsequent degenera-
tion of cones, therefore the disease is often also termed a rod–
cone dystrophy.

1. Retinal 
Degeneration  
in Human Patients
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Usually, visual impairment manifests itself initially by some 
degree of night blindness caused by rod photoreceptor dysfunc-
tion as well as visual field loss followed by the loss of central, 
cone-mediated vision. The age of disease onset depends mainly 
on the different types of RP and the underlying gene mutation 
and can vary from early childhood to late adulthood. The same is 
true for the severity of disease, ranging from mild unnoticed visual 
field loss with full vision to tunnel vision caused by profound field 
loss and markedly reduced central visual function. Complete 
blindness is often the final stage of the disease.

The most commonly used subclassification is based on the 
mode of inheritance. Typical RP can be inherited in an autosomal 
recessive, autosomal dominant, or X-linked recessive mode. 
Some cases occur in association with systemic disease such as 
Usher syndrome (autosomal recessive congenital deafness with 
RP) or Bardet–Biedl syndrome (RP, polydactyly, obesity, mental 
retardation, and hypogenitalism). Over the course of the last 
decade the knowledge about gene mutations associated with 
RP has quickly grown and many disease-associated genes and 
mutations have been described (http://www.sph.uth.tmc.edu/
RetNet/sum-dis.htm). In a substantial proportion of patients, 
however, the causative mutation has not yet been identified, 
stressing the need for further research in this field. An accurate 
determination of the gene defect would facilitate an early and 
precise diagnosis as well as specific genetic counseling. Eventually, 
it might help to apply mutation-specific therapies in the future. 
Until now, no treatment is available for RP although there is 
some evidence that supplementation with oral vitamin A palmi-
tate may slow the course of the disease (2). Fields of research 
aiming at the protection or restoration of useful vision for 
human patients include – but are not limited to – gene therapy, 
neuroprotection, stem cell transplantation or implantation of 
prosthetic devices.

Mouse models used to study retinal degeneration can be classified 
into two basic categories: the induced and the inherited models. 
In the induced models, exposure of wild-type or genetically 
engineered animals (mostly mice and rats) to physical (e.g., light) 
or chemical (e.g., N-methyl-N-nitrosourea; MNU) treatments 
causes induction and progression of photoreceptor cell death 
leading to mild or severe retinal degeneration. The main 
advantage for using induced models lies in the controllable 
severity grade of the degeneration and the timing of disease 
onset.

2. Mouse Models 
to Study Retinal 
Degeneration and 
Photoreceptor 
Apoptosis

http://www.sph.uth.tmc.edu/RetNet/sum-dis.htm
http://www.sph.uth.tmc.edu/RetNet/sum-dis.htm
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The underlying cause of photoreceptor degeneration in 
the inherited group of animal models is a gene mutation or the 
expression of a transgene. Gene mutations can appear spontane-
ously as in the rd1 (retinal degeneration 1) mouse which has a 
null mutation in the b subunit of the rod cGMP phosphodi-
esterase PDEb or the RCS (Royal College of Surgeon) rat, which 
shows a functional deficiency in the MerTK gene (3). Larger ani-
mal models (dogs, cats) generally belong to this category. The 
vast majority of (mouse) models (Table 1), however, has been 
generated through various techniques of genetic modification. 
These models are highly useful to study the consequences of gene 
mutations on a molecular, cellular, tissue, or even systemic level.

Most of these models mimic the human pathology in many but 
certainly not all aspects. A large variety of toxic factors or stimuli 
have been used to induce photoreceptor damage. Prominent 
examples are the DNA alkylating agent MNU (4–6), iron over-
load (7), autoantibody treatments (8), excitotoxicity (9), laser 
treatment (10), and others. The most frequently used model, 
however, applies either white light or visible light of different 
wavelengths and intensities to induce photoreceptor cell death. 
Light-induced photoreceptor degeneration is mediated by the 
visual pigment rhodopsin (6, 11). This model can easily be con-
trolled and induction and extension of retinal damage can be 
adjusted according to the needs of the particular experiment. The 
observation that light-damaged photoreceptors die via an apoptotic 
process similar to the cells in RP or AMD (age-related macular 
degeneration) patients (12–15) and the suggestion that light may 
be an important co-factor for these diseases (16, 17) further 
increase the relevance of the light damage model for the study of 
disease mechanisms important for human pathology.

Two fundamentally different light exposure protocols are 
used to study the molecular processes leading to blindness. 
A long-term exposure (days to months) of low-level light (18, 19) 
induces a rather slowly progressing degeneration, whereas expo-
sure to high levels of light for minutes to a few hours (14) gener-
ates a synchronous burst of photoreceptor apoptosis, which can 
lead to an almost complete loss of photoreceptors within 10 days 
after treatment. The two protocols not only induce different 
kinetics of disease progression but also different molecular path-
ways for induction and execution of cell death (20). Whereas 
c-Fos/AP-1 is important for execution of photoreceptor death in 
the short-term exposure model (21–23), c-Fos seems without 
effect in the long-term, low-light-level model (20). Transducin 
(or phototransduction) on the other hand is dispensable for the 
short-term but not for the long-term exposure model (20).

Members of the Jak/STAT signaling pathway are also critically 
involved in the execution of photoreceptor death after exposure to 

2.1. Induced  
Models of Retinal 
Degeneration – Focus 
on Light Exposure
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high levels of light and in models of inherited retinal degeneration 
(see below) (24, 25). Rhodopsin regeneration in the visual cycle 
is an important factor for the determination of light damage sus-
ceptibility and caspase-1 may be involved in not yet clearly defined 
mechanisms (26–28).

Despite their advantages, the induced models can only par-
tially represent the mechanisms and molecular processes respon-
sible for retinal degeneration in human patients. For a complete 
understanding of the human disease and for the development of 
therapeutic strategies, it is of high importance that findings from 
the induced models are evaluated in animal models with an inher-
ited retinal degeneration. Since cell death in most inherited models 
stretches over a long period of time, only few cells die at any given 
time making it difficult to identify the biochemical and molecular 
events which are causative for cell death. However, the knowledge 
gained from the induced models allows a targeted approach and 
candidate molecules and signaling systems can be tested specifically. 
This facilitates the investigations and may allow finding common 
retinal mechanisms which are either involved in retinal cell death 
or in endogenous rescue systems evolved to protect cell viability 
and visual function.

More than 190 genes are mapped and more than 140 genes have 
been identified which, when mutated, cause retinal degeneration, 
photoreceptor apoptosis and/or retinal dysfunction (http://
www.sph.uth.tmc.edu/Retnet/home.htm). Of those, more than 
40 are associated with RP. Animal models exist for most of the 
identified genes. A comprehensive overview of these models, 
along with their genes, associated human disease, and respective 
references are given in Table 1. Due to space restrictions, this 
review cannot describe each individual model in detail. Instead, 
we will focus on the three models (rd1, VPP, and Rpe65R91W) 
mainly used in our own laboratory and summarize the findings 
from our work, which may help to understand the consequences 
of the particular genetic defect.

The rd1 mouse is a model for autosomal recessive RP. Its 
nonsense mutation in the b-subunit of the phosphodiesterase 
causes a light-independent early onset rod–cone dystrophy (29) 
starting around postnatal day (PND) 10. At PND21, most rod 
photoreceptors have died and the debris has been cleared from 
the subretinal space with one row of cone cells remaining. With 
no support from rods, cones also die with almost no detectable 
photoreceptors left at 6 months of age.

VPP mice express a transgene in rods encoding a mutant rod 
opsin protein. The protein harbors three amino acid substitutions 
at the N-terminal end (V20G, P23H, and P27L). P23H accounts 
for approximately 10% of autosomal dominant RP in the USA. 
VPP-mediated retinal degeneration is influenced by light, has a later 

2.2. Inherited Models 
of Retinal 
Degeneration – Focus 
on rd1 and VPP as 
Models for RP

http://www.sph.uth.tmc.edu/Retnet/home.htm
http://www.sph.uth.tmc.edu/Retnet/home.htm
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onset (around PND 15) and a slower progression (several weeks) 
than the degeneration caused by the rd1 mutation (30, 31).

Both mouse lines have been studied to elucidate the molecu-
lar mechanisms for photoreceptor degeneration and to find thera-
peutical approaches to preserve vision. Although the rd1 mouse is 
one of the most frequently used model for retinal degeneration, 
the mechanisms of cell death are still not completely clear. Due to 
the nonfunctional phosphodiesterase, rd1 photoreceptors have 
elevated levels of cGMP and thus an increased influx of calcium 
(Ca2+) leading to Ca2+ overload (32, 33). This may induce Ca2+-
activated cysteine proteases (calpains), which may be at least par-
tially causative for photoreceptor degeneration in the rd1 mouse 
(34). The reason for photoreceptor death in the VPP mouse is 
even less clear. Although most of the mutant protein may be correctly 
localized to rod outer segments and partially functional (35), 
some of the mutant rhodopsin molecules mislocalize, accumulate 
in intracellular inclusion bodies and form dimers (36, 37), which 
may lead to metabolic stress and death of photoreceptors.

Immune-related processes like the generation of auto-anti-
bodies or the misregulation of the innate immune response have 
been implicated in various degenerative diseases of the neuronal 
system including RP and AMD (38–42). Similarly, in most of our 
models we found induced expression of several genes related to 
an immune response like the inflammatory protease caspase-1, 
interleukin-1b, monocyte chemoattractant protein 1 (MCP-1), 
and the complement components C1qa and CFH, among others 
(24, 28, 43, 44). However, we could not assign any specific role 
of these factors for the degenerative processes in photoreceptors 
after light damage or in the rd1 and VPP mice. One important 
exception may be caspase-1. Genetic inactivation of the Casp-1 
gene increased survival of photoreceptors in the VPP mouse, but 
not in the rd1 mouse or the light-induced model of retinal degen-
eration (44). The significance of this observation is currently the 
focus of ongoing research.

Another molecular pathway which seems to be activated in 
many forms of retinal degeneration belongs to the Jak/STAT sig-
naling system. In this signaling pathway, extracellular cytokines of 
the interleukin-6 (IL6) family of proteins interact with a bi- or 
tripartite transmembrane receptor causing the phosphorylation 
of intracellular members of the Janus kinase (Jak) family. Activated 
Jak kinases phosphorylate target proteins, among which signal 
transducer and activator of transcription (STAT) factors are prom-
inent. Activation of STATs results in the differential regulation of 
target genes and the induction of a negative feedback loop involv-
ing the SOCS (suppressor of cytokine signaling) proteins (45). 
After light exposure as well as in the rd1 and the VPP mouse, we 
observed a strongly elevated expression of leukemia inhibitory 
factor (LIF) and of cardiotrophin like cytokine (CLC) in the 
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retina along with the activation of STAT3 and SOCS3 (25). Jak2 
was prominently phosphorylated after light damage but not (rd1) 
or only weakly (VPP) in the inherited models (25). In addition, a 
strong activation of Jak3 gene expression was observed in all 
models analyzed (unpublished observation). The detailed analysis 
of this signaling system in the VPP mouse revealed that LIF 
controls an elaborate signaling system, which is activated during 
retinal degeneration. In this system, photoreceptor injury induces 
expression of LIF in a subset of Müller glia cells. Increased expres-
sion of LIF is required to induce endothelin-2 (Edn2) expression 
(presumably in photoreceptors (46)), which, in turn, may activate 
Müller cells via the Ednrb receptor. Müller cells respond with a 
gliotic reaction and the upregulation of glial fibrillary acidic 
protein (GFAP). This may activate the expression of the growth 
and survival factor FGF2 (fibroblast growth factor 2), which 
seems to support survival of injured photoreceptors (24). In the 
absence of LIF, none of these downstream factors is activated and 
photoreceptor death in the VPP mouse is strongly accelerated. 
Since similar observations were made in the light damage model 
(unpublished data), this molecular response may be a common 
reaction of the retina to injury with the goal to protect viable cells 
from further damage and to rescue visual function. Since applica-
tion of recombinant LIF already successfully protected photore-
ceptors against light damage (47), the LIF-Jak/STAT signaling 
system may be a promising target for the development of thera-
peutic strategies.

In a series of other experiments we addressed the role of the 
visual pigment and its regeneration in the visual cycle in induced 
or inherited retinal degeneration. RPE65 is the isomerohydro-
lase (48–50), which is required for the regeneration of 11-cis-
retinal in the retinal pigment epithelium. Lack of functional 
RPE65 leads to a chromophore-deficient retina (48) and com-
pletely protects photoreceptor cells against light damage (6). 
This shows that light damage is mediated by the visual pigment 
as it has been suggested earlier (11). It may thus not be surpris-
ing that the kinetics of the regeneration of the visual pigment is 
a major determinant of the susceptibility to light-induced photo-
receptor apoptosis and also influences the degenerative process 
in the VPP mouse (26, 27, 31, 51).

In addition to its role in modulating retinal degeneration, 
RPE65 is currently in the focus of the research community 
because of clinical trials aiming at the use of gene therapy to 
reconstitute vision in human RPE65 patients (52–55). Mutations 
in RPE65 lead to Leber Congenital Amaurosis (LCA) or to Early 
Onset Severe Retinal Degeneration (EOSRD) in affected patients. 
For a better understanding of disease induction and progression, 
we generated a knock-in mouse expressing the most commonly 
found mutation in RPE65 (Rpe65R91W). Analysis of the retinal 
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pathology in this mouse model revealed that the R91W mutation 
reduces RPE65 protein levels and function, which leads to low 
levels of 11-cis-retinal and a progressive cone-rod dystrophy. In 
these conditions of limited chromophore supply, rods and cones 
compete for the available 11-cis-retinal. Since rods massively out-
number cones and because rhodopsin is thermo-dynamically 
more stable than cone opsin, rods incorporate most of the avail-
able chromophore leaving cones without sufficient 11-cis-retinal 
for proper opsin localization and function. This leads to cone 
opsin mislocalization and cone cell death (56, 57). These findings 
are not only relevant for the elucidation of the molecular cell 
death mechanisms but also for the design of treatment strategies 
using gene therapy to repair RPE65 deficiency. It seems important 
that such a treatment aims at the cone-rich region of the macula 
to increase local concentrations of 11-cis-retinal. Sufficiently high 
levels of 11-cis-retinal are required for cones to correctly localize 
opsin as a prerequisite to increase cell survival and prolong retinal 
function.

Neuroprotection is one possible approach to rescue photoreceptor 
cells from death to prolong the period of useful vision in patients. 
This approach is based on the observation that many patients have 
useful vision at younger ages, despite the presence of the disease 
causing gene mutation. This suggests that photoreceptor cells can 
function in such conditions but that a metabolic, cellular, or tis-
sue-based stress induces the degeneration of the retina. Since it 
may not always be possible to prevent or reduce the underlying 
stress factor (e.g., the mutation) directly, increasing the resistance 
of photoreceptors is a valid approach to preserve vision. Recently, 
a phase I clinical trial using encapsulated cell therapy delivering 
ciliary neurotrophic factor (CNTF) to support survival of photo-
receptor cells gave promising results (58). To establish a variety of 
effective therapies, however, it is essential to find and test addi-
tional neuroprotective treatments in animal models of retinal 
degeneration. Of particular interest are neuroprotective factors 
like lens epithelium-derived growth factor (LEDGF) (59), pig-
ment epithelium-derived factor (PEDF) (60), glial cell-derived 
neurotrophic factor (GDNF) (61), rod-derived cone viability fac-
tor (RdCVF) (62), basic fibroblast growth factor (bFGF) (63), 
CNTF (64), and LIF (47) among others. Equally important are 
approaches to find and establish new factors which might be 
used to protect visual cells from degeneration. Recently, we 
showed that a short period of hypoxic preconditioning completely 
protected photoreceptors against light-induced degeneration 
(65). Part of the protective hypoxic response was mediated by 
erythropoietin (EPO) (65, 66) but additional factors are suspected 
to participate in the protection. The analysis of the retinal 
transcriptome after hypoxic preconditioning revealed that many 

2.3. Strategies  
to Protect 
Photoreceptor Cells 
and to Preserve Vision
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genes involved in an oxidative stress response, apoptosis (pro or 
anti) or cell cycle control were differentially regulated by the 
short exposure period to low oxygen (67). The analysis of these 
candidate genes may lead to the identification of additional 
factors, which may be used to protect visual cells in a therapeutic 
approach.

While the mouse is a well-established model for ocular disease, 
the zebrafish is a more recent and increasingly popular addition to 
the animal models used for research on heritable eye diseases (see 
Table 2 for a collection of available Zebrafish models for the study 
of photoreceptor physiology and pathophysiology). Due to the 
rapid and external embryogenesis and high fecundity of the 
zebrafish, it is currently one of the best studied models for verte-
brate development. Its superb genetics, in particular the feasibil-
ity to perform chemical induced mutagenesis screens, has led to 
an impressive number of mutations affecting all aspects of 
vertebrate development. More recently favorable features of 
visual system development have endeared the zebrafish to a grow-
ing number of vision researchers. The visual system of the zebrafish 
develops precociously, so that at 5 days postfertilization (dpf), a 
well-established retina that supports a number of visual behaviors 
has formed.

Another favorable feature of the zebrafish retina is the cone 
dominance. The zebrafish retina contains four different cone 
types, which absorb light maximally at 570 nm (red), 480 nm 
(green), 415 nm (blue), and 363 nm (ultraviolet) (68, 69). 
Although some rods are already present at 5 dpf, their functional 
contribution only becomes apparent at about 15 dpf (70). Hence 
all visual responses at 5 dpf, the typical age of analysis, can be 
considered purely cone driven. Therefore, research on the 
zebrafish retina nicely complements studies on the rod dominant 
retina of the nocturnal mouse.

Over the last few years, both the genetic tool kit to generate 
models of ocular diseases and to analyze them has been expanded 
dramatically.

Zebrafish can be efficiently mutagenized by simply adding 
the alkylating agent ethyl nitrosourea (ENU) to the water. The 
offspring of heterozygous parents can be screened for a variety of 
phenotypes of interest. The first two large-scale screens have iso-
lated more than 6,000 mutant lines that cover all aspects of 
embryogenesis by simple visual inspection of the developing 
embryos (71, 72). These initial screens revealed a number of 
mutants affecting the development of the retina (73), which were 

3. Zebrafish as a 
New and Powerful 
Model to Study 
Retinal Physiology 
and Retinal 
Degeneration
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complemented by a number of subsequent screens (74). The 
strength of the zebrafish is the ease in which functional alterations 
of the visual system can be revealed. The most common approach 

Table 2 
Zebrafish photoreceptor mutants

Mutant Disrupted gene Ocular phenotype References

bleached (blc) Unknown Hypopigmentation, general 
retinal degeneration

(266)

brudas (bru) Unknown Lack of outer segment, 
photoreceptor degeneration

(73)

elipsa (eli) Unknown Lack of outer segment, 
photoreceptor degeneration

(73, 93, 94)

fade out (fad) Unknown Photoreceptor degeneration (91)

fading vision (fdv) Silva Hypopigmentation, shorter  
and misaligned photorecep-
tor outer segments

(99)

fleer (flr) Unknown Lack of outer segment, 
photoreceptor degeneration

(73, 267)

gantenbein (gnn) Unknown Photoreceptor degeneration (268)

grumpy, laminin b1 (lamab1) lamab1 Shorter photoreceptor outer 
segments

(269, 270)

ift57 ift57 Lack of outer segment, 
photoreceptor degeneration

(83, 96)

ift172 ift172 Lack of outer segment, 
photoreceptor degeneration

(83)

mikre oko (mok) Dynactin 1 Photoreceptor degeneration (73, 271, 272)

niezerka (nie) Unknown Photoreceptor degeneration (73)

Night blindness (nba, nbb,  
nbc, nbd, nbe, nbf, nbg)

Unknown Late onset night blindness 
(dominant)

(273–276)

no optokinetic response f  
(nof)

gnat2 Cone visual transduction (277)

oval (ovl) ift88 Lack of outer segment, 
photoreceptor degeneration

(73, 93–95)

partial optokinetic response a 
(pob)

pob Specific red cone degeneration (278)

Rab escort protein 1 (rep1) rep1 Photoreceptor degeneration (96)

sleppy, laminin g1 (lamac1) lamac1 Shorter photoreceptor outer 
segments

(269, 270)
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has been to test larvae for the optokinetic response, in which 
moving stripes in the surround – typically provided by a moving 
drum or a projection – elicit stereotyped eye movements (reviewed 
in (75)). Larvae that display spontaneous eye movements, but fail 
to elicit them in response to a moving grating in the surround, are 
likely defective in vision. The position of the defect in the visual 
pathway can subsequently be specified by histological analysis and 
electroretinography (ERG). The ERG, which records sum field 
potentials of the retina in response to light, can easily be mea-
sured in zebrafish larvae and is directly comparable to mouse and 
human ERG recordings (76–80).

Such chemically induced mutants may reveal interesting phe-
notypes, but the underlying molecular defect still has to be identified 
by genomic mapping techniques. An alternative is offered by viral 
insertion mutagenesis. Here the mutating agent is a pseudotyped 
virus that enables rapid cloning of the disrupted gene (81, 82). 
Although this treatment is, in orders of magnitude, less efficient in 
the generation of mutations, the effort is balanced by the ease of 
cloning any disrupted gene(s). A rescreen of such insertion muta-
genized lines for defects in vision have yielded a collection of 
mutants with photoreceptor defects caused by known molecular 
defects (83). The rapid growth of transgenic technology in the 
fish may soon result in the efficient generation of mutations by 
transposon-mediated insertions (84).

Although the number of available zebrafish mutants with 
characterized gene defects is growing fast, it is still not possible to 
knock-out a gene of interest by homologous recombination. One 
alternative is the time consuming Targeting Local Lesions IN 
Genomes (TILLING) methodology for identifying ENU-induced 
mutations in specific genes of interest, that necessitates a huge 
sequencing capacity (85, 86). A recent alternative is the heritable 
disruption of target genes by the use of zinc finger nucleases (87, 
88). The application of this technology is predicted to have a 
huge impact on the use of the zebrafish model, including its use 
as an eye disease model.

A widely used efficient alternative is the transient knock-down 
of a protein of choice by morpholino antisense technology. Here, 
modified (morpholino) antisense nucleotides are injected into the 
fertilized egg. These nucleotides are designed in such a way that 
they either base pair with the translational start site blocking trans-
lation initiation, or with splice sites, leading to aberrant splicing 
and hence nonfunctional mRNA (89). Morpholino anti-sense 
nucleotides are stable and nontoxic. Off target toxicity may be 
ameliorated by concomitant p53 downregulation (90). The knock-
down by morpholino technology gets progressively less effective 
at later stages, likely due to dilution in the growing embryos. 
However, we and others had good success in knocking down pro-
teins as late as 5 dpf, sufficient to quantitatively analyze visual 
behavior (91, 92).
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In the following, we illustrate these different approaches and 
highlight the advantages of the zebrafish model by briefly discuss-
ing ciliopathies and pathologies of the visual cycle.

A number of mutants isolated in the large-scale chemical 
mutagenesis screens showed a combination of pronephric cysts 
and photoreceptor degeneration, an association observed in 
human ciliopathies such as Bardet–Biedl (BBS) and Senior–Loken 
syndrome. A detailed morphological analysis of the retina of these 
three mutants (oval, elipsa, fleer) revealed a block in outer seg-
ment formation (93, 94). Subsequent positional cloning of the 
oval locus identified a mutation in the ortholog of the intraflagel-
lar transport protein 88 (IFT88) of Chlamydomonas (95). The 
IFT complex is involved in the generation and maintenance of 
ciliated structures, of which the outer segments of photorecep-
tors and the sensory cilia of auditory hair cells and olfactory sen-
sory neurons are among many other homologous structures in 
the body. A careful analysis of the IFT88 mutant in combination 
with morpholino-mediated downregulation of other IFT pro-
teins, revealed that members of the IFT complex B, such as 
IFT88, IFT52, and IFT57, are essential for the maintenance but 
not the initial assembly of sensory cell cilia. The loss of a member 
of the IFT complex A (IFT140) produced only a mild phenotype 
(95). This conclusion was corroborated by the isolation of two 
retroviral insertion mutants in genes coding for IFT complex B 
genes, IFT57 and IFT172, which also displayed disrupted photo-
receptor outer segments (83). Subsequent elegant biochemical 
studies showed that IFT88 is essential for outer segment forma-
tion, while IFT57 is rather required for efficient intraflagellar 
transport. It mediates association of IFT20, another IFT complex 
A component, to enable joining the IFT particle (96). These sets 
of experiments delineated the importance of IFT complex B in 
the maintenance of photoreceptor outer segments and give 
important functional evidence for the causation of human vision 
impairments such as Bardet–Biedl syndrome.

In the first step of seeing, the visual chromophore 11-cis-
retinal gets photoisomerized to all-trans-retinal. To ensure con-
tinuous vision, the visual pigment needs to be regenerated in the 
visual cycle. In vertebrates the canonical visual cycle is situated in 
two compartments, the photoreceptor cell and cells of the retinal 
pigment epithelium (RPE). Mutations in genes coding for any of 
the components of the visual cycle can lead to retinal degenera-
tion (97, 98). In the zebrafish mutant fading vision, which har-
bors a mutation in the silver gene, the visual cycle is restricted due 
to a defect in melanosome biogenesis in the RPE. Photoreceptor 
outer segments in the mutant are much shorter and misaligned. 
Ultrastructural analysis of the RPE reveals large vacuoles, compa-
rable to inclusion bodies observed in the RPE of retina dystrophy 
patients (99). Recently evidence has accumulated that the canoni-
cal visual cycle is not the only biochemical pathway to regenerate 
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visual pigment. Data from studies of the diurnal chicken and 
zebrafish retina support a parallel cone-specific visual cycle (100–
102). One evidence was the surprising finding that cone vision in 
zebrafish is only marginally affected by the lack of RPE65 activity. 
RPE65-depleted zebrafish retinas display altered morphology of 
rod photoreceptors, similar to defects reported in the mouse 
knock-out mutant (103), while cone photoreceptors proved to 
be both morphologically and functionally intact (102). Cone 
photoreceptors are likely served by an alternative visual cycle, 
which involves Müller glia cells. So far, the only defined molecular 
component is the retinoid-binding protein CRALBP (cellular 
retinaldehyde-binding protein) (100). These studies provided 
evidence for a cone private visual pigment recycling pathway, 
while the canonical visual cycle serves both rod and cone photo-
receptors. Since the human CRALBP gene is expressed in both 
Müller glia and RPE cells, the relative importance of a cone-specific 
visual cycle for human vision is still debated. The requirement of 
diurnal animals to keep cone vision functional at rod saturating 
light intensities may argue that at least diurnal animals must have 
evolved two visual cycles acting in parallel. The cone dominant 
zebrafish model is an ideal model to decipher the relative contri-
bution of this alternative visual cycle for cone vision and its pos-
sible contribution to human visual impairments.

The study of retinal physiology and pathophysiology in a large 
number of different animal models has led to a good understand-
ing of retinal development, maintenance, and function on a 
molecular, cellular, and tissue-specific level. This knowledge is 
used to identify causative mechanisms in degenerative diseases of 
the retina and to establish various therapeutical approaches to 
treat patients suffering from retinal degeneration, several of which 
are currently in clinical trials with promising results.
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Chapter 5

Animal Models for Age-Related Macular Degeneration

Joe G. Hollyfield and Lisa Kuttner-Kondo

Abstract 

Age-related macular degeneration (AMD) has a number of characteristic features including late onset and 
accumulation of deposits (drusen) below the retinal pigment epithelium on Bruch’s membrane in the 
macula. A progressive increase in these deposits (in some individuals) leads to macular blindness, follow-
ing either the local loss of the retinal pigment epithelium (geographic atrophy) or the hemorrhage of new 
blood vessels that originate in the choroid and invade the compartment between the photoreceptors and 
retinal pigment epithelium (choroidal neovascularization). Over the last few years a number of mouse 
models for AMD have been described that replicate some of the changes manifest in the human disease. 
This chapter begins with a description of the hallmarks of AMD, discusses some of the ideas about the 
underlying mechanisms and then summarizes the features of AMD found in experimental animals that 
are purported to model this disorder.

Key words: Age-related macular degeneration (AMD), Drusen, Bruch’s membrane, Geographic 
atrophy, Choroidal neovascularization, AMD animal model

Age-related macular degeneration (AMD) constitutes a major 
cause of legal blindness in the elderly population of developed 
countries. Millions of individuals over 55 years of age are blind 
from AMD in Europe and North America with over 300,000 new 
AMD cases presenting annually (1, 2). In some individuals, in 
addition to the normal age-related thickening of Bruch’s mem-
brane, focal accumulation of debris on Bruch’s membrane causes 
nodular elevations of the RPE that are recognized in an eye exam 
as drusen (3–5). Clinicians have long recognized that the presence 
of drusen in the macula, their size, density, and the area encom-
passed by these deposits represent early stages in the AMD disease 
process. While the initial drusen deposits are not associated with 

1. Age-related 
macular 
degeneration: The 
Human Condition
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macular blindness, individuals with drusen are considered at risk 
for developing the advanced forms of AMD that are accompanied 
by loss of macular vision (6–8). Although progression to end-
stage AMD does not occur in most individuals, this disease is 
generally considered to be a progressive disorder with small num-
bers of drusen giving way to larger numbers and ultimately lead-
ing to end-stage AMD and loss of central vision.

End-stage AMD occurs in one of two forms: (a) geographic 
atrophy, or (b) choroidal neovascularization. Geographic atrophy 
(also known as the end-stage of the “dry form” of AMD) devel-
ops slowly and is characterized by the loss (atrophy) of a localized 
area of RPE below the fovea (9). Without the RPE the outer 
blood–retinal barrier is compromised, focal swelling follows, 
foveal photoreceptors degenerate and central vision is lost. 
Choroidal neovascularization (also called the “wet form” of 
AMD) is characterized by the development of new blood vessels 
originating in the choroid that break through Bruch’s membrane 
and the RPE invading the interphotoreceptor matrix (subretinal 
space). These new blood vessels are leaky and can hemorrhage. 
The leaky vessels are thought to be responsible for macular edema 
causing reduced vision. Blindness is immediate when a hemor-
rhage occurs in the compartment between the foveal photorecep-
tors and RPE. Over time, the ensuing clot that forms will be 
replaced by a fibrovascular scar, but photoreceptors degenerate 
causing loss of sensory input from the region of the retina adja-
cent to the clot (6, 7).

AMD is distinctly different from the early onset forms of mac-
ular degeneration that have simple Mendelian inheritance patterns. 
These so-called juvenile forms of macular degeneration include: 
Stargardt’s disease, caused by mutations in the gene for the ABCR 
transporter (10), or the ELOVL4 gene (11); Malattia Leventinese, 
caused by mutations in the EFEMP1 gene (12); Sorsby’s fundus 
dystrophy, caused by mutations in the TIMP-3 gene (13), and 
Best’s macular dystrophy, caused by mutations in an RPE-specific 
chloride transporter gene (14, 15). While each of these diseases 
results in a distinct form of macular degeneration, and gene-spe-
cific targeted defects in mice result in many of the features found 
in humans with these mutations, major attempts to link these early 
onset diseases to AMD have been unsuccessful (16). Animal mod-
els for these early onset forms of macular degeneration are not 
included in this review, although some of the purported models of 
AMD mentioned below show early onset.

Before the report by Hageman and Mullins (17) that proteins 
involved in the complement defense pathway were present in drusen, 
there was little focus on a common pathway that might be respon-
sible for AMD. Since their initial report a large number of studies 
have expanded our understanding of the drusen and focused inter-
est on the immune system’s involvement in this disease (17–22). 
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Some of the proteins now recognized as components of drusen 
include C1q, C3, C4, C5, C7, C8, C9, C5b-9 complex (the 
neoepitope that appears with the assembly of five proteins into 
the membrane attack complex), complement factor H (CFH), 
complement receptor 1 (CD35), membrane cofactor protein 
(CD46), apolipoprotein E, vitronectin, clusterin, Aß-protein, and 
C-reactive protein. The identifications of these complement pro-
teins in AMD eye tissue brought a much needed focus for addi-
tional work in this area.

The possibility that genetic factors are involved in AMD has 
been recognized for some time, primarily from studies showing 
the similarity in time of disease onset in identical twins (23–26). 
However, because the disease usually occurs so late in life and is 
not preceded by symptoms of the disease that can be recognized 
in young individuals it was not possible to perform classical 
genetic linkage analysis to study AMD. Recent genetic studies 
using single nucleotide polymorphism (SNPs) analysis and candi-
date gene approach have identified a number of mutations/
polymorphisms in AMD patients to genes coding for comple-
ment pathway proteins (complement component C3, C2, and 
factor B) or its regulators (factor H, factor H-related proteins and 
SERPING1). It is estimated that characteristic polymorphisms/
mutations in these genes may be present in approximately one-
half of all AMD patients (27–32). Collectively these studies 
strongly indicate that AMD has a genetic component and that the 
complement pathway is involved in the pathology of AMD.

The buildup of fluorescent deposits in the RPE, referred to as 
lipofuscin, is also suggested to be causally involved in the AMD 
disease process. Lipofuscin is a heterogeneous storage/waste 
material containing bis-retinoid (A2E) fluorescent pigments that 
accumulate with age. Lipofuscin can be monitored in vivo by 
imaging fundus autofluorescence. The abundance of lipofuscin in 
and around lesions developing in the RPE are noted in two early 
forms of macular degeneration (Best’s macular dystrophy and 
Stargardt’s disease) and at the expanding margin of RPE lesions 
in geographic atrophy. This association has led to the notion that 
lipofuscin may be toxic and is actively involved in RPE pathology 
(33–35). Experimental studies demonstrate that RPE cells fed 
lipofuscin granules render these cells susceptible to phototoxicity 
(34, 36–39). Lipofuscin may also be involved in activation of 
complement (40).

The complement system plays an essential role in inflammation 
and immune responses. Soluble complement proteins are present in 
the blood in precursor forms and require activation to fulfill their 
specific physiological roles. Activated complement has diverse func-
tions, including the initiation of inflammation, recruitment of leuko-
cytes, clearance of immune complexes, neutralization of pathogens, 
regulation of antibody responses, and disruption of cell membranes. 
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The complement cascade can be activated by one of three initiating 
pathways. Activation through the classical pathway depends on 
assembly of complement factors at sites of antigen–antibody 
interaction involving complement component-1 and -4 (C1 and 
C4). Activation through the lectin pathway is initiated by a 
mannan-binding lectin interacting with pathogen surfaces. 
Activation through the alternative pathway is triggered by a 
variety of pathogen surfaces and requires the interaction of com-
plement component-3 (C3), factor B, and factor D. Regardless of 
the pathway, activation leads to the cleavage of C3. This generates 
the smaller, proinflammatory C3a fragment and the larger C3b 
fragment. C3b together with other activated proteins form the 
important convertases required for the terminal part of the com-
plement cascade, culminating in the assembly of the membrane 
attack complex (MAC) that mediates cell membrane disruption. 
Because many of these complement pathway proteins are present 
in drusen and sub-RPE deposits (17, 18, 20–22, 41), along with 
the findings that genes coding for several complement pathway 
proteins or regulators of this pathway are linked to AMD (27–32), 
the evidence is compelling that complement is involved in the 
AMD disease process.

But what is the inflammatory signal from the outer retina that 
directs a complement mediated attack specifically to this tissue 
interface? Mutations in factor H, factor B, and C3 genes cause 
defects in the proteins coded by these genes throughout all organ 
systems in the body. If AMD is caused by an altered functional 
response in the proteins coded by these defective genes one would 
expect altered complement function throughout the body, with 
disease manifest in many organs. But AMD is targeted to the 
outer retina, appearing first on the basal side of the RPE along 
Bruch’s membrane. For this interface to be targeted for a comple-
ment mediated attack, there must be an inflammatory signal com-
ing from the cells/tissue along this interface that directs an 
immune response to this site.

One potential source of an inflammatory signal from the 
outer retina is docosahexaenoic acid (DHA) (42). DHA is the 
most oxidizable of all long chain fatty acids with 22 carbons and 
six double bonds (22:6w3). DHA is highly concentrated in pho-
toreceptors and the RPE, accounting for approximately 40% of 
the fatty acids in photoreceptor outer segment membranes (43, 
44). These DHA-rich membranes reside in a compartment rich 
in oxygen and light, conditions that are highly permissive for 
oxidative damage (43–45). Proteins isolated from drusen and 
Bruch’s membrane are adducted with carboxyethylpyrrole 
(CEP), a novel adduct that can only be produced by the oxida-
tive fragmentation of DHA (21). CEP adducts are found on 
albumin, pyruvate kinase, and glutathione S-transferase, with a 
number of other proteins showing CEP-immunoreactivity (46). 
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In addition, CEP-adducted proteins are more prevalent in 
RPE/Bruch’s membrane/choroid tissues from AMD donor 
eyes than from these tissues in normal age-matched donor eyes 
(21). CEP-adducted proteins are also present in plasma, 
with AMD plasma containing 40% higher levels of CEP-adducted 
protein and autoantibodies to CEP than are present in  
plasma from healthy age-matched donors without AMD (42). 
The presence of adducts generated by the specific oxidation of 
DHA are particularly intriguing because of the long-recognized 
association of AMD with oxidative damage (47–51). As will be 
described below, this CEP-adduct is sufficient to cause an 
AMD-like disease when mice are sensitized to this hapten by 
immunization (52).

Based on our current knowledge of the course and patterns of 
AMD in the human condition, what hallmarks of AMD should be 
expected in an animal model of this disease? From the above 
description several features should be found. The pathology 
should be progressive, occur late in the life of the animal, be 
restricted to the outer retina, show features of drusen formation, 
with complement system involvement, RPE changes and/or 
choroidal neovascularization. How many of these features of 
AMD are found in the animal models for AMD that have been 
described to date? In this section, a short description of the fea-
tures of several of the published models will be provided with 
emphasis on those that show some of the hallmarks present in the 
human disease. In fairness to the authors of some of these studies, 
it should be mentioned that several of the models were published 
before it was known that inflammation and the complement path-
way are involved in the pathology of AMD.

This model relies on a feeding regimen of a diet high in saturated 
and unsaturated fats over a period of 4–5 months to normal 
C57BL/6 mice. Several variables were evaluated. The severity of 
lesions below the RPE were dependent on the age of the mice 
when placed on the diet, sex of the animals, and exposure to low 
levels of blue-green light. If mice were 9 months or older at the 
time of initiation of diet they frequently developed basal laminar 
deposits below the RPE of moderate severity, but only the 
16-month-old mice developed more severe deposits after expo-
sure to blue-green light. Some mice in the older group developed 
choroidal neovascularization through Bruch’s membrane. Aged 
mice fed with normal diets developed only mild subretinal depos-
its. These studies show that the age of the animal increases the 

2. AMD: In Animal 
Models

2.1. A Mouse Model  
for AMD Based on 
Dietary Fat and Blue 
Light
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capacity of dietary fat, especially in the presence of environmental 
light, to result in basal laminar deposits below the RPE (53, 54). 
A hormonal component was also demonstrated in this model. 
When female mice were made estrogen deficient in middle-age, 
and then challenged with the high-fat diet, the mice showed 
increased severity of sub-RPE deposit formation (54). It should 
be noted that sub-RPE deposits have been noted in senescence-
accelerated mice but these animals have many systemic changes 
and are not included in this listing of mouse models (55).

Cigarette smoking is a major risk factor for developing AMD (47, 
56). This mouse model builds on the dietary fat model discussed 
above (53), but, in addition, maintains mice in a smoking cham-
ber for several hours each day or evaluates mice fed hydroquinone 
(HQ), a potent oxidant present in cigarette smoke. C57BL/6 
female mice, 16 months old, were fed a high-fat diet (HFD) for 
4.5 months. Mice were then divided into two major groups, one 
to examine the effects of cigarette smoke and one to study the 
effects of a defined cigarette smoke component such as HQ. In 
the first group, mice eyes were exposed to blue-green light (posi-
tive controls) or to whole cigarette smoke. Mice at the same age, 
but with no treatment served as a negative control. In the second 
group, animals received a diet that included HQ (0.8%) with low 
or high fat content for 4.5 months. Most of the animals fed a 
HFD without other oxidant exposure demonstrated normal mor-
phology or, in a few cases, small nodular basal laminar deposits 
below the RPE, as described previously (54). Eyes of mice exposed 
to cigarette smoke or to HQ in their diet demonstrated variable 
degrees of basal laminar deposits and diffusely thickened Bruch’s 
membrane. The choriocapillaris was also variably hypertrophic. 
From these results the conclusion was made that exposure to cig-
arette smoke or the smoke-related oxidant molecule, HQ, results 
in the formation of sub-RPE deposits, thickening of Bruch’s 
membrane, and accumulation of debris within Bruch’s membrane 
in aged mice (57).

Apolipoprotein E is a known genetic risk factor for AMD (58). 
This model is based on a combination of three known AMD risk 
factors: advanced age, high fat cholesterol-rich (HF-C) diet, 
and the presence of the human apolipoprotein E (apoE) trans-
gene. Eyes of aged mice from lines with targeted replacement of 
human apoE2, apoE3, or apoE4 (C57BL/6 apoE TR) that 
were maintained on a HF-C diet show apoE isoform-dependent 
pathologies of differential severity. ApoE4 mice were the most 
severely affected. They developed multiple changes including: 
diffuse deposits, drusenoid deposits below the RPE, thickened 
Bruch’s membrane, and hypopigmentation, hyperpigmentation, 
or atrophy of the RPE. Some of the apoE4 mice also developed 

2.2. A Mouse Model  
for AMD Based  
on Cigarette Smoke

2.3. A Mouse Model  
for AMD in  
an Apolipoprotein E 
Transgenic Line



87Animal Models for Age-Related Macular Degeneration

choroidal neovascularization, but this was an inconsistent finding 
(59). These studies demonstrate that mice expressing the human 
apolipoprotein E transgene are more susceptible to AMD-like 
lesions as they age and are subjected to a high-fat diet.

This model is based on targeting the disruption of function of the 
lysosomal system of the RPE by using transgenic technology to 
express an inactive form of cathepsin D in the RPE (60). AMD-
like lesions/changes were observed in 11- to 12-month-old mcd/
mcd mice, which included RPE cell proliferation and atrophy as 
well as pigmentary changes, shortening of photoreceptor outer 
segments, buildup of photoreceptor debris in RPE cells, basal 
laminar and basal linear deposits below the RPE, and decreased 
electroretinogram amplitudes. While there is no indication that 
the gene for cathepsin D or other lysosomal enzyme genes are 
targets for mutations in AMD, this transgenic line shows that 
alteration in the function of the lysosomal degradation pathway is 
accompanied by the development of AMD-like lesions.

This model is based on disruption of function of the macrophage 
chemoattractant pathway. Mice deficient in either monocyte 
chemoattractant protein-1 (Ccl-2; also known as MCP-1) or its 
cognate chemokine receptor-2 (Ccr-2) that function in recruit-
ment of monocytes develop a number of features of AMD. These 
include accumulation of lipofuscin in the RPE, drusen deposition 
on Bruch’s membrane, photoreceptor atrophy, and choroidal 
neovascularization. Complement and IgG deposition are also 
observed below the RPE and associated choroid during aging in 
these mice. Impaired monocyte/macrophage recruitment could 
allow accumulation of extracellular material present in these mice, 
which, in turn, may be causally involved in development of chor-
oidal neovascularization. These two knockout lines clearly dem-
onstrate the importance of macrophage recruitment for the 
ongoing removal of extracellular material below the RPE and 
suggest a role for macrophage dysfunction in AMD (61).

Loss-of-function SNPs within the CX3CR1 gene, which 
encodes the specific receptor for the CX3CL1/fractalkine 
chemokine, is also reported to be associated with AMD (62). 
When double knockout mice with Ccl2(−/−)/Cx3cr1(−/−) 
deficiencies were generated, AMD lesions develop that are 
reported to be more characteristic and reproducible than in 
animals missing only one of these genes (63). By 6 weeks of age, 
all double knockout mice developed AMD-like lesions, including 
drusen, RPE changes, and photoreceptor loss. In addition, chor-
oidal neovascularization occurred in 15% of the mice. These 
lesions progressed with age. A2E, a major lipofuscin fluorophore 
that accumulates in the RPE during AMD progression, was 
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significantly higher in the Ccl2(−/−)/Cx3cr1(−/−) retina than in 
the wild-type retina. Membrane cofactor protein (CD46), a regu-
lator of complement activation, had a greater area of expression in 
the Ccl2(−/−)/Cx3cr1(−/−) than in WT mice RPE. In the 
double KO, CD46 was observed on the apical side of the RPE, 
leading the authors to speculate that it was upregulated due to 
increased complement activity (63). Additionally, four proteins 
including calcium-binding 140k protein, ERp29 precursor, and 
RIKEN cDNA 2210010C04 were found to be differentially 
expressed in Ccl2(−/−)/Cx3cr1(−/−) retina compared with 
controls. The authors concluded from these observations that 
Ccl2(−/−)/Cx3cr1(−/−) mice develop a broad spectrum of 
AMD-like abnormalities but the onset of these lesions are severe 
and occur very early.

This model is in a mouse line with a naturally occurring mutation 
that shows AMD-like lesions with aging (64). At 6 months of 
age these mice have normal fundus, ERG amplitudes and retinal 
histology, but by 14 months the retinal blood vessels are attenu-
ated, the RPE shows atrophy and pigmentary abnormalities that 
progress to complete loss of photoreceptors and extinguished 
ERG by 22 months of age. Genetic analysis revealed that the reti-
nal degeneration in this line segregates in an autosomal recessive 
manner and the disease gene is located on mouse chromosome 
10. Positional cloning identified a nonsense mutation in the 
mouse double minute-1 gene (Mdm1), which caused the trunca-
tion of the putative protein from 718 amino acids to 398. The 
novel transcript of the Mdm1 gene was identified in the neural 
retina where it is localized to the nuclear lamina. These findings 
suggest that truncation of this Mdm1 transcript may underlie the 
mechanism leading to late-onset retinal degeneration with AMD-
like features in this mutant mouse. Analysis of a cohort of patients 
with age-related macular degeneration (AMD) where the suscep-
tibility locus maps to chromosome 12q, a region bearing the 
human ortholog to Mdm1, did not reveal association between 
human MDM1 and AMD.

Oxidative stress has long been linked to the pathogenesis of neu-
rodegenerative diseases (47–50); however, whether it is a cause or 
merely accelerates the degenerative process is not well-under-
stood. AMD-like features are reported in mice deficient in the 
Cu, Zn-superoxide dismutase (Sod1). Analysis of Sod1(−/−) mice 
of different ages demonstrate that older animals have drusen, 
thickened Bruch’s membrane, and choroidal neovascularization. 
The number of drusen increased with age, and exposure of young 
Sod1(−/−) mice to excess light showed increased drusen forma-
tion. The RPE cells of Sod1(−/−) mice showed disruption of 
beta-catenin-mediated cell–cell junctional complexes, indicating 
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that oxidative stress may alter the barrier integrity of the RPE. 
These observations suggest that oxidative stress may play a causal 
role in age-related retinal degeneration (65). Moreover, in one 
study, in contrast to WT C57BL/6 retinas, Sod1(−/−) retinas 
stained positive for CD46, C5, and Ig in drusen and/or sur-
rounding tissues, leading to a potential connection between oxi-
dative stress and complement activation (65). It should be 
mentioned that disorders of the outer retina are not the only 
changes present in these SOD1-deficient mice as changes are also 
found in many other organs as well.

Iron is an essential element in metabolism but also is a potent 
generator of oxidative damage. This model is based on a defi-
ciency in both the ferroxidase ceruloplasmin (Cp) and its homo-
logue hephaestin (Heph) in double knockout mice. These mice 
exhibit reproducible age-dependent iron overload, which pla-
teaued at 6 months of age, with subsequent progressive retinal 
degeneration continuing to at least 12 months, the oldest mice 
examined. The degeneration developing in these mice shared 
some features of AMD, including RPE hypertrophy and hyper-
plasia, lipofuscin accumulation, photoreceptor degeneration, sub-
RPE deposits of activated C3, and subretinal neovascularization 
(66). The changes described in this model are quite severe, but 
mimic some of the changes found in AMD. Because these genes 
have not been found as targets in AMD, it is likely that this model 
best demonstrates the vulnerability of the outer retina to iron 
overload. Whether this pathway is causally involved in the etiol-
ogy of AMD remains to be demonstrated.

Prokineticin 1 (hPK1) is a mitogen for fenestrated endothelium. 
When transgenic mice were developed with the hPK1 gene driven 
by a rhodopsin promoter, a line of mice was established that 
developed a substantially enlarged choroidal vascular bed that, 
according to the authors, resembled CNV (67). The choroidal 
changes occurred without any morphological changes in the reti-
nal vasculature. In addition A2E, the major fluorophore of lipo-
fuscin, was present at approximately twofold higher amounts in 
the transgenic mouse eyes compared to controls. While the hPK1 
transgenic mice did not show any invasion of choroidal blood ves-
sels through Bruch’s membrane, the use of this line, in combina-
tion with some of the other transgenic or knockout lines showing 
small percentages of choroidal neovascularization cited above, 
might be expected to increase the frequency of choroidal 
neovascularization.

Polymorphisms in the gene encoding complement factor H 
(CFH) are associated with high risk for development of AMD 
(27–31). In humans, these polymorphisms do not lead to the 
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absence of CFH, but rather to potentially altered function 
(68–70). However, the relationship between the absence of CFH 
and retinal disease was evaluated in 2-year-old CFH-deficient 
(cfh−/−) mice (71). A strong CFH signal was observed at the 
level of the RPE/Bruch’s membrane in control mice, indicating 
the likely importance of CFH in complement regulatory function 
at this site. Perhaps as a result of CFH deficiency, the cf h−/− ani-
mals had reduced rod response amplitudes as compared with age-
matched controls. Retinal imaging showed an increase in 
autofluorescent and subretinal deposits, whereas the fundus and 
vasculature appeared normal. Microscopic analysis of tissue sec-
tions showed an accumulation of complement C3 in the neural 
retina of the cfh−/− mice, together with a decrease in electron-
dense material, thinning of Bruch’s membrane, changes in the 
cellular distribution of organelles in the RPE, and disorganization 
of rod outer segments. Collectively, these data suggest that cf h is 
critically required for the long-term functional health of the 
mouse retina.

Oxidative damage and inflammation are postulated to be involved 
in AMD. However, the molecular signal(s) linking oxidation to 
inflammation in AMD are unknown. AMD-like lesions were gen-
erated in normal C57BL/6 mice following immunization with 
mouse serum albumin adducted with carboxyethylpyrrole, an 
oxidation fragment of docosahexaenoic acid previously found on 
proteins in eye tissue and plasma from AMD patients (21, 72). 
Mice developed antibodies to this hapten; deposited C3 in Bruch’s 
membrane; accumulated basal laminar deposits below the RPE 
during aging; and developed lesions in the RPE mimicking geo-
graphic atrophy. Immunization followed by multiple boosts 
caused rapid development of the pathology within 3 months. 
A single immunization was accompanied by the appearance of 
basal laminar deposits within 1 year. Immunization of these mice 
with the CEP-hapten sensitizes the animal to CEP-adduct gen-
eration in the outer retina. The specificity of this tissue as the 
disease target comes from the fact that the source of this hapten 
is docosahexaenoic acid, which is most abundant in photorecep-
tors and the RPE where conditions for oxidative damage are 
highly permissive (52).

A number of papers have been published that investigate the 
etiology of AMD-like features in strains of cynomolgus monkey 
(Macaca fascicularis) that show either early or late stage features 
of AMD including the development of drusen (73–76). The 
drusen contained apolipoprotein E, amyloid P component, com-
plement C5 and C5b-9, and vitronectin (73, 74). A variety of 
biochemical, physiological, and genetic studies have been per-
formed on these animals, but the underlying disease mechanism 
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has not yet been identified. However, in rhesus macaques (Macaca 
mulatta), a recent study reported an association of a HTRA1 
polymorphism with formation of drusen (77), while a second 
study reported a potential AMD-associated polymorphism in 
LOC387715 and another in HTRA1 (78).

Table 1 summarizes the features of AMD that are found in the 
purported animal models of this disease covered in the above sec-
tion. With regards to the time of onset when AMD-like changes 
are observed, most of the mouse models show disease features 
only late in the life of the animal. The exception is the 
Ccl2(−/−)/Cx3cr1(−/−) double knockout mice, where sub-RPE 
deposits are observed as early as 6 weeks postpartum. It should be 
mentioned that Ccl2 and Cx3cr1 are genes that code for lympho-
cyte/macrophage chemokines or their receptors. Neither of these 
genes has thus far been implicated as a target for AMD. While the 
focus of the studies on these single and double knockout mice 
was on the AMD-like disease features present in these lines, it 
should be pointed out that these papers are the first to clearly 
demonstrate the importance of the macrophage in maintenance 
of the outer retina. The involvement of macrophages and the role 
of chemokines in their recruitment is in itself a major advance in 
our understanding the importance of these cells in the normal 
health and maintenance of this outer retina interface.

Each of the mouse models cited has some form of sub-RPE 
deposit, with the exception of the Prokineticin1 transgenic line 
and the Mdm1 mutation. In AMD sub-RPE deposits can be pres-
ent as punctate drusen, basal laminar deposits or basal linear 
deposits (79). Basal laminar deposits are composed of granular 
material with long-spaced collagen located between the plasma 
membrane and the basal lamina of the RPE. Basal linear deposits 
are composed of material with coated and noncoated vesicles and 
some membranous material located external to the RPE basal 
lamina in the inner collagenous zone of Bruch’s membrane. Most 
of the mouse models described have basal laminar deposits but 
some also show discrete punctate drusen.

RPE changes were the most consistent AMD feature described 
in each of the mouse animal models. These include increased 
autofluorescence and A2E accumulation, pyknosis, hypertrophy 
and vacuolation of RPE cells, and in some instances, loss of 
expanses of the RPE mimicking geographic atrophy.

With the exception of the expanded choroidal vascular supply 
evident in all the prokineticin1 transgenic mice studied, choroidal 
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neovascularization was absent in most of the mouse models and 
when observed was an inconsistent feature. The prokineticin1 
transgenic perhaps should not be considered an AMD model 
because the most prominent feature is an increased expanse of 
choroidal blood vessels, which were not reported to undergo 
subretinal neovascularization.

Complement pathway involvement in the disease process was 
found in every mouse AMD model in which this pathway was 
specifically evaluated. The findings usually involved deposition of 
C3 and/or C5 in Bruch’s membrane. It is likely that some of the 

Table 1 
Features of AMD found in the mammalian models for this disease cited in this 
chapter

Model
Early/late 
onset

Sub-RPE 
deposits

RPE 
changes CNV

Complement 
involvement

Risk factor/
gene target 
involved in 
AMD

Smoking (57) Late BLD Yes No Not studied Yes

Apolipoprotein E-TG 
(59)

Late BLD Yes Yes Not studied Yes

Cathepsin D-TG (60) Late BLD Yes No Not studied No

Prokineticin1-TG (67) Early No Yes Yes Not studied No

Ccl2-Ccr2(−/−) (61) Late Drusen Yes Yes Yes No

Ccl2(−/−)/Cx3cr1(−/−) 
(63)

Early Drusen Yes Yes Yes No

Mdm1 mutation (64) Late No Yes No Not studied No

Sod1(−/−) (65) Late BLD, 
drusen

Yes Yes Yes No

Cp(−/−)/Heph(−/−) 
(66)

Early BLD Yes Yes Yes No

Factor H(−/−) (71) Late BLD Yes No Yes Yes

CEP-hapten (52) Early & 
late

BLD Yes No Yes Yes

Mouse (Mus)

Fat diet/light (53, 54) Late BLD Yes Some Not studied Yes

Primate (Macaca)

Spontaneous (73–78, 
80–82)

Early & 
late

Drusen Yes Yes Yes Yes

TG transgenic, BLD basal laminar deposits
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earlier reported models will also show complement involvement, 
but this must wait further study.

Only two of the target genes in the genetically based models 
have been linked to AMD. These are the transgenic mice express-
ing the human apoE gene (59), and the factor H knockout mouse 
(71). Neither of these models is perfect, although both replicate 
some features of AMD. The apoE transgenic line shows only mild 
changes in the outer retina and requires substantial dietary fat and 
light, in addition to advanced age, to cause prominent pathology 
(59). It should be mentioned that high fat intake and light was 
used in one of the first AMD-like models described and these 
challenges generate AMD-like features in normal mice (53). The 
factor H knockout mouse shows only minor changes, which occur 
very late in life (at 2 years of age). The absence of factor H does 
not replicate any known condition in AMD families where factor 
H changes have been reported. The mutation present in factor H 
in humans (Y402H) will be difficult to create in the mouse since 
there is poor homology in this region of the factor H gene 
between these two species. Human and mouse CFH share only 
about 61% amino acid identity. This compares to an approxi-
mately 84% amino acid identity between human and mouse factor 
B, and a 77% identity between human and mouse C3. These 
homologies were established using Blast 2 alignments between 
gi31965 and gi387181 for CFH, gi168985957 and gi218156289 
for factor B, and gi119370332 and gi1352102 for C3 (83). 
Creating a mouse with complement pathway features representa-
tive of the human condition may require knockout–knockin tech-
nology to humanize the mouse complement pathway. In addition 
to humanizing factor H, humanization of C3 and factor B may 
also be required.

If complement is involved in the AMD disease process, an 
inflammatory signal coming from the outer retina should be a 
requirement for the immune system to target this tissue. Presently 
only one of the models exploits an inflammatory antigen (CEP-
hapten) that is produced in the outer retina, found in drusen in 
AMD donor eyes (21) and the antigen and autoantibodies are 
present at progressively higher levels in the plasma of AMD 
patients as the disease progresses to more advanced stages (72). 
When normal mice are immunized with this CEP-hapten adducted 
to mouse serum albumin they make antibodies to the hapten, 
deposit C3 in Bruch’s membrane, and show complement-medi-
ated attack causing lesions in the RPE and sub-RPE deposits (52). 
These studies demonstrate that the interaction of this CEP-hapten 
with the mouse immune system is sufficient to target the outer 
retina and cause AMD-like changes as the immune system 
responds to more of the CEP-hapten as it is generated over time 
in these cells. This model will be useful in studies of the early 
events in immune-mediated attack on the outer retina as well as a 
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preclinical platform for testing therapeutics that are being 
developed to prevent or retard the AMD disease process.

A superior mouse model for AMD might be created from a 
combination of the models outlined above. Such a model might 
benefit from a primary stimulus that would generate an inflam-
matory or autoimmune response at the RPE/choroid interface, 
(for example, the CEP-hapten model) coupled with the cf h−/− or 
alternatively deficient animal that has a reduced capacity to regu-
late complement activation and protect this sensitive area. Such a 
model would have additional benefits since it would provide mul-
tiple intervention targets, i.e., reducing or preventing the primary 
stimulus that initiates the inflammatory response as well as inter-
vention later during the progression of the disease.

While photoreceptors and RPE in all vertebrate eyes share a 
large number of common molecular and cell biological features, 
because the mouse retina does not have a fovea at the center of a 
well-defined macula, there will always be critics who feel that 
modeling AMD in a mouse cannot be truly representative of the 
human disease. While a highly developed fovea is a common 
retinal feature in many reptilian and avian species, additional criti-
cisms would be expected if a lizard or bird were chosen as a model 
for AMD. Among mammals, only some primates have a fovea. 
Several reports describe drusen formation and AMD-like features 
in nonhuman primates (80–82). The species most intensely 
studied is Macaca fascicularis (73–76). A variety of biochemical, 
physiological, and genetic studies have been performed on these 
animals. The underlying disease mechanism has not been identi-
fied. However, recent work in Macaca mulatta suggests HTRA1 
and/or LOC387715 may be involved (77, 78). More studies will 
be required to see if this holds true for Macaca fascicularis.

In conclusion, this chapter has summarized a number of fea-
tures of AMD in humans and has discussed several of the features 
of this disease in experimental and naturally occurring animal 
models. Animal models for this disorder will certainly be impor-
tant for screening the efficacy of therapeutics being developed to 
treat AMD.
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Chapter 6

Animal Models of Retinopathy of Prematurity

Susan E. Yanni and John S. Penn

Abstract 

Retinopathy of prematurity (ROP), a condition affecting premature infants, is characterized by 
pathological angiogenesis, or neovascularization (NV), of the retina. Much of what is known about the 
development of the retinal vasculature and the progression of ROP has been learned through the use of 
animal models of oxygen-induced retinopathy (OIR), which approximate the human condition. Animal 
models of OIR have provided a wealth of information regarding the cellular and molecular pathogenesis 
of ROP. Moreover, this information has contributed to a better understanding of other, nonocular, neo-
vascular conditions. This chapter describes the various animal models of OIR, and explores their contri-
butions to the understanding and treatment of ROP.

Key words: Angiogenesis, Animal models, Oxygen-induced retinopathy (OIR), Retinopathy of 
prematurity (ROP)

Theodore Terry first described Retinopathy of Prematurity 
(ROP) in 1942 as a disease of prematurity characterized by reti-
nal neovascularization (NV) (1). An epidemic of ROP occurred 
during the 1950s, exposing the need for research focused on the 
identification and characterization of its pathogenesis. In 1951, 
Campbell proposed that the incidence of ROP was correlated 
with the delivery of supplemental oxygen to premature infants 
with underdeveloped pulmonary function (2). During the 1950s, 
several convincing studies correlated the use of supplemental oxy-
gen with the incidence and progression of ROP (3–7). This led to 
more rigorous monitoring of the oxygen being given to prema-
ture infants. Consequently, the percentage of blindness attributed 
to ROP dropped from 50% in 1950 to 4% in 1965 (8). The preva-
lence of ROP rose again during the 1970s and 1980s (9), 

1. Human 
Retinopathy  
of Prematurity

Iok-Hou Pang and Abbot F. Clark (eds.), Animal Models for Retinal Diseases, Neuromethods, vol. 46
DOI 10.1007/978-1-60761-541-5_6, © Springer Science+Business Media, LLC 2010



100 Yanni and Penn

presumably due to the increased survival of very low birth-weight 
premature infants requiring supplemental oxygen.

According to the most recent estimates of the National Eye 
Institute, each year approximately 15,000 premature infants 
(weighing £1,250 g) that are born before 31 weeks of gestation 
develop some stage of ROP. Of these infants, 400–600 will suffer 
from ROP-induced blindness (10). ROP is the leading cause of 
childhood blindness in the developed world (10). For this and 
other reasons, research focused on understanding physiological 
retinal vascular development and pathological retinal NV is highly 
significant.

Several animal models that approximate human ROP have 
been developed. To emphasize the differences between human 
ROP and experimentally induced retinopathy in animals, the term 
oxygen-induced retinopathy (OIR) is often used to describe these 
models. Animal models of OIR have been, and continue to be, 
widely used to study the cellular and molecular aspects of physi-
ological and pathological retinal NV. Their usefulness, however, 
is dependent on several factors, most notably the degree of simi-
larity between the animal model and the human condition.

The retina is one of the last organ systems of the developing 
fetus to undergo vascularization, beginning at approximately 
16 weeks of gestation (11). At this time, vasculogenesis (the 
de novo formation of blood vessels from mesodermal precursor 
cells) occurs, starting in the most posterior region of the superfi-
cial retina (the optic disk) and proceeding in a wave-like manner 
to the periphery of the retina. At 25 weeks of gestation, angiogen-
esis (the development of new capillaries from pre-existing blood 
vessels) begins, proceeding from the optic disk in a peripheral 
wave, resulting in the development of a deeper (more sclerad) ves-
sel network (11). It is believed that the hypoxic uterine environ-
ment (30 mm Hg) drives retinal vascularization during normal 
gestation. In utero, physiological retinal hypoxia leads to the pro-
duction of proangiogenic growth factors that stimulate the growth 
of retinal blood vessels, which satisfy the increasing oxygen 
demands of the developing retina. Vascularization of the retina is 
complete at 36–40 weeks of gestation, and the relatively hyperoxic 
(55–80 mm Hg) postnatal environment effectively prevents 
growth factor production and, thus, persistent vasoproliferation 
(12, 13).

Retinal vascular development is altered in premature infants 
that develop ROP. The pathogenesis of ROP is biphasic. The first 
phase of ROP occurs while the premature infant is receiving sup-
plemental oxygen and results in vasoattenuation, or cessation of 
retinal vascular development. During oxygen therapy, the oxygen 
tension within the retina inhibits the production and secretion of 
vascular growth factors that would normally occur in utero. 
Diminished growth factor production and attenuated vessel 
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growth result in an incompletely vascularized retinal periphery, a 
hallmark of ROP. Peripheral retinal avascularity, in turn, leads to 
retinal tissue hypoxia, particularly when supplemental oxygen is 
discontinued. This tissue hypoxia is exacerbated by the develop-
ment and maturation of the neural retina and its growing oxygen 
demands. Thus, retinal ischemia induces retinal hypoxia which, in 
turn, induces the onset of the second, vasoproliferative phase of 
ROP. The second phase of ROP is characterized by retinal NV (7, 
14–16). This NV is best described as unregulated angiogenesis, 
resulting in the production of fragile, nonpatent vascular structures 
that grow through the inner limiting membrane of the retina into 
the vitreous cavity. These abnormal vascular structures are often 
referred to as preretinal neovascular tufts, and they predispose 
affected infants to intravitreal hemorrhages, retinal detachment, 
and subsequent vision loss.

The severity of ROP is inversely proportional to the gesta-
tional age of the infant (17). Normally, retinal vascularization is 
complete at, or near, full term. Again, premature infants exhibit 
an underdeveloped and, therefore, incompletely vascularized ret-
ina, with peripheral retinal avascularity. Infants who receive sup-
plemental oxygen due to pulmonary immaturity suffer attenuation 
of the already sparse retinal vasculature. As described above, 
return to a relatively hypoxic room air environment after oxygen 
therapy is terminated causes subsequent development of NV 
and retinopathy. More prematurity correlates to a larger avascular 
retinal area at birth, which leads to more severe retinal hypoxia 
on return to room air and, thus, more severe ROP.

Notably, however, a large clinical trial demonstrated that 
approximately half of the infants developed NV before removal 
from oxygen therapy (18). Hypoxemia related to removal from 
therapy, therefore, is not necessary for NV, nor is it the sole 
determinant of ROP pathogenesis. Developmental timing may 
regulate the responses of the immature retina to oxygen (19). 
Human ROP involves a complex sequence of pathological 
events with the potential to be influenced by temporal patterns 
of gene expression as well as environmental factors related to 
clinical care.

The kitten’s retinal vasculature develops from spindle-shaped 
mesenchymal precursor cells derived from the adventitia of the 
hyaloid artery (20–22). As in human retinal vascular develop-
ment, the kitten’s retinal vasculature apparently develops via vas-
culogenesis, de novo formation of blood vessels from the vascular 
precursor cells. The retina of a newborn kitten resembles the 

2. The Cat Model
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retina of a premature infant at 28 weeks of gestation, an infant at 
risk for developing ROP (23).

Much of our early knowledge regarding the role of oxygen in 
the pathogenesis of ROP was obtained using the kitten model. In 
1954, Norman Ashton first used a kitten model of OIR (7). 
Ashton evaluated the effects of age, oxygen concentration, and 
length of oxygen exposure on the severity of retinopathy. 
Immature retinal vessels are exquisitely sensitive to tissue oxygen 
concentration. Ashton demonstrated that, as they mature, retinal 
blood vessels lose their sensitivity to hyperoxia. In the kitten, 
retinal vascular maturity is acquired by 21 days of age. After this 
time, the kitten retina is relatively unresponsive to high oxygen. 
Ashton also demonstrated that the severity of the OIR response 
was directly proportional to oxygen concentration and length of 
exposure. Oxygen concentrations between 70 and 80% produce 
the most severe retinopathy, whereas oxygen concentrations 
below 35% have little or no effect on the most sensitive age group. 
Arnall Patz and Robert Flower both used the kitten to investigate 
the effects of hyperoxia on the retinal vasculature (24, 25). These 
and other studies have contributed fundamental knowledge about 
the role of oxygen-induced vasoconstriction in the pathogenesis 
of ROP.

More recently, Chan-Ling and colleagues have used the kit-
ten to study the cellular and vascular changes that occur during, 
and as a result of, retinopathy (26–29). In this model, within 
hours after birth, newborn kittens are placed in 70–80% oxygen 
for 4 days. This leads to cessation of retinal vascular growth, leav-
ing the retina completely avascular. After 4 days, the kittens are 
removed to room air, where they remain for several days. Eleven 
days after return to the relatively hypoxic room air environment, 
rampant NV is observed (27).

The idea that supplemental oxygen may be used to treat ROP 
was first tested in the kitten. Kittens that had been exposed to 
hyperoxia were allowed to recover in room air or in a variable 
hyperoxic-hypoxic environment. The kittens that were exposed 
to variable oxygen during the postexposure period demonstrated 
less severe retinopathy than kittens recovered in room air (30). 
The results of these and other studies led to the supplemental 
therapeutic oxygen protocol for retinopathy of prematurity 
(STOP-ROP) clinical trial (18).

Although the kitten model has yielded information of much 
importance to the scientific community, it suffers several draw-
backs. The kitten model does produce intraretinal and intravitreal 
NV, but the location and pattern of vasoproliferation seen in kit-
tens is different from that seen in human infants with ROP (31). 
In the kitten, blood vessels extend from the optic disk into the 
vitreous, whereas in the human, preretinal vessels arise only from 
the advancing edge of retinal capillary formation. On the other hand, 
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however, the kitten does demonstrate iris vascular engorgement 
and pupillary rigidity, anterior segment abnormalities similar to 
those that occur in human ROP.

Additionally, the kitten model does not develop retinal 
detachment, and the NV that does develop in the kitten eventu-
ally regresses over time. Furthermore, the costs associated with 
purchasing, breeding, and maintaining cats for extended periods 
of time are substantially higher than the costs associated with 
using rodents (discussed in detail later).

As is the case for the human and kitten retinas, research suggests 
that the retinal vasculature of the beagle puppy derives from 
immature vascular precursor cells, or angioblasts (32). At full 
term, as much as 66% of the beagle puppy’s retina is vascularized. 
Blood vessels reach the periphery of the retina by day 14, and 
vascular remodeling is complete by day 28 (32). The retinal vas-
culature of a newborn beagle puppy is comparable to the imma-
ture retinal vasculature of a premature infant, in that vascular 
development is incomplete.

In 1954, Arnall Patz first used a canine model of OIR (33). 
McLeod and colleagues have since used the model to detail the 
response of the canine retina to high oxygen (34–36). The model 
produces a vascular response similar to the response seen in kit-
tens exposed to high oxygen (34). Newborn beagle puppies are 
exposed to extreme hyperoxia (95–100% oxygen). Four days 
later, the animals are returned to room air, where they remain 
until 22–45 days of age. The retina’s vasoproliferative response 
peaks between 3 and 10 days after return to room air (37). Fifteen 
days after oxygen exposure, ADPase-stained retinas demonstrate 
dilated and tortuous vessels, an incompletely vascularized periph-
ery, intravitreal hemorrhages, and NV. Retinal folds have also 
been observed in this model, although it is not entirely clear 
whether these are the consequence of tractional elements or are 
the result of dysplastic retinal development (36).

The investigators using this model suggest that it is an appro-
priate model of human ROP and that it is superior to others 
because it is the only model in which a high percentage of animals 
develop retinal NV with subsequent retinal detachment. However, 
retinal detachment only occurs in a small percentage of infants in 
whom ROP develops. Additionally, retinal folds and detachments 
have been demonstrated to occur spontaneously in dogs (38–40). 
Furthermore, the cost of purchasing, breeding, and maintaining 
dogs is a disadvantage of the species.

3. The Dog Model
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The contributions of vasculogenesis and angiogenesis to the 
formation of the retinal vasculature of the mouse remain contro-
versial. Some research suggests that the retinal vasculature of 
the mouse derives from a vasculogenic process, while numerous 
other studies suggest that angiogenesis is the means by which 
the retina becomes vascularized (41). Thus, the contributions 
of vasculogenesis and angiogenesis to retinal vascularization may 
be species-specific (42). Regardless, the retinal vasculature of a 
newborn mouse is comparable to that of an infant at 25 weeks of 
gestation, an infant at risk for developing ROP (43). Accordingly, 
the retinal vasculature of a newborn mouse pup presents an 
appropriate venue for studies of the retinal vasculature of a 
premature infant.

In 1954, Gyllensten and Hellstrom exposed newborn mouse 
pups to 100% oxygen for 1–3 weeks. The eyes were examined 
after oxygen treatment. Approximately one-third of the animals 
experienced hemorrhages in both the vitreous and anterior cham-
bers. Subsequent studies demonstrated that exposing the pups to 
100% oxygen followed by 5 days in room air induced vasoprolif-
eration of the retinal vessels, the presumed source of vitreous 
hemorrhages (43). Removal to room air was required for induc-
tion of the ROP-like vasoproliferative changes (44).

While the mouse provided the research community with a 
means by which to explore ROP in greater detail, early studies 
were inconclusive, yielding inconsistent results. These attempts to 
model ROP were confounded by the fact that hyperoxic exposure 
of newborn mice, followed by removal to room air, resulted in 
proliferation and engorgement of the hyaloid (5, 45). Reasoning 
that the “hyaloidopathy” might explain the variability in the early 
attempts to model ROP, Smith and colleagues proposed a novel 
method for inducing retinopathy in the mouse, a model that 
sought to minimize this confounding feature (46).

The Smith model produces a consistent and reliable model of 
OIR. Mice at postnatal day 7 (P7) are exposed to 75% oxygen for 
5 days to induce vasoattenuation and atrophy of the central reti-
nal vascular bed (Fig. 1a). Removal of the mice to room air for 
variable lengths of time induces retinal vasoproliferation and 
revascularization of the central retina. Typically, eyes are analyzed 
for the presence of NV at P17–P21.

Since the advent and widespread use of this mouse model, 
extensive research has been conducted on the susceptibility of 
various inbred strains of mice to pathological retinal NV. To eval-
uate genetic heterogeneity in angiogenic susceptibility, D’Amato 
and colleagues implanted a pellet containing an angiogenic pro-
tein, basic fibroblast growth factor (bFGF), into the corneas of 25 

4. The Mouse 
Model
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strains of mice (47). Normally, the blood vessels of the limbus do 
not grow into the avascular cornea. Strain differences in angio-
genic response were assessed by analyzing the growth of blood 
vessels into the cornea on bFGF stimulation. A tenfold range of 
responsiveness was observed, with 129/SvImJ mice eliciting the 
most potent angiogenic response, while the commonly used 
C57BL/6J mice fell in the middle of the response profile. 
Subsequent studies revealed that vascular endothelial growth 
factor (VEGF) elicited a response profile that closely correlated 
with that of bFGF (48).

Following D’Amato’s report, Hinton and colleagues ana-
lyzed strain-related differences in retinal angiogenesis using the 
mouse model of OIR (49). The strain-related differences in reti-
nal angiogenesis mirrored the results obtained by D’Amato. 
Differential analysis of the angiogenic responsiveness of mice with 
different genetic backgrounds has allowed for the identification 
of various pro- and antiangiogenic factors involved in the patho-
genesis of ROP.

When considering relevance to ROP, the mouse model of 
OIR suffers several drawbacks. The spatial pattern of vascular 
pathology observed in mice is the opposite of that observed in 
humans with ROP. In the human condition, the central retina is 
vascularized, while the peripheral retina is avascular. In contrast, 
the mouse exhibits a pattern of central avascularity, and the 
peripheral retina is vascularized. Claxton and Fruttiger studied 
the vascular patterning of the retinas of mice that had been 
exposed to hyperoxia (50). They hypothesized that because the 
retinal arteries and hyaloidal blood supply pass through the optic 

Fig. 1.  A P12 FITC-dextran-infused mouse retina (a). Five days at 75% oxygen induces vasoattenuation and atrophy of 
the central retinal beds, a pattern in direct contrast to the peripheral avascularity characterizing the human condition. 
A P14 FITC-dextran infused rat retina (b). Fourteen days of variable oxygen induces vasoattenuation and peripheral 
retinal avascularity. This pattern mimics the pathology of human ROP
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nerve head, the proximal retina has a relatively high oxygen tension. 
VEGF is a survival factor for endothelial cells and is downregu-
lated in response to high oxygen tension, explaining the pruning 
of peri-arterial capillaries around the optic nerve head as well as 
around the central retinal arteries in the mouse. Hyperoxic expo-
sure further increases the retinal oxygen tension, expanding 
regions of decreased retinal VEGF, inducing endothelial cell 
apoptosis and vascular atrophy, and resulting in the expansion of 
capillary-free zones within the central retina.

In addition, in contrast to human ROP, retinal detachment is 
not observed in the mouse model. This may be due to the fact 
that the lens occupies 40% of the mouse eye, effectively reducing 
the vitreous volume that is available to contract in response to NV 
and fibrovascular scar formation.

The mouse model is the most commonly used model in stud-
ies of retinal angiogenesis. Mice reliably produce large litters, are 
relatively inexpensive to purchase and maintain, and consistently 
produce a neovascular response. The mouse model has provided 
much of what is currently known about the pathogenesis of ROP, 
its progression, and potential means by which to prevent and/or 
ameliorate the disease. Importantly, the ability to manipulate the 
mouse genome has facilitated our understanding of potential 
genetic influences to ROP, as well as our examination of the wide 
variety of molecular regulators of angiogenesis.

As in the human, the retinal vasculature of the rat appears to 
derive from spindle-shaped mesenchymal precursor cells deriving 
from the adventitia of the hyaloid artery. Vascularization of a 
superficial network of arteries and veins occurs first, followed by 
angiogenic growth of a deeper capillary network. Whereas in the 
human, retinal vascularization is usually complete at the time of 
birth, in the rat, the process is completed at around P15. The reti-
nal vasculature of a newborn rat pup resembles that of a preterm 
infant and a newborn mouse: virtually avascular and susceptible 
to OIR.

Early on, Patz, Ashton, and Gole attempted to model ROP 
by exposing newborn rat pups to a constant level of extreme 
hyperoxia (24, 51, 52). This resulted in substantial vasoattenua-
tion, but an inconsistent vasoproliferative response. These studies 
were informative, though it was not until 1993 that Penn and 
colleagues developed a protocol that consistently produced pro-
liferative retinopathy in the rat (53). Penn noted that variable 
oxygenation is more likely to produce retinal angiogenesis than is 
constant hyperoxia. Notably, variable oxygenation more closely 

5. The Rat Model
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mimics the fluctuating lung function and subsequent change in 
arterial blood oxygen partial pressure, PaO2, of a neonatal infant 
in the NICU. In Penn’s 1993 study, exposing rat pups to 80% 
oxygen, followed by a period of postexposure in room air, rarely 
induced preretinal NV. However, a variable oxygen exposure 
(cycling between 80 and 40% oxygen every 12 h), in combination 
with a postexposure period of return to room air, induced prereti-
nal NV in 66% of the rats. Subsequent experiments by Penn led 
to the rat model of OIR that is used today (54). In this model, 
newborn rats are cycled between 50 and 10% oxygen every 24 h 
for 14 days. This oxygen profile, which more accurately reflects 
the fluctuating lung function and PaO2 of a preterm infant in the 
NICU, resulted in a high incidence (97%) of retinopathy. 
Additionally, the angiogenic pattern seen in the rat retina pre-
cisely mimics the pattern of human ROP (Fig. 1b). Both species 
exhibit an avascular peripheral retina and both develop NV at the 
boundary of vascular and avascular retina (Fig. 2). Thus, the rat 
provides a highly relevant model with which to address ROP-
related questions.

Like the mouse model, the rat model is subject to strain-
related differences in susceptibility to retinal NV and, within 
strains, to vendor-related differences. Ma and colleagues com-
pared the differential susceptibilities of two rat strains, Brown 
Norway and Sprague Dawley, to ischemia-induced retinopathy 
(55). Using a constant oxygen exposure paradigm (like that 
developed by Smith and colleagues for the mouse), Ma found 

Fig. 2. A fluorescein angiogram depicting retinal pathology in a human infant with ROP. 
Neovascularization is seen at the boundary between the vascular central retina and 
avascular peripheral retina. (Image courtesy of Franco Recchia, MD)
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that, at the time of removal to room air, the Brown Norway rats 
exhibited an avascular area approximately four times greater than 
that of the Sprague Dawley rats. The Brown Norway rats subse-
quently developed three times the amount of preretinal NV. Later 
studies confirmed the above findings by demonstrating that 
Brown Norway rats exhibited an increased amount and duration 
of retinal vascular permeability relative to Sprague Dawley rats 
exposed to the same paradigm (56). The difference between the 
two strains is likely due to differences in retinal expression of pro- 
and antiangiogenic factors, as demonstrated in the mouse (49, 
55). These two studies, though informative, were conducted 
under conditions of constant, extreme hyperoxia, instead of the 
more clinically relevant variable oxygen protocol. To address this 
issue, Holmes and colleagues used a modified protocol of cyclic 
hyperoxia and hypoxia. Brown Norway rats again demonstrated a 
higher incidence and severity of NV than did the Sprague Dawley 
rats; only a few Sprague Dawley rats, as opposed to all of the 
Brown Norway rats, developed NV (57).

There are also vendor-related differences in susceptibility to 
retinal NV within the same strain of rat. Penn (unpublished 
observations) identified differences in the pathological response 
of a single rat strain obtained from several different vendors. 
When exposed to the OIR protocol, Sprague Dawley rats from 
Charles River (Charles River Laboratories, Wilmington, MA) 
produced a twofold greater area of NV than those from Zivic-
Miller (Zivic Laboratories, Pittsburg, PA). Sprague Dawley rats 
obtained from Harlan (Harlan, Indianapolis, IN) and Hilltop 
(Hilltop Lab Animals, Scottdale, PA) demonstrated intermediate 
levels of pathology compared to Charles River and Zivic-Miller 
rats. Holmes and colleagues similarly tested the OIR response of 
Sprague Dawley rats obtained from Harlan and Charles River 
(58). Notably, the Charles River rats demonstrated a 62% greater 
susceptibility to, and more severe, oxygen-induced NV. Thus, 
susceptibility to NV depends on genetic variation, environment, 
and oxygen treatment paradigm.

The rat also has the advantage of large litter sizes (typically 
twice the size of mouse litters) and relatively inexpensive mainte-
nance costs. Most importantly, unlike the mouse, the rat model 
consistently produces human-like patterns of vasoattenuation and 
vasoproliferation. For these reasons, the rat constitutes an ideal 
model of retinal NV that is often used to test the efficacy of anti-
angiogenic compounds for application in both ocular and non-
ocular pathologies. Notably, the rat model has also been used to 
demonstrate the progression of the disease in real time with fluo-
rescein angiogram imaging (59–61), and to demonstrate the 
speed and objectivity of pathology assessment by computer-
assisted image analysis (62).
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The development and use of large and small animal models of 
OIR have contributed greatly to our understanding of both phys-
iological and pathological retinal vascular development. Because 
of the ease with which retinopathy outcome can be altered by 
manipulation of environmental or genetic influences, animal 
models of OIR have also provided a commonly used means to 
study fundamental aspects of the angiogenic process and its 
molecular regulation. In addition, OIR models have advantages 
over tumor angiogenesis models, in that eye tissue is readily acces-
sible, and its vasculature is easy to visualize and assess. OIR mod-
els have shed light on the cellular and molecular basis of 
angiogenesis. They have also provided an important venue for 
testing novel treatment strategies and therapeutic targets. 
Continued refinement of the models and knowledge gained 
through their use will facilitate the development of therapies 
directed against neovascular diseases of the human eye.
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Chapter 7

Animal Models of Diabetic Retinopathy

Adrian M. Timmers, Casey M. Miller, and Li Zhu

Abstract 

Diabetic retinopathy threatens vision in millions of patients in the USA. Prolonged hyperglycemia causes 
irreversible pathological changes in the retina, leading to proliferative diabetic retinopathy with preretinal 
neovascularization and diabetic macular edema. Much of the disease progression appears similar between 
man and animal. Thus, animal models are essential in understanding the pathology of this disease and 
development of effective treatments. This chapter describes and discusses the use of the rat, mouse, 
and dog in diabetic retinopathy studies.

Key words: Diabetic retinopathy, Preretinal neovascularization, Diabetic macular edema, Streptozotocin, 
Rat model of diabetic retinopathy, Mouse model of diabetic retinopathy, Dog model of diabetic 
retinopathy

Diabetes mellitus (DM) is a group of metabolic diseases 
characterized by hyperglycemia resulting from defects in insulin 
secretion, insulin action, or both. The chronic hyperglycemia of 
diabetes is associated with long-term damage, dysfunction, and 
failure of various organs, especially the eyes, kidneys, nerves, 
heart, and blood vessels (1).

The World Health Organization estimated the number of DM 
patients to reach 300 million in 2025. In the USA alone, 48 mil-
lion people could be diabetics in 2050 (2). Based on data from 
the National Health Interview and US Census Bureau, the Center 
for Disease Control (CDC) predicts that in 2050 16 million peo-
ple will have diabetic retinopathy (DR), and for 3.4 million DR 
will be severe enough to threaten vision (3). This forecasts a tri-
pling of cases from 2004 to 2050; in 2004 an estimated $500 M 

1. Introduction

1.1. Impact of Disease
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was spent on the medical expenses associated with DR alone (3). 
The diabetes epidemic underscores the need for novel efficient 
treatments for complications like DR.

Although the etiology of the two types of diabetes, Insulin-
Dependent Diabetes Mellitus (IDDM) or Type 1 DM (T1DM; 
autoimmune destruction of the b-cells of the pancreas with con-
sequent insulin deficiency) and Noninsulin-Dependent Diabetes 
Mellitus (NDDM) or Type 2 DM (T2DM; abnormalities that 
result in resistance to insulin action) differs, the natural course of 
pathologic events in the retina are similar (4). After approximately 
half a decade of diabetes, signs of retinopathy (vascular abnor-
malities) start to become clinically noticeable in T1DM patients, 
after two decades nearly all have retinopathy, 50% show prolifera-
tive diabetic retinopathy (PDR) with preretinal neovasculariza-
tion. The incidence of PDR in T2DM patients is approximately 
half of those with T1DM. In addition to PDR, diabetic macular 
edema (DME) is the other major threat to vision. The incidence 
of DME is similar in both types of diabetic patients (5). It is 
proven indisputably that hyperglycemia is the root cause of the 
diabetic complications including DR (6–12). In man and animal, 
the histological vascular manifestations of early stages of DR 
are characterized by loss of intramural capillary pericytes with 
microaneurysms, capillary closure, acellular capillaries and thick-
ening of the basement membrane. Before these vascular DR 
symptoms become evident, substantial time of diabetes passes 
(13). Clinical evidence available to date strongly suggests that the 
late stage of retinopathy, such as PDR or DME, is a direct conse-
quence of the earlier pathologies (14). To date the pathological 
progression into diabetic retinopathy cannot be reversed with 
later correction of hyperglycemia in man and animal (15).

Clearly, the similarities in diabetic retinopathy progression in 
man and animal strongly corroborate the importance and value of 
animal models in understanding the pathogenicity of diabetic 
retinopathy and hunting for effective treatments.

This chapter will discuss animal models (mainly rodents) and the 
role they have played and continue to play in gaining insights into 
early nonproliferative diabetic retinopathy. Other models for DR 
including dogs, cats, and nonhuman primates have recently been 
discussed in reviews by Kern and colleagues (13, 16). Although 
most early retinal pathologies can be reproduced in animal models, 
none of the currently available animal models represent the full 
spectrum of diabetic retinopathy in man.

1.2. Etiology  
and Pathology

2. Animal Models 
of Diabetic 
Retinopathy
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Hyperglycemia can be induced by streptozotocin (STZ) or 
alloxan; both chemicals initiate destruction of beta cells in the 
pancreas. This causes insulin deficiency and Type 1 diabetes. In 
rats, STZ-induced diabetes has provided the principal model for 
diabetic retinopathy. Additionally, several rat strains have been 
described that spontaneously develop symptoms resembling 
 diabetes mellitus in man. Typically, the more advanced DR 
 phenotypes such as preretinal neovascularization, microaneu-
rysms and intraretinal vascular abnormalities are not detected in 
rat models. 

Vascular symptoms of NPDR (leukostasis/capillary occlusion, 
acellular capillaries, pericyte loss, and basement membrane thicken-
ing) develop reproducibly in rats with chemically induced diabetes 
(discussed in detail below). Significant changes in acellular capillar-
ies, pericyte ghosts are not observed until at least 6 months from 
the onset of diabetes. The spontaneous T1DM rat models display 
substantial variability in timing and severity of the phenomenology 
of diabetic retinopathy. The BBW rat (17) presents NPDR similarly 
to the chemically induced diabetic rat models (18, 19). 
Manifestations of DR in the spontaneous diabetic Torii (SDT) rat 
(20) appear inconsistently with a much later onset at around 60 
weeks. In 2005, Yamada and coworkers published retinal neovas-
cularization without ischemia (21), more detailed studies mention 
tractional retinal detachment (22). The phenotypic differences of 
DR progression in chemically diabetic rats and man versus the Torii 
rat are thought to be the result of high levels of pigment epithe-
lium-derived factor (PEDF) in the Torii rat retina (23, 24). The 
ocular effects in the Torii diabetic rat could be prevented by glyce-
mic control (25) or treatment with soluble flt-1 (26). Miyamura 
and coworkers (27, 28) reported abnormal basement membranes 
in retinal capillaries in the WBN/Kob rat (29); however, the degen-
eration of the retina resembles retinitis pigmentosa rather than 
diabetes-induced retinal changes (30, 31).

Diabetic retinopathy in models of T2DM has not been studied as 
extensively as in T1DM animal models. The Zucker diabetic fatty 
(ZDF) rats (32) show some signs of NPDR (capillary basement 
membrane thickening) but capillary degeneration (acellular capil-
laries, pericyte ghosts) develops only minimally (33, 34). In con-
trast, Behl and colleagues reported similar levels of capillary 
degeneration in STZ rats and ZDF rats after 6 months of diabetes 
(35). Using corrosion casts of retinal vasculature of Otsuka Long-
Evans Tokushima fatty (OLETF) diabetic rats (36), Miyamura 
et al. earlier reported thicker basement membranes and pericyte 
loss (37, 38). However, applying retinal trypsin digests, Matsuura 
and colleagues concluded later that the “OLETF rat is not a suit-
able animal model for the study of angiopathic diabetic retinopa-
thy” (39). The GK rat (40) reportedly does not develop DR (41) 

2.1. Chemical-Induced 
Hyperglycemia
2.1.1. TIDM Rat Models

2.1.2. T2DM Rat Models
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although a study in 2006 measured acellular capillaries but no 
pericyte ghosts (42), confirming an earlier qualitative report (43). 
Substantial ERG changes (a-wave amplitude reduction) occurred 
in the GK rat very early (44). Transfer of the leprfa (previously 
known as the fa gene) gene from Zucker onto Wistar Kyoto rat 
resulted in the obese-hyperglycemic “Wistar fatty rat” (45), 
among which only the males develop hyperglycemia (45). In the 
BBZDR/Wor rat (46) carrying the Zucker leptinfa gene, thicken-
ing of the basement membrane (47, 48), pericyte ghosts and cap-
illary irregularities were noted in trypsin digests of the diabetic 
retina (19, 49, 50). The obese SHR Koletsky (SHROB) rat (51) 
develops retinal capillary dropout, vascular tortuosity and vascu-
lar permeability (52). The Spontaneous Hypertensive/NIH cor-
pulent rat (SHR/N-cp) (53), a strain homozygous for a mutation 
in leptin receptor (corpulent gene) (54), when fed a high sucrose 
diet developed loss of pericytes and capillary lesions (49). 
Introduction of the leptinfa allele of the Zucker fatty (ZF) rat into 
the SDT rat (55) resulted in a new model of obese T2DM, in 
which DR develop earlier (55). To date, no further information 
on changes in retinal vasculature of these rats is available.

The small size of mouse retina presents unique challenges for 
research on DR. However, genetic manipulation in mice is much 
more advanced and provides excellent avenues to further unravel 
the pathology of DR. As in rats, T1DM can be induced chemi-
cally in mice. NPDR characteristics (such as acellular capillaries 
and pericyte ghosts) develop in the commonly used C57Bl/6 J 
mice at approximately 6 months after induction of diabetes with 
STZ. With extended duration of diabetes, the symptoms intensify 
(56). A mutation in the insulin gene in the Ins2Akita mouse results 
in spontaneous diabetes in the males. Vascular pathology in the 
Ins2Akita mice follows a similar pattern with increasing number of 
acellular capillaries and pericyte ghosts in 6 months (56–58).

Several spontaneous T2DM mice models have also been 
reported, with only a few strains explored for diabetic retinopathy 
phenotypes. Vascular DR symptoms have not been analyzed in the 
New Zealand obese mouse (59, 60), sand rat (61–63), nonobese 
diabetic (NOD) mouse (64), or ob/ob mouse (65). Retinopathy in 
NOD mice has been reported (276). According to Jackson 
Laboratories Database, hyperglycemia in ob/ob mouse is mild, tran-
sient and varies greatly between individual animals. For some strains, 
increase of retinal capillary basement thickening was reported in the 
spiny mouse after approximate 1.5 years hyperglycemia (66). Pericyte 
loss, acellular capillaries and loss of neuronal cells in ganglion cell 
layer and inner nuclear layer have been described in KK (and KKAy) 
mice (67). Pericyte loss, acellular capillaries, thickening of capillary 
basement membrane, and breakdown of blood–retinal barrier has 
been observed in the genetically diabetic db/db mouse (68–70).

2.2. Mouse Models
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Genetic background and rearing environment affect the 
severity of diabetes and the rate of progression of diabetic retin-
opathy, and such variability exists in the human population as 
well. Despite these differences, the type of vascular distortions 
appears to be rather general across strains and species.

In 1984, Engerman and Kern presented diabetic retinopathy 
phenomena in galactosemic dogs (71). The elevation of blood 
levels of d-galactose, an isomer of glucose, due to diet containing 
30% galactose reproduced many of the effects of diabetes on the 
lens, cornea, and peripheral nerve. In the galactose-fed dogs, 
blood galactose varied throughout the day from values of approx-
imately zero after an overnight fast to values as high as 150–
250 mg/dL after consumption of the galactose-rich diet. The 
blood glucose and serum insulin levels remained normal in the 
galactosemic animals in contrast to the values for the diabetic 
animals (72). Diabetes in dogs and humans is marked also by 
abnormalities such as supranormal levels of fibrinogen, branched-
chain amino acids, and lipids. Galactosemic dogs lacked these fea-
tures of diabetes as well (72). Glycated hemoglobin levels increase 
significantly in galactosemic animals (72–75). The galactose-rich 
diet also produced diabetic like vascular abnormalities in rats and 
mice (76, 77). This model supports the notion that hyperhexosemia 
is the main culprit for diabetic retinopathy, a concept strongly agreed 
by the findings of the Diabetes Control and Complication Trial. 
However, important differences were noted as well. Aminoguanidine 
blocks a variety of processes thought to be important in develop-
ment of DR, including nonenzymatic glycation (78, 79), oxidative 
stress (80, 81), activation of protein kinase C (81), induction of 
vascular endothelial growth factor (VEGF), nitric oxide synthase 
(81, 82) and cycloxygenase-2 (82). Interestingly, aminoguanidine 
does prevent DR in experimental diabetes but not in galactosemia-
induced retinopathy (73, 75, 83). Despite the similarities of vascu-
lar phenomena in diabetic and galactosemic retinopathy, clearly 
there are some important differences for which the causes have not 
been identified. Perhaps the strong fluctuation of hyperhexosemia 
in galactosemic animals (peaks postprandial then returns to normal), 
or the anomaly in insulin metabolism in diabetes holds additional 
factors crucial for development of diabetic retinopathy.

STZ (2-deoly-2-(3-methyl-3-nitrosourea) 1-d-glucopyranose) is 
a broad-based antibiotic that causes diabetes with a single injec-
tion by inducing b-cell necrosis in the pancreas (84). Being a 
derivative of glucose (85), STZ is transported across the b-cell 
membrane by GLUT2 receptors (86, 87). Death of the b-cells is 
mediated by alkylation of DNA via reactive carbonium ions (88, 89), 
the production of hydrogen peroxide (90, 91), and/or production 
of nitric oxide (NO) (92–94).

2.3. Alternative 
Diabetic Retinopathy 
Models

2.4. STZ Animal Model 
for Diabetic 
Retinopathy
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STZ can be administrated at doses varying from 35 to 
100 mg/kg and with single or multiple dosing schedules (84, 
95–102). Due to concerns of its stability, STZ is prepared imme-
diately before injection in citrate buffer pH 4.5 (84, 103). Animals 
are fasted 1 day before STZ administration, the diabetic condi-
tion is assessed by blood glucose levels the next morning. 
Depending on the experimental paradigm, insulin is typically only 
administered to reverse weight loss and prevent premature death 
of the diabetic animal.

In diabetic patients, progressive leakage of albumin into retina 
with increasing severity of diabeties was detected (104). Increase 
retinal levels of intracellular adhesion molecule-1 (ICAM-1), 
VEGF, and leukocytes were also found in DR patients (105–110). 
Leukostasis, adherence of leukocytes to the endothelial lining 
mediated by ICAM-1, is thought to be one of the first steps 
toward vascular permeability and blood–retinal barrier (BRB) 
breakdown (111–115). VEGF upregulates expression of ICAM-1 
(116–118).

In STZ rats, leukostasis occurs within weeks after onset of 
diabetes (23, 57, 99, 101, 114, 115, 117, 119–125). Leukostasis 
concurs with increased expression of ICAM-1 (23, 101, 126–
129) and VEGF (101, 128–133), combined with the breakdown 
of the BRB demonstrated by increased permeability in the retina 
(117, 123, 132, 134–138) and dysfunction of endothelial tight 
junctions (100, 139–142). Perpetual leukostasis can lead to capil-
lary occlusion, acellular capillaries and pericyte loss, which are 
processes thought to be precursors to ischemia and induction of 
neovascularization. Cytokines such as ICAM-1 and VEGF appear 
to contribute to the early vascular pathology in DR.

Classically diabetic retinopathy has been regarded as a disease of 
the microvasculature of the retina. The stages of DR have been 
based on clinically observable lesions that originated from the 
retinal vasculature. The focus on the diabetic vasculature pathol-
ogy overshadowed the notion postulated in 1962 by Bloodworth 
that neuronal pathologies also are an integral part of the patho-
genesis of early DR: “Diabetic retinopathy is a complex degenera-
tive disease of all elements of the retina, probably due to a 
fundamental metabolic or enzymatic defect of the cells and is not 
related to vascular supply” (143). In human it takes 5–7 years 
after onset of diabetes to clinically image vascular irregularities, 
while in experimental animals the time ranges from 0.5 to 
1 year.

Altered glial function with increased levels of glial fibrillary acidic 
protein (GFAP) (144, 145) becomes evident during first several 
months of STZ-induced diabetes (146–149). Glial cells support 

2.4.1. Vascular Diabetic 
Retinopathy in STZ-
Induced Diabetes

2.4.2. Neuronal Diabetic 
Retinopathy in STZ-
Induced Diabetes

2.4.3. Glial Components
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the functions of neurons and endothelial cells (150, 151). Muller 
glial cells regulate the neuronal extracellular environment by 
clearing glutamate, converting it to glutamine for resynthesis to 
glutamate in the neuronal cells. In the diabetic rat the glutamate-
to-glutamine conversion is strongly reduced in both T1DM and 
T2DM experimental models of DR (146). This is accompanied 
by an overall increase in retinal glutamate, which is toxic to retinal 
neurons (152, 153). Glutamate levels in vitreous of patients with 
PDR are elevated (154). Cepko and coworkers linked reactive 
gliosis to vascular change (155). Muller cells are the major pro-
ducers of VEGF, and its expression increases in Muller cells under 
hyperglycemic or hypoxic conditions (156). These observations 
present evidence for a correlation between gliosis and DR.

Apoptotic pericyte and endothelial nuclei were detected in diabetic 
donor eyes using TUNEL (terminal transferase dUTP nick end 
labeling) (157, 158). Bax, a regulator of apoptosis and a member 
of the Bcl-2 family (159), was significantly upregulated in retinas 
from diabetic donors (160). Bax expression (associated with neurons 
under hyperglycemic duress) (161–163), staining of neurons with 
Fluoro-Jade B (a marker for degenerative neurons), and caspase-9 
and -3 increased significantly in retinas from diabetic donors (164), as 
were caspases-1, -3, -4 and -6 in eyes from T2DM donors (165). 
STZ rats (7.5 months) measured a reduced thickness of the inner 
plexiform (22%), inner nuclear layer (14%) and a reduction in sur-
viving retinal ganglion cells (RGC) (10%) (158). In whole mount 
retinas of STZ rats after 1 month diabetes a tenfold increase in 
TUNEL-positive nuclei over control indicates the early onset of 
apoptosis (158). TUNEL-positive pericytes and endothelial cells in 
diabetic rats (31 weeks duration) preceded any histological evi-
dence of retinopathy (157). Caspases-1, -2, -6, -8, and -9 were 
activated in diabetic mice as early as 2 months duration (165). The 
caspase activity profile changes with duration of diabetes, caspase-6 
increases and caspase-3 can be detected when capillary cells start to 
show signs of apoptosis (165, 166). In mice diabetic for 14 weeks, 
caspase-3 activity and TUNEL-positive cells in RGC coincided 
with reduced (25%) RGC density (167). In diabetic rats (3 weeks) 
a significant increase of TUNEL-positive cells in the ganglion layer 
and increase of Bax expression in the retinal neuronal cells was 
noted (163). TUNEL-positive cells increased in the outer nuclear 
layer (ONL) after 1 week of diabetes peaking at 4–6 weeks with a 
significant reduction of nuclei in the ONL and retinal thickness 
(168). Diabetic rats analyzed from 1 to 24 weeks showed degen-
eration of the postsynaptic processes of horizontal cells loss of RGC 
at 4 weeks, and amacrine cells at 12 weeks (169). A large reduction 
in the ONL was noted at 24 weeks (169). Controversial results 
have also been observed in STZ mice with no obvious RGC loss 
after a considerable length of diabetes duration (56, 170).

2.4.4. Neuronal Cell Death
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ERG provides a useful tool to evaluate the impact of diabetes on 
visual function (171–178) and to predict the progression of DR 
(179, 180). Reduction in amplitudes or delay of implicit times of 
oscillatory potentials has been observed in diabetic patients (181–
183). Fortune and coworkers showed delays in local multifocal 
ERG in eyes with DR (175). ERG measurements in STZ diabetic 
rats show a reduction of the a-wave (photoreceptor cells) and 
b-wave (amacrine cells) amplitudes from 2 weeks onward (184). 
Other studies also measured reduced b-wave amplitudes from 
4 weeks forward (185–189). Substantial variability exists with 
regard to timing of reduction in oscillatory potential (OP). Li and 
coworkers noted significance after 2 weeks (184). Aizu et al., 
reported a significant reduction in OP at 4 weeks (189), Kohzaki 
and colleagues see significance at 8 and 11 weeks duration (190). 
Others present significance in OP reduction after 12 weeks (186–
188, 191, 192). ERG functions such as scotopic threshold 
response (STR) were reduced at 4 weeks while this group did not 
see OP changes until 8 weeks (190). The leading edge amplitude 
(RmPIII) of the a-wave was significantly reduced after 12 weeks 
of diabetes (193).

Spontaneous diabetic animals revealed variability in severity and 
onset of DR. Although STZ induction of diabetes allows perfect 
synchronization of onset, genetic makeup of the animals, how-
ever, could impact progression of DR symptoms. Comparison of 
Brown Norway (BN), Sprague Dawley (SD), Wistar, and Lewis 
rats have revealed some differences (135, 189, 194). Diabetic BN 
rats have significantly reduced a-wave and b-wave amplitudes and 
OP after 1 month (189). At their earliest timepoint of 4 months, 
Kern and colleagues noted that in Lewis, a-wave and b-wave 
amplitudes were significantly reduced while SD rats had no sig-
nificant changes and in Wistar the b-wave was delayed. In BN 
rats, RGC loss was significant after 4 weeks of diabetes (185). 
Significant cell loss in the ganglion cell layer was not detected in 
Lewis rats until 2 months. At 4 months, VEGF, COX2 and the 
inducible isoform of NOS (iNOS) were increased in all strains, 
only significant for some. After 8 months, significant increase in 
acellular capillaries and pericyte ghosts was noted in Lewis and 
Wistar rats (194). SD and BN rats were compared by Zhang and 
coworkers utilizing a retinal vascular permeability (RVP) assay 
that assesses retinal permeability for albumin from the blood cir-
culation. RVP in diabetic BN rats was significantly higher than in 
SD rats. Measurement of VEGF levels and sensitivity to injected 
VEGF revealed higher levels and sensitivity in BN rats (135). No 
information on the development of acellular capillaries or pericyte 
ghosts in BN rats is currently available.

2.4.5. Electroretinogram

2.4.6. Strain Differences
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More and more evidence has been accumulated to support that 
chronic subclinical inflammation plays an essential role in the 
early development of many signature vascular abnormalities of 
DR, in addition to the previously extensively studied polyol path-
way, nonenzymatic glycation and diacylglycerol-protein kinase C 
pathway (195–197). Inflammatory features that characterize DR 
include increased blood flow and vascular permeability, tissue 
(macular) edema, neovascularization (198), increased expression 
of inflammatory mediators (106, 110, 199–209), accelerated ret-
inal neural (56, 158) and microvascular (157) cell death, mac-
rophage infiltration (210, 211), microglial cell activation (56, 
147, 212–214), increased leukocyte adhesion (117, 127), com-
plement activation (215), Fas ligand upregulation (216–219), 
and acute phase response protein expression (215). Animal mod-
els, although imperfect, are essential in the efforts of resolving the 
nature and time course of molecular changes, especially crucial 
early events leading to destructive results in DR patients.

Proinflammatory cytokines, including ICAM-1, tumor necrosis 
factor-a (TNF-a), interleukin-1b (IL-1b), interleukin-6 (IL-6), 
and VEGF (especially the isoform 164/165), have been found at 
elevated levels in the eyes of both human DR patients (107, 204, 
220, 221) and diabetic animals (110, 208, 221–227). These mol-
ecules are produced locally in the eye by resident and infiltrating 
cells and exhibit pleiotropic effects on homeostasis of glia, neu-
rons, and retinal vascular endothelial cells in the retina. Changes 
induced by chronic hyperglycemia lead to dysregulation of these 
cytokines and thus may contribute to chronic deteriorating effects 
that eventually lead to retinopathy.

An important component of the early DR development is 
leukostasis, which is directly linked with upregulation of ICAM-1 
in retinas of diabetic animals (115, 128). Interaction of ICAM-1 
with CD18 adhesion molecule on monocytes and neutrophils 
contributes to the diabetes-induced leukocyte adhesion to retinal 
vessels, which potentially causes capillary occlusion. STZ diabetic 
mice genetically deficient in either ICAM or CD18 have been 
shown to develop much less microvascular damage and capillary 
leakage than the wild-type controls (127).

In the diabetic retina, TNF-a potentially comes from astrocytes, 
Muller cells (228) and microglia (229). Levels of sTNFR1, receptor 
of TNF-a, have been found to be higher in T2DM patients with 
microvascular complications (230) and TNF-a is an independent 
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serum marker for proliferative retinopathy in T1DM patients 
(226). A soluble TNF-a receptor/Fc construct, etanercept, has 
been shown to not only lower ICAM-1 level and DNA-binding 
capacity of nuclear factor-kB (NF-kB), but also reduce retinal 
leukostasis and BRB breakdown (228). Another recent study with 
pegsunercept, a TNF-a-specific inhibitor, has been shown to inhibit 
pericyte ghost formation and reduce acellular capillary formation 
in both STZ-induced diabetic rats (T1DM) and Zucker diabetic 
fatty rats (ZDF, T2DM model) (35). TNFR deficiency in diabetic 
mice protected against galactose-induced retinopathy (231).

Excessive NO production was thought to be induced in the 
inflammatory response to hyperglycemia. Endothelial cells express 
constitutive NO synthase (eNOS) (232, 233) and in some studies 
retinal vascular eNOS level was reported to decrease in diabetes. 
It is suggested that iNOS (234) may be the main source of the 
harmful amount of NO production in DR development (114, 
170, 235–237). Again, iNOS-defecient (iNOS−/−) mice made 
diabetic with STZ (114, 170) are protected, which shows that 
iNOS isoform plays a predominant role in leukostasis and BRB 
breakdown, via a mechanism that involves ICAM-1 upregulation 
and tight junction protein downregulation. Also it was found that 
diabetic retina microvascular lesions observed in STZ-induced 
diabetes in mice showed a much earlier onset in eNOS−/− mice as 
3 months versus 6 months in wild-type STZ mice (Li QH et al., 
unpublished data). This NO abnormality can be corrected by 
treating STZ-induced diabetic rats or dogs with inhibitors of NO 
synthase (114, 236). Aminoguanidine (238) has been found to 
inhibit the development of retinopathy in diabetic dogs (239) 
and rats (73). The mechanism may be attributed to multiple path-
ways, including blockage of advanced glycation endproduct for-
mation, iNOS, COX-2, activation of protein kinase C, induction 
of VEFG and oxidative stress.

IL-1b induces the expression of the iNOS, which use l-arginine as 
substrate to overproduce NO. Mice deficient in the IL-1b recep-
tor were protected from diabetes-induced caspase activation and 
retinal pathology at 7 months of diabetes, indicating that the 
caspases-1/IL-1b signaling pathway plays an important role in DR 
(240). It was also reported that IL-1 type 1 receptor-deficiency in 
genetically modified mice generally conferred neuroprotection, 
evidenced by reduced neuroinflammation and both cytotoxic and 
vasogenic edema in these mice (241).

NF-kB is also known to play an important role in the promotion 
of retinal vascular cell apoptosis (242) and downstream inflamma-
tion regulation in DR, being actively involved in multiple path-
ways. It has been shown that the NF-kB inhibitor can block the 
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abnormal increases of mRNA and protein levels of angiotensinogen, 
angiotensin II type 1 and 2 receptors in the STZ-induced diabetic 
mice (243). Also, intermediate doses of salicylates that inhibit 
NF-kB activation in the retinas of diabetic rats have been shown 
to inhibit upregulation of inflammatory mediators like vascular 
cell adhesion molecule (VCAM), iNOS, ICAM-1, and COX2, as 
well as the signature microvascular abnormalities in the STZ rat 
models.

VEGF is well-recognized as a causative factor in neovascularization 
and increased vascular permeability in retinopathies. Characterized 
in diabetic animals, it was found that VEGF accumulates in the 
retina early in diabetes (244–246). RGC, Muller cells and peri-
cytes can all produce VEGF. Clinical trials of anti-VEGF therapies 
have shown promising results against late stage of DR, which was 
mimicked in VEGF-induced DR-like condition in monkeys with 
vascular tortuosity and microaneurysms (247, 248). Recently, it 
has been suggested that unbalanced VEGF and PEDF expression 
in diabetic retina may contribute to the pathogenesis of prolifera-
tive diabetic retinopathy (122, 249, 250). PEDF has been found 
in the vitreous, and its levels were decreased in angiogenic eye 
diseases although plasma level in advanced DR patients increases 
(251), suggesting that PEDF in the eye is functionally important 
in the pathogenesis of proliferative diabetic retinopathy (252–
254). It has also been reported that low leukostasis and an absence 
of nonperfused area in SDT rats with long-term diabetes may be 
attributed to inhibition of the VEGF-induced leukostasis by 
PEDF in these rats, since they showed significantly higher levels 
of PEDF than STZ rats (23, 24).

Characterization of the time course of early retinal damage in DR 
at the molecular level is also very important in understanding the 
pathogenesis. Gene expression changes found with whole genome 
microarray and qPCR revealed that at 3 months of STZ-induced 
diabetes in rats, vascular permeability and caspase-3 activity were 
increased, but not at 1 month. The importance of increasing 
duration of diabetes is further confirmed with significantly more 
and larger magnitude gene expression changes observed after 
3 months than 1 month of diabetes. Recent long-term good 
blood glucose control studies in STZ-induced diabetic rat model 
revealed that diabetes duration before implementation of good 
blood glucose control (the diabetic “memory”) has an pivotal 
impact on the extent of DR disease state development (15), which 
is consistent with clinical studies with diabetic patients. 
Glyceraldehyde-3-phosphate dehydrogenase (GAPDH) was 
thought to contribute to diabetic retinopathy progression after 
cessation of hyperglycemia (15).

3.1.6. VEGF

3.1.7. Time-Dependent 
Changes
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Many potential therapies have been reported effective in experi-
mental diabetic animals, mostly STZ-induced diabetic rats or 
mice. Aldose reductase inhibitors like sorbinil or ARI-809 were 
shown to protect retinas of STZ-rats from both neuronal and 
vascular damage (Sun et al. 2005 and ref. 126), while antiplatelet 
drug clopidogrel showed no effect (Sun et al. 2005). Benfotiamine 
was reported to inhibit both PKC activation by hyperglycemia 
and advanced glycation endproducts and thereon prevented dia-
betic retinopathy in STZ-rats (255). A tyrosine kinase inhibitor, 
genistein, was first shown to be protective in normalization of 
retinal vascular permeability in experimental diabetes (256, 257) 
and the PKC inhibitor, ruboxistaurin, was led into clinical trial 
from efficacy demonstrated in the diabetic animal models (258). 
Inhibition of COX, especially COX-2, with nepafenac or meloxi-
cam both have been shown to inhibit diabetes-induced leukosta-
sis, with nepafenac significantly decreased histological lesions in 
diabetic rat retinas with long-term topical dosing (101). Poly-
ADP-ribose polymerase inhibitor PJ34 also showed successful 
inhibition of the diabetes-induced early retinal microvascular 
lesions while dosed 9 months to diabetic rats (259). Corticosteroids 
(260), such as dexamethasone delivered by intravitreal injection 
in STZ rats, have been demonstrated to improve diabetic retinal 
edema through inhibiting leukocyte recruitment in the diabetic 
retina (57). Three different nonsteroidal anti-inflammatory drugs, 
aspirin (239), sodium salicylate and sulfasalazine, were also found 
to inhibit the development of the diabetes-induced retinal lesion 
in STZ-induced diabetic rats (261). Minocycline was reported to 
reduce proinflammatory cytokine expression, microglial activa-
tion, and caspase-3 activation in the STZ-induced diabetic rat 
retina (213). Antioxidants dosing have been shown to partially 
inhibit these retinal lesion, with a-tocopherol (262) and a-lipoic 
acid (263, 264) being the most effective, possibly by partially 
inhibiting diabetes-induced inflammation. Micronutrients that 
were shown to reduce the risk of development of age-related 
macular degeneration in the Age-Related Eye Disease Study 
(AREDS) were shown to inhibit the development of diabetic 
retinopathy in STZ rats, possibly by inhibiting the oxidative and 
nitrative stress (265). Exogenous erythropoietin injected intravit-
really to STZ-induced diabetic rat eyes were shown to protect 
both retinal vascular and neuronal cells in early diabetes (168). 
Most recently, Rho kinase inhibition by fasudil was shown to 
ameliorate diabetes-induced microvascular damage (266). Recent 
discovery of diabetic-retinopathy-like capillary and neural changes 
in dopamine beta hydroxylase knockout (Dbh−/−) mice demon-
strated that loss of sympathetic neurotransmission also contrib-
utes to DR pathogenesis (267)

3.2. Treatment 
Approaches
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Despite the progress made thus far, the molecular mechanism(s) of 
diabetic retinopathy and hence how effective therapies work remain 
largely unknown. It is possible that extended duration of hypergly-
cemia may trigger a series of signaling pathways that lead to vision 
loss which could complicate therapy development. The normal 
inflammatory response aims to limit tissue injury; however, in dia-
betes it may result in exacerbation. It becomes more obvious that 
many of these factors “cross-talk” and are part of interweaving sig-
naling pathways. For instance, aldose reductase produces cytotoxic 
sorbitol in hyperglycemia that leads to NADPH depletion, which 
in turn reduces NO production. Inflammatory cytokines such as 
IL-1 and TNF-a have multiple effects on the endothelium, can 
lead to prothrombotic and proinflammatory states, and stimulate 
NO production through iNOS. It should be noted that in human 
patients, high amounts of TNF-a and IL-1b alone contribute to 
the deterioration of the hemodynamic condition, which results in 
hypotension, shock, and eventually tissue damage (268). The level 
of eNOS can be profoundly downregulated in the presence of 
TNF-a (269), as well as by pathophysiological stimuli such as 
hypoxia (232, 270) and endothelial proliferation (233). Apoptosis 
was induced in endothelial cell culture with TNF-a and was inhib-
ited by simultaneous exposure of endothelial cells to VEGF (268). 
Simple inhibition of VEGF which is supposed to support cell sur-
vival may aggravate retinal neuronal or vascular cell death in diabe-
tes, with seemingly improved clinical results (271). A new 
mechanism has been proposed in diabetic nephrology linking the 
uncoupling of VEGF and NO to the pathology (272). The protec-
tive effect of angiotensin-converting enzyme inhibitor on DR is 
associated with a decreased VEGF/PEDF ratio, which involves the 
mitochondria-ROS pathway through PPARg-mediated changes of 
UCP-2 (273). The effects of aspirin and salicylates in preventing 
early retinal vascular lesions in diabetic rats were shown to inhibit 
NF-kB activation as well as retinal expression of ICAM, iNOS, 
COX-2 that are regulated by NF-kB-dependent transcription. 
Neither salicylates (274) nor aminoguanidine (275) treatment in 
STZ-induced diabetic rats reduced the formation of early nonenzy-
matic glycation products, although they both arrested other early 
retinal vascular abnormalities (261). Aminoguanidine treatment 
was able to inhibit retinal microvascular disease development in 
STZ-induced diabetic dogs and rats, but not in galactose-fed rats, 
probably due to the different biochemical pathways leading to the 
pathologies. The elucidation of the full picture of DR pathogenesis 
is dependent on combining in vitro and in vivo diabetic models 
developed and to be developed in the future.

4. Future Outlook
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Animal models have proven crucial in the progress made into the 
understanding of diabetic retinopathy, an increasingly important 
disease in light of the gathering diabetes epidemic. Clearly, diabetic 
retinopathy progresses along multiple pathways toward the loss of 
vision. Most of the current knowledge comes from work with 
animals (rodents) made diabetic with STZ and increasingly with 
combination of chemically made or spontaneous diabetic and 
genetically modified animals. Much more research using animals is 
required to identify the pivotal event(s) of the crucial gateway pro-
cess and to identify reliable predictive early clinical indicators. 
Research with animal models will spawn insights into the design 
and testing of putative therapies to stop diabetic retinopathy early 
or reverse progress by “erasing” the “diabetes memory.” Experimental 
diabetic animals remain seminal in the scientific battle against diabetic 
retinopathy.
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Chapter 8

Nonprimate Models for Glaucoma Retinopathy  
and Optic Neuropathy

Iok-Hou Pang and Abbot F. Clark

Abstract 

The generation and advancement of animal models have contributed significantly to the advancement of 
glaucoma research. This chapter describes and summarizes major nonprimate animal models useful for 
the study of this disease. Rodent models, both rats and mice, have been popular for glaucoma studies, 
because of the relatively better-developed genetic and genomic tools and the similarity of the relevant 
ocular structures between human and these animals. The larger animals, e.g., rabbit, feline, canine, 
bovine, ovine, and porcine models, have also been successfully used and provided valuable information 
on various aspects of the disease. Some of the models depicted in this chapter involve a transient or 
chronic ocular hypertension. Others do not affect intraocular pressure, but instead address certain spe-
cific mechanisms of the disease and serve as surrogate models.

Key words: Glaucoma models, Glaucomatous retinopathy, Glaucomatous optic neuropathy, Rodent, 
Rabbit, Feline, Canine, Bovine, Ovine, Porcine

Glaucoma is a leading cause of irreversible visual impairment and 
blindness, affecting approximately 60–70 million individuals 
worldwide. Glaucoma is actually a heterogeneous group of dis-
eases resulting in a very similar optic neuropathy and retinopathy. 
The risk factors for glaucoma include age, elevated intraocular 
pressure (IOP), race, family history, and steroid (glucocorticoid) 
responsiveness. Elevated IOP is a causative risk factor for both the 
development and progression of glaucoma in man, and many ani-
mal models of glaucoma utilize this insult to cause glaucomatous 
damage to the retina and optic nerve. Glaucoma is clinically char-
acterized by thinning of the retinal nerve fiber layer, cupping and 
excavation of the optic disk, and a characteristic and progressive 
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change in the visual field. The vision loss in glaucoma is due to a 
progressive axonopathy and apoptotic death to the retinal gan-
glion cells (RGCs), with relative sparing of other regions of the 
retina.

A number of pathogenic pathways have been proposed for 
glaucomatous damage to the retina, optic nerve head, and optic 
nerve (Table 1). Increased hydrostatic pressure can damage RGCs 
and activate optic nerve head astrocytes (ONHAs). Elevated IOP 
also inhibits axonal transport in the nonmyelinated RGC axons at 
the lamina cribrosa. Expression and transport of neurotrophins 
and their receptors in RGCs, RGC axons, and the optic nerve 
head are altered in glaucoma suggesting that neurotrophic depri-
vation may be involved in glaucomatous damage. Stretch of ONH 
cells, mimicking glaucomatous distension of the lamina cribrosa, 
alters gene and protein expression. There is evidence of retinal 
and optic nerve vascular dysregulation and ischemia in both nor-
mal tension and hypertensive glaucoma. Glaucomatous damage is 
also associated with the generation and release of wide variety of 
toxic molecules in the retina and optic nerve head, including glu-
tamate, nitric oxide, endothelin-1 (ET-1), and tumor necrosis fac-
tor alpha (TNFa). Oxidative stress and mitochondrial dysfunction 
have also been reported in the glaucomatous retina and optic 
nerve head. Glaucoma also is associated with “activation” of 
optic nerve head astrocytes and microglia as well as with remodeling 
of the optic nerve head extracellular matrix. And finally, a role 
for autoimmunity and immune dysregulation has been proposed 
to cause glaucomatous damage to the retina.

Generation and characterization of animal models of glau-
coma are important to test various theories and to better charac-
terize the cellular and molecular mechanisms responsible for 
glaucomatous damage to the retina and optic nerve. These models 

Table 1 
Pathogenic pathways for glaucomatous damage to retina 
and optic nerve

•	Pressure-induced	damage	to	retinal	ganglion	cells	and	optic	nerve	head

•	Retinal	and	optic	nerve	head	ischemia

•	Loss	of	neurotrophic	support

•	Remodeling	of	the	optic	nerve	head	(TGFb2)

•	Generation	of	cytotoxic	molecules	(glutamate,	NO,	TNFa, ET-1)

•	Activation	of	optic	nerve	head	astrocytes	and	microglia

•	Oxidative	stress	and	mitochondrial	dysfunction

•	Autoimmunity	and/or	immune	dysregulation
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are also important to test new glaucoma therapeutic interven-
tions. However, it is very important to recognize the strengths 
and weaknesses of each model and to determine the relevance of 
each aspect of the model to human glaucoma.

Among nonprimate glaucoma models, rodent models are the 
most popular (1). A majority of them involves transient or chronic 
ocular hypertension to address glaucomatous changes associated 
with elevated IOP, whereas others are nonpressure related, 
designed to address specific theoretical mechanisms of the disease 
progress.

Injection of hypertonic saline ([NaCl] » 1.75 M) into one of the 
episcleral veins in the rat induced sclerosis and blockade of the 
aqueous humor outflow pathway, which led to an elevation of 
IOP (2, 3). Typically, the majority of, but not all, eyes developed 
ocular hypertension within 10 days after injection. And not all 
affected eyes acquired the same level of IOP change. Nonetheless, 
once induced, the IOP increase was long-lasting with prolonged 
ocular hypertension for up to 200 days (2).

Ocular hypertension produced by this technique generated 
morphological changes in the retina, optic nerve head, and optic 
nerve similar to those observed in glaucoma patients. For exam-
ple, in the injected eyes, selective RGC apoptosis and RGC loss 
were detected, which correlated positively with the severity of 
IOP elevation (2, 4–6). In the optic nerve head, pressure-depen-
dent progressive cupping of the optic disk (7) and loss of nerve 
fibers (6) were evident. Optic nerves of injected eyes also showed 
axonal degeneration, as indicated by disappearance of axoplasm, 
axonal swelling, and occasional collapses of myelin sheath. The 
severity of optic nerve damage correlated well with the degree of 
ocular hypertension when evaluated by quantifying damaged 
areas in the nerve cross-sections (2, 8), by axon counts (7, 9), or 
by the optic nerve injury scores (3, 4, 10–13). Notably, the optic 
nerve damage was significantly reduced by glaucoma medications, 
betaxolol and apraclonidine (14).

Positive scotopic ERG threshold responses were selectively 
reduced in rats with mild IOP elevation induced by hypertonic 
saline injection, indicative of a selective RGC injury, whereas 
amplitudes of other ERG components, such as a-wave, b-wave, 
and oscillatory potential, remained unchanged (12). In contrast, 
sufficiently high IOP eventually decreased amplitudes of these 
other ERG components (12).

2. Rodent 
Glaucoma Models

2.1. Pressure Models

2.1.1. Episcleral Injection 
of Hypertonic Saline
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The hypertonic saline injection model has been successfully 
established and adopted by many researchers. It is a useful model 
for glaucoma research, producing impeded aqueous outflow and 
retina and optic nerve damage as a result of IOP elevation. 
Unfortunately, the injection does not always produce the same 
degree of IOP elevation. Consequently, large numbers of animals 
are usually necessary for most studies to allow sufficient sample 
sizes in each severity category. Furthermore, the episcleral vein 
injection procedure is technically challenging and labor intensive, 
thus limiting the throughput of studies.

Elevation of IOP by laser photocoagulation of the aqueous 
outflow pathway can be achieved by several methods. Ueda and 
colleagues demonstrated the ocular hypertensive effect of laser-
ing the rat trabecular meshwork (TM) after injecting India ink 
into the anterior chamber (15). The procedure caused apoptotic 
RGC death (16) and reduction of axons in the optic nerve (17). 
Unfortunately, frequent and repeated laser treatments are 
required to maintain a sustained increase in IOP. Instead of the 
TM, direct laser photocoagulation of the episcleral and limbal 
veins also produced long-termed increase in rat IOP, lasting 
more than a year (18, 19). It caused a significant RGC loss (18) 
without outer retina damage (20) and a significant reduction in 
the amplitudes of Pattern ERG (20).

Levkovitch-Verbin	 and	 colleagues	 showed	 that	 translimbal	
laser burns directed at the TM alone or TM plus episcleral veins 
generated consistent IOP elevation in the rat (21), with subse-
quent RGC death and optic neuropathy (21–23). Nevertheless, 
the damage was not limited to the RGC: all retinal layers shrank 
in thickness (24). The lasered eyes also revealed prominent reduc-
tion in a- and b-wave amplitudes, as well as a complete disappear-
ance of oscillatory potentials, confirming injuries on neurons 
other than the RGC (24).

In the mouse, laser damage to the limbus also produced ocu-
lar hypertension (25–27). Similar to the rat, the treatment caused 
extensive retinal damages: RGC loss, thinning of all retinal layers, 
optic nerve degeneration, reduction in a- and b-wave amplitudes 
and oscillatory potentials (26–29).

Considering the small size of the rodent eyes, laser photoco-
agulation is technically challenging to perform. It requires steady, 
trained hands to carefully deliver approximately 80 laser burns 
around the limbus in order to produce a meaningful increase in 
IOP. Furthermore, IOP fluctuations induced by this method have 
been reported. The IOP often could not be stably maintained 
over a long period of time. High IOP spikes were also observed 
immediately after the procedure, which may explain the outer 
retina damage described in some studies. Despite these disadvan-
tages, this animal model displays ocular damages that share many 

2.1.2. Laser 
Photocoagulation  
of Outflow Pathway
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characteristics of clinical glaucoma, therefore it is a useful 
investigative tool.

In addition to laser photocoagulation, physical blockade of the 
outflow pathway can also be accomplished by injecting foreign 
substances into the anterior chamber. For example, a single intra-
cameral injection of hyaluronic acid produced ocular hyperten-
sion lasting for more than a week in the rat (30). With weekly 
injections, IOP elevation reached a plateau for at least 10 weeks 
(30). The chronic IOP increase caused losses of cells in the gan-
glion cell layer and axons in the optic nerve, as well as decreases 
in a- and b-wave amplitudes and oscillatory potentials of the sco-
topic ERG (31). Similarly, weekly intracameral injections of latex 
microspheres with or without hydroxypropylmethylcelluose raised 
rat IOP that could be maintained for at least 30 weeks, together 
with RGC loss (32). This preliminary characterization suggests 
that these study models mimic certain features of glaucomatous 
retinopathy. However, the repeated weekly intracameral injec-
tions are undesirable: it is labor intensive and likely produces 
adverse health effects in many animals.

Cauterization of extraocular veins of the rat was shown to increase 
IOP (33), as well as induce apoptotic RGC death, optic disk 
excavation, and optic nerve degeneration (34–39). However, the 
damage in retina induced by this technique was not specific to the 
RGC, as shown by the decline of ERG a- and b-waves (37, 39, 
40), indicating involvement of other retinal neurons. A recent 
report demonstrated that ligation of extraocular veins induced 
mild ocular hypertension lasting for 7 months (41). Rats in the 
late-stage IOP increase had selective RGC apoptosis and cupping 
of the optic disk.

Cauterization of extraocular veins raises IOP consistently, and 
is a relatively easy technique to perform. However, in some stud-
ies, the IOP elevation returned to the baseline level within 2–3 
months after surgery (37, 39, 42), which was likely due to the 
growth of new blood vessels subsequent to the disruption of 
blood flow. Most importantly, this technique obstructs ocular 
blood flow and can trigger ischemia and intraocular vascular con-
gestion, thus producing injuries that are unrelated to ocular pres-
sure change. Researchers need to be cautious in interpreting the 
study results.

Delivery of glaucoma-associated transgenes by viral vector to the 
rodent eyes has successfully induced ocular hypertension. For 
example, MYOC, encoding myocilin, was the first glaucoma gene 
identified (43). Transduction of mouse eyes with the human 
MYOC containing glaucomatous mutations significantly elevated 
IOP. The critical mutations were associated with exposure of a 

2.1.3. Intracameral 
Injection of Foreign 
Substances

2.1.4. Occlusion  
of Extraocular Veins

2.1.5. Ocular Expression  
of Transgenes
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cryptic signal that mislocates the myocilin protein within cells 
and consequently causes deleterious TM cell functions (44). This 
cryptic signal is absent from mouse myocilin, which may explain 
the lack of effect on IOP with glaucomatous mutations in mouse 
Myoc.

In addition to mutant myocilin, ocular delivery of other 
transgenes was also effective in raising IOP. We recently showed 
that adenoviral gene transfer of active human transforming 
growth factor b2 (TGFb2) to the rat or mouse eye caused sig-
nificant ocular hypertension (45), concomitant with a reduction 
in outflow facility (unpublished observation). TGFb2 is a 
cytokine shown to be higher in the aqueous humor of POAG 
patients (46), and intravitreal injection of TGFb2 raised IOP in 
volunteers (47).

We have also used genomics and various methods to evaluate 
altered expression of other genes in glaucoma and developed 
glaucoma mouse models by ocular gene transfer. The Wnt-
signaling pathway plays important roles in embryogenesis and 
morphogenesis, including development of the eye. Increased 
expression of the Wnt antagonist, secreted frizzled-related 
protein-1 (sFRP1), was found in the glaucomatous TM (48). 
Increased expression of sFRP1 by transduction of mouse eyes 
with an adenoviral vector caused elevated IOP, and the degree of 
IOP elevation correlated with aqueous humor levels of sFRP1 
(48). Similarly, expression of serum amyloid A (SAA), an acute 
phase response apolipoprotein, was shown to increase in glau-
comatous TM cells and tissues (49). The addition of recombinant 
SAA to the medium of perfusion cultured human eyes elevated 
IOP (49), and transduction of mouse eyes with an SAA viral 
expression vector also elevated IOP (unpublished observation). 
In the mouse eye, adenoviral overexpression of CD44, a cell sur-
face receptor, whose ectodomain fragment is elevated in aqueous 
humor of POAG patients and toxic to the TM, also significantly 
increases IOP (50).

Clearly, ocular expression of transgenes appears to be a prom-
ising approach to develop rodent models that more closely mimic 
human glaucoma. For ocular transgene delivery, viral vectors, 
such as adenovirus, adeno-associated virus, herpes simplex virus, and 
lentivirus have been used extensively (51). Among these, adenovirus 
is very popular for transduction of the TM, because of its good 
tropism, relatively strong transgene expression, and minimal 
untoward effects. Unfortunately, however, the adenovirus-
mediated transgene expression in the mouse eye was transient 
(52), most probably a result of an immune response generated 
against viral proteins. This shortcoming can be overcome by 
immunomodulation	by	treating	the	animals	with	the	anti-CD40L	
antibody (52).	 Long-term	 gene	 delivery	 to	 the	 TM	 was	 also	
achieved by lentiviral vectors (53, 54).
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Mutant rats, inbred and transgenic mice have been shown to 
develop ocular hypertension. They are valuable tools for glau-
coma research. A colony of mutant RCS rats has been reported to 
have an elevated IOP ranging from 25 to 45 mmHg in one or 
both eyes. The IOP increase correlates with cupping of the optic 
nerve head and a severe RGC loss: more than 90% of the RGC 
disappear at 18 months of age. The etiology of glaucoma in these 
animals is not clear, but was speculated to be a result of an over-
production of aqueous humor (55). The potential usefulness of 
these animals as a glaucoma model awaits future characterization 
and the general availability of the animal.

The Col1a1r/r transgenic mouse expressed mutations block-
ing the degradation of the a1 subunit of collagen type I. Reduction 
of collagen metabolism led to a gradual, excessive accumulation 
of collagen in the aqueous outflow pathway and eventually age-
dependent ocular hypertension (56). Mean IOP of Col1a1r/r mice 
was significantly higher than that of the wild-type control animals 
at 16 weeks of age or older. At 54 weeks of age, these mice devel-
oped a significant reduction in the number of axons in the optic 
nerve (57). With further investigations, this mouse may be a use-
ful model for glaucoma research.

Among the spontaneous ocular hypertensive rodent models, 
two	 substrains	 of	 mice,	 DBA/2J	 and	 DBA/2NNia,	 attracted	
considerable attention as potentially important animal models for 
glaucoma research (58).	 The	 DBA/2J	 mouse	 spontaneously	
develops ocular hypertension starting at 4–8 months of age 
(59, 60). The increase in IOP is a result of mutations in two 
genes, glycosylated protein nmb (Gpnmb) and tyrosinase-related 
protein I (Tyrp1) (61–63), which causes iris stroma atrophy and 
pigment dispersion (62, 64–66). The iris abnormalities disperse 
pigment in the anterior segment of the eye and eventually cause 
an excessive accumulation of pigment and cell debris in the aque-
ous outflow pathway, leading to an elevation of IOP. Interestingly, 
the pathological changes are not always uniform bilaterally or in 
mice of the same age. Thus, IOP of the two eyes of the same ani-
mal may vary, and IOP of animals of the same age may differ 
significantly (59, 60, 67).

Specific apoptotic RGC death, thinning of the nerve fiber 
layer, cupping of the optic disk, and optic neuropathy were 
observed	 in	 DBA/2J	 mice	 (58–60, 66–71). Yet thickness of 
other retinal layers and morphology of other types of retinal neu-
rons were unaffected (58, 59). Nonetheless, retinal levels of 
g-aminobutyric acid and choline acetyltransferase immunoreactiv-
ity	were	reported	to	be	diminished	in	aged	DBA/2J	mice,	sug-
gesting that certain subtypes of amacrine cells may be somewhat 
distressed (72).

The	DBA/2NNia	mouse	is	similar	to	the	DBA/2J	mouse	in	
that both develop age-dependent RGC loss and optic nerve 

2.1.6. Spontaneous Ocular 
Hypertensive Rodents
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degeneration resulting from IOP elevation (73–76). However, a 
critical difference between the two substrains is that the 
DBA/2NNia	 mouse	 also	 showed	 depletion	 of	 neurons	 in	 the	
inner and outer nuclear layers of the retina (77), which correlates 
with dramatic decreases in the a- and b-wave amplitudes, indicat-
ing a widespread damage of the photoreceptor cells (40).

Among rodent models with spontaneous ocular hyperten-
sion,	the	DBA/2J	mouse	is	clearly	the	best	characterized.	Its	key	
similarities to the human disease render these mice very popular 
with glaucoma researchers. However, glaucomatous changes 
develop over a period of many months in this model, which neces-
sitates long study duration in some experiments. Furthermore, 
because the rate of pathological change is not equal in all eyes or 
all mice of the same age, large sample sizes are required to pro-
vide sufficient statistical power. Therefore, studies using the 
DBA/2J	 mice	 tend	 to	 be	 resource-intensive.	 However,	 until	 a	
better model becomes accessible, this mouse is extremely valuable 
for glaucoma research.

Glutamate-related excitotoxicity is implicated in glaucomatous 
retinopathy. Thus, intravitreal injection of glutamate or its ana-
log, N-methyl-D-aspartate (NMDA), has been exploited as a 
research model to address specifically the excitotoxicity theory 
potentially associated with the disease. Injection of glutamate or 
NMDA (20–200 nmol) produced dose-dependent apoptotic 
RGC loss without affecting IOP in both the rat and mouse. In 
the rat, several days after intravitreal injection, NMDA induced 
apoptosis (78–80) and death of more than 80% of RGC (68, 81), 
together with similar losses of Thy-1 mRNA and immunoreactiv-
ity in the retina (82–84). Equivalent levels of damage to the optic 
nerve axons were also observed (85). However, the injurious 
effects of NMDA are not specific to the RGC. The excitotoxic 
amino acid caused a dose-dependent depletion of choline acetyl-
transferase, suggesting damages to amacrine cells (86, 87). 
Indeed, apoptosis of retinal neurons in the inner nuclear layer was 
reported after intravitreal injection of NMDA (88).

Intravitreal injection of NMDA significantly attenuated elec-
trophysiological indicators associated with the functional integ-
rity of the RGC and optic nerve. Amplitudes of the negative 
scotopic threshold response (89) and the second harmonic of the 
pattern	 visual	 evoked	 potential	 (VEP)	 (90) were reduced by 
NMDA treatment in the rat. Moreover, NMDA also suppressed 
the amplitude of b-wave considerably (87, 89, 91), confirming its 
effects on retinal cells other than the RGC. Glutamate and NMDA 
also interfere with visual function. Intravitreal injection of glu-
tamate or NMDA caused a complete loss of the rat’s ability to 
discriminate visual patterns. Interestingly, this loss was transient. 
The visual function gradually recovered to its normal level even 

2.2. Nonpressure 
Models

2.2.1. Excitotoxic Insult  
in the Retina
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though 50% or more of RGC had been destroyed by the insult 
(81, 92–94).

Glutamate and NMDA induce comparable damages in the 
mouse retina. RGC apoptosis was detectable as early as 1 h after 
intravitreal NMDA injection (95), and reached its peak level 2 
days later (96), with a parallel drop in Thy-1 mRNA in the 
insulted retina (4, 96). Similar to the rat, NMDA also induced 
apoptotic death of neurons in the inner nuclear layer of the 
mouse (96, 97).

Intravitreal injection of glutamate or NMDA has been very 
popular as a study model to delineate molecular and cellular path-
ways related to excitotoxicity in the retina and to appraise poten-
tial neuroprotection strategies. The technique is relatively easy to 
perform and requires only a short study duration of a few days. In 
spite of these advantages, a key shortcoming of this model is that 
it relies solely on excitotoxicity as the insult, whose involvement 
in glaucomatous retinopathy is still controversial.

Recently, Harada and colleagues showed that knockout mice 
deficient	in	glutamate	transporters,	GLAST	and	EAAC1,	devel-
oped spontaneous RGC death and optic nerve damage (98). 
Glutamate transporters are responsible for the clearance of 
glutamate after it is released from nerve endings. Paucity of trans-
porters allows the released glutamate to accumulate and inflict 
excitotoxicity in neuronal tissues, including the retina. Hence, 
significant	RGC	loss	was	observable	in	GLAST–/– and EAAC1–/– 
mice after 2 and 8 weeks of age, respectively. Consistent with 
RGC loss, optic disk cupping, optic nerve degeneration, and 
multifocal	 ERG	 abnormality	 were	 apparent	 in	 the	 GLAST–/– 
mutants. Similar to intravitreal injection of glutamate or NMDA, 
pathological	changes	of	the	GLAST–/– mice were not limited to 
the RGC. Substantial loss of neurons in the inner nuclear layer 
was also detected (98).

Optic nerve injury, induced either by optic nerve transection or 
optic nerve crush, is another popular rodent model to study RGC 
death. These procedures impose mechanical damage to the optic 
nerve, which mimics certain aspects of pathological changes 
related to glaucomatous optic neuropathy.

Optic nerve transection injured all axons in the rat optic nerve 
(99), and generated an almost total loss of RGC within 2 weeks 
(100–103). The RGC death was mediated by apoptosis, which 
can be delayed by inhibition of components of the apoptosis 
pathway (104–106). The damage by optic nerve transection was 
very specific to the RGC. It obliterated RGC without affecting 
the survival of amacrine cells (99).

In the rat, optic nerve transection completely eliminated the 
pattern ERG (102, 107), and significantly reduced both positive 
and negative components of the scotopic threshold response (89). 

2.2.2. Optic Nerve Injury
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The a- and b-waves, however, were not affected (89). Optic nerve 
transection also completely abolished the visual function (102).

In the mouse, similar pathological changes were observed. 
Most RGC (85%) were lost 2 weeks after the insult (108), and 2 
months after transection, RGC, optic nerve axons, and pattern 
ERG response were all eliminated (109).

Since optic nerve transection produces severe and total dam-
age to the optic nerve, it is very dissimilar to optic neuropathy 
seen in glaucoma. Its relevance in glaucoma research is frequently 
debated. A few years ago, a rat model of partial optic nerve 
transection was reported (110). In this model, only the superior 
one-third of the optic nerve was transected, which induced a 
direct axotomy insult to RGCs of the superior retina, and an indi-
rect, secondary insult to RGCs of the inferior half of the retina 
(110). The secondary insult is a useful research tool to study the 
secondary RGC degeneration suggested in glaucoma.

Optic nerve damage can also be induced by crushing the 
optic nerve with devices such as forceps and clamps. Instead of 
the total optic nerve axotomy by transection, optic nerve crush 
produces injuries of different severities to different populations of 
axons in the optic nerve. In both the rat and mouse, optic nerve 
crush damaged optic nerve axons (111–113) and caused RGC 
death. The extents of RGC damage, however, could span from 
practically no change in cell density to almost complete loss (114, 
115). Different levels of cell loss due to apoptosis and sometimes 
necrosis several days to several weeks after the procedure were 
reported (4, 58, 116–127). These variances were likely a result of 
differences in the force and techniques used during the crush. 
Functionally, various crushing forces caused various magnitudes 
in	reduction	of	VEP	and	pattern	VEP	amplitudes	(114).

A major concern of the optic nerve crush as an insult is its 
reproducibility. The procedural variability makes precise quantita-
tive comparisons among studies very difficult. Furthermore, the 
typical optic nerve crush procedure involves the whole nerve, and 
generates pan-retina damages that are very different from glau-
comatous retinopathy. A partial optic nerve crush (128) may 
overcome this limitation.

Vascular	 insufficiency	 has	 been	 proposed	 as	 an	 important	 con-
tributory factor in glaucomatous retinopathy. Many researchers 
have used retinal ischemia to identify related disease changes and 
test potential neuroprotectants. There are several means to achieve 
this insult. The most common method is to raise IOP transiently 
above the systolic blood pressure, which stops blood flow in the 
eye (129–132). Another method uses optic nerve ligation, in 
which a suture is looped around the optic nerve and tightened 
until blood flow in the central retinal artery and posterior ciliary 
arteries is stopped (133). Photothrombosis is a noninvasive 

2.2.3. Retinal Ischemia
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method to induce retinal ischemia. This procedure requires an 
intravenous injection of rose bengal, followed by focused green 
light irradiation on the central retinal artery. The procedure 
releases singlet molecular oxygen, activates platelets, and leads to 
the formation of a localized thrombus (134). Although many 
researchers attempted to use these models to understand glau-
coma, the biological significance of the insult in this disease is still 
being debated. Furthermore, retinal ischemia damages ocular tis-
sues unrelated to glaucomatous retinopathy as well. Hence, the 
relevance of these experimental models for glaucoma research is 
questionable. However, it is clearly a meaningful model for retinal 
ischemic diseases. It will be described and discussed in more 
details in the “Retinal Ischemia” Chapter of this book.

In addition to these techniques, endothelin-1 (ET-1), a 
potent vasoactive peptide, was also used initially to induce chronic 
optic nerve ischemia (135). Surprisingly, it was subsequently 
found to have direct toxicity to the RGC and optic nerve, inde-
pendent of its effect on blood flow (136–140). Intravitreal injec-
tion or local application of ET-1 to the rat optic nerve caused a 
reversible reduction in axonal transport in the optic nerve (136, 
139). These findings are intriguing because elevated ET-1 levels 
have been found in the aqueous humor of POAG patients 
(141, 142), and blockade of axoplasmic transport has been dem-
onstrated in human glaucoma and experimental glaucoma in 
monkeys and rodents (143–145). Rat optic neuropathy induced 
by ET-1 may be an interesting model for glaucoma research.

Rabbits have been used for decades to study aqueous humor 
dynamics and to determine the effects of various agents on IOP. 
However, it is important to realize that there are important dif-
ferences in the rabbit retina and optic nerve. For example, unlike 
the primate and rodent RGC axons, which are unmyelinated until 
they exit the eye and join the optic nerve, the rabbit RGC axons 
are myelinated within the retina.

There have been several reports of congenital glaucoma in 
rabbits, in which the elevated IOP causes buphthalmia. This ocu-
lar hypertension led to a loss in RGCs and was associated with 
increased retinal expression of semaphorin (146). In contrast, 
Bunt and colleagues did not find any optic nerve damage in their 
strain of congenital glaucomatous rabbits (147).

The IOP of rabbits can be artificially elevated by a variety of 
mechanisms. Acute changes in IOP can block optic nerve retro-
grade axonal transport in rabbits (148). Anterior segment injection 
of a-chymotrypsin caused prolonged IOP elevation, resulting in 

3. Rabbit Models
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retinal nerve fiber layer and RGC loss as well as cupping of the 
optic disk (149). Multiple anterior segment injections of methyl-
cellulose have also elevated IOP in rabbits, with the loss of RGCs 
and retinal glial cell activation (150). In addition, a number of 
groups have generated glucocorticoid-induced ocular hyperten-
sion in rabbits (151–153). Although the glucocorticoid is topi-
cally delivered, there are significant systemic side effects (e.g. 
inhibition of growth, loss in body weight) and to date there has 
been no report of glucocorticoid-mediated ocular hypertension 
resulting in retinal or optic nerve damage in the rabbit.

The	rabbit	has	been	used	to	look	at	ischemic	and	ischemia/
reperfusion damage to the rabbit retina. Pigmented rabbits recov-
ered from acute IOP elevation-induced retinal ischemia, assessed 
by recovery of the ERG b-wave and optic nerve damage, while 
albino rabbits developed more severe damage with this insult 
(154). Acute IOP elevation increased the levels of the excitotoxic 
amino acid glutamate in rabbit optic nerve head (155). Optic 
nerve head ischemia has been induced by repeated intravitreal 
injections of the potent vasoconstrictor ET-1. Optic nerve 
head microcirculation decreased, visual evoked potential latency 
decreased, and there was enlargement of the optic disk and axonal 
loss in the ET-1-injected eyes (156). Another study also exam-
ined intraviterally administered ET-1, which caused hypo perfusion 
of the optic nerve head and retina as well as a loss of myelinated 
axons and gliosis in the optic nerve (157).

Cats have also been used to model certain aspects of glaucoma. 
The anatomy of the cat retina and optic nerve is more similar to 
primates than is the rabbit. Although relatively rare, cats can 
develop primary open angle glaucoma with loss of RGCs and 
optic nerve head cupping and gliosis (158). Injection of red blood 
cell ghosts into the anterior segment induced ocular hyperten-
sion, which caused RGC dendritic changes that preceded RGC 
cell death (159). Topical administration of the potent glucocorti-
coid dexamethasone caused steroid-induced ocular hypertension 
in cats, although glaucomatous damages to the retina and optic 
nerve were not studied (160). RGC soma and dendritic field sizes 
were decreased after optic nerve crush in cats, and intravitreal 
administration of BDNF partially prevented these RGC changes 
(161, 162). Intravitreal administration of BDNF plus CNTF or a 
caspase inhibitor, or electric stimulation of the cut end of the 
optic nerve increased RGC survival after axotomy of the optic 
nerve (163).

4. Feline Models
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In an attempt to develop a cat model of human glaucoma, a 
lentivirus expression vector encoding the glaucoma gene  myocilin 
was used to transduce the TM of cat eyes (164). There was 
prolonged expression of the reporter gene GFP for up to 2 years 
in the transduced eyes. However, prolonged overexpression of 
normal (wild-type) cat myocilin or introduction of a severe 
myocilin glaucomatous mutation did not elevate IOP in these 
cats. This inability to induce ocular hypertension may be 
due to the lack of a PTS1 signal at the end of cat myocilin. 
A functional PTS1 signal, which is found in human Myocilin, was 
required for mutant myocilin induced ocular hypertension in 
mice (44).

There have been a number of reports characterizing glaucoma in 
dogs, particularly the glaucomatous beagle. Breed related primary 
glaucoma prevalence is similar to that seen in humans (165). The 
inheritance of primary glaucoma in the beagle is autosomal reces-
sive (166) which is initially an open angle glaucoma. This glau-
coma is associated with anterior segment morphological changes 
including increased basement membrane and extracellular mate-
rial as well as compressed and disorganized trabeculae (167). 
There are also glaucomatous changes to the optic nerve, including 
the loss of larger diameter optic nerve axons (168). Glaucomatous 
changes to the lamina cribrosa are seen early in disease and increase 
in severity as the disease progresses (169). In addition, there are 
ultrastructural differences in optic nerve head capillaries of 
glaucomatous beagles (169). These beagles also develop gluco-
corticoid-induced ocular hypertension (170), which may be 
similar to the increased steroid sensitivity present in glaucomatous 
humans.

Several studies have been done in attempt to identify the 
pathogenic mechanisms responsible for glaucoma in dogs. 
Aqueous humor and vitreous levels of ET-1 and nitric oxide are 
higher in the glaucomatous beagle compared to age-matched 
normal beagles (171). A potential role for the human glaucoma 
gene myocilin has also been examined in glaucomatous dogs. 
Aqueous humor levels of myocilin are higher in glaucomatous 
dogs, with higher levels associated with secondary glaucomas 
(172). Elevated aqueous humor levels of myocilin in the glau-
comatous beagle appeared to correlate with the presence and 
severity of glaucoma (173). In addition, there were increased 
amounts of myocilin in the anterior segment (especially the TM) 
of glaucomatous dog eyes (174). However, the elevated levels 
of myocilin do not necessarily equate with pathogenesis and 

5. Canine Models
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may be indirectly regulated by elevated IOP, as has been shown 
experimentally (175).

Pigs and pig eyes have also been used to study and characterize 
glaucomatous damage to the retina and optic nerve. Episcleral 
vein cauterization chronically elevated IOP and caused RGC loss 
in the peripheral and mid-peripheral retina of pig eyes, with a 
greater loss of the larger RGCs (176). Acute and modest IOP 
elevation (40–45 mmHg for 6 h) decreased axonal transport, 
which was associated with optic nerve head axonal cytoskeletal 
changes (177). Acutely elevated IOP also affected intravascular 
pO2 in the pig retina, optic nerve head, and choroid, with greater 
pressure induced sensitivity in the retina and optic nerve head 
(178). Multifocal ERG studies have been conducted in pig eyes 
with and without optic nerve transection to identify RGC contri-
butions to the mfERG signal (179).

Pig eyes have also been used for in vitro and ex vivo glau-
coma studies. Porcine eye globes were used to evaluate the 
effects of scleral collagen cross-linking on IOP-mediated biome-
chanical stress to the optic nerve head (180). Glutamate-induced 
excitotoxicity has been studied in isolated adult pig RGC cul-
tures (181, 182).

Topical ocular administration of the glucocorticoid prednisolone 
acetate elevated IOP in both cattle (183) and sheep (184), sug-
gesting that these species could be used as models of steroid 
glaucoma. There are exciting preliminary data showing that 
transducing sheep eyes with a viral vector that expresses the extra-
cellular proteinase MMP1 under the control of a glucocorticoid 
response element prevents and even reverses this steroid-induced 
ocular hypertension in sheep (185). However, as with other animal 
models of steroid-induced IOP elevation, retinal and optic nerve 
effects have not yet been studied.

A bovine eye cup model has been used to show that increased 
hydrostatic pressure caused the release of ATP from the retina, 
where the elevated ATP may play a pathological role in glaucoma-
tous damage to the RGCs (186).

6. Porcine Models

7. Bovine and 
Ovine Models
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Important progress has been made over the past years on the 
discovery, development, and characterization of various rodent 
(Table 2) and larger animal (Table 3) models in glaucoma research. 

8. Conclusion

Table 3 
Summary of other nonprimate glaucoma models

Species Model Mechanism Key characteristics

Rabbit Congenital glaucoma Naturally occuring Ocular hypertension & 
buthalmia; loss of RGCs

Acute IOP elevation Intracameral cannula Blockage of retrograde 
axonal transport

Chronic IOP elevation a-Chymotrypsin 
injection

Prolonged IOP elevation; 
RNFL	&	RGC	loss;	
cupping of optic disk

Methylcellulose 
injections

Loss	of	RGCs	&	retinal	glial	
activation

Steroid ocular 
hypertension

Glucocorticoid 
administration

Effects on retina and optic 
nerve not studied

Ischemia Acute IOP elevation Loss	in	ERG	b-wave;	
increased ONH glutamate 
levels

Intravitreal ET-1 
injection

Increased	VEP	latency;	optic	
disk enlargement; ON 
axon loss

Cat POAG Naturally occuring  
(rare)

Loss	of	RGCs;	ONH	
cupping & gliosis

Ocular hypertension Injection of RBC  
ghosts

RGC dendritic changes 
preceed RGC death

Optic nerve crush Optic nerve crush Loss	of	RGCs	partially	
protected by BDNF & 
CNTF

Dog Primary glaucoma 
(beagle)

Naturally occuring  
(AR)

Loss	of	ON	axons;	changes	
in lamina cribrosa; 
increased ET-1 & NO

Pig Chronic IOP  
elevation

Episcleral vein 
cauterization

Peripheral & mid-peripheral 
RGC loss

Acute IOP elevation Intracameral cannula Decreased axonal transport

Cow & Sheep Steroid ocular 
hypertension

Glucocorticoid 
administration

Effects on retina and optic 
nerve not studied
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These models include spontaneous, genetic, transgenic, as well as 
pharmacologically and mechanically induced changes in the eye, 
leading to ocular hypertension or certain specific aspects of pathol-
ogy associated with the disease. They are useful in addressing 
many areas in glaucoma research. New mouse models of glau-
coma will allow glaucoma researchers to molecularly and geneti-
cally dissect the various pathogenic pathways responsible for 
glaucomatous damage to the eye. The power of mouse genetics 
will also allow researchers to identify and characterize modifier 
genes that control the susceptibility and severity of glaucoma 
pathology. New tools, including the ability to increase or knock-
down the expression of specific genes in select regions of the eye 
will be used not only to better understand glaucoma pathogene-
sis, but also to identify new therapeutic targets. Each model has 
its own characteristic advantages, its own disadvantages, and its 
own limitations. The availability of these animal models has con-
tributed significantly to the understanding of the disease, its etiol-
ogy, pathology, genetic, molecular, and cellular mechanisms, as 
well as the continuously development and improvement of its 
intervention and therapy.
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Chapter 9

Primate Glaucoma Models

Ronald S. Harwerth

Abstract 

Glaucoma is a relatively common disease in which the pathological death of retinal ganglion cells causes 
progressive losses of sight, often leading to blindness. The diagnosis of glaucoma and the assessment of 
progression are based on a clinical quantification of the ocular characteristics of cupping of the optic nerve 
head, a loss of retinal nerve fiber layer thickness, and associated functional vision defects. Consequently, 
clinical tests are based on the quantification of these clinical characteristics of glaucomatous optic neuropathy. 
However, the basic neural and cellular pathophysiology that cause the characteristic signs of glaucoma 
cannot be studied in clinical patients and, therefore, animal models must be employed for basic research 
on glaucomatous optic neuropathy. For basic research that is directly applicable to the clinical disease, the 
primate model of experimental glaucoma is especially appropriate because the visual systems of macaque 
monkeys and humans are essentially identical, in terms of visual sensitivity, the anatomy and physiology of 
aqueous humor circulation, and the structure and neurology of the eye and visual pathway.

This chapter attempts to illustrate the scope of basic research on glaucoma, using the primate model 
to study fundamental aspects of the disease process relating to: (1) the relationship between intraocular 
pressure and visual field defects, (2) the correlation of visual sensitivity and retinal ganglion cell density, 
(3) the association between reduced visual sensitivity and retinal nerve fiber layer thinning, (4) the use on 
noninvasive electrophysiology to objectively assess functional integrity of the retina, and (5) the altera-
tions of the tissue properties and biomechanics of the connective tissue of the optic nerve head that lead 
to clinical cupping and axonal injury in early glaucoma. In many cases, the results and models developed 
from data on experimental glaucoma have been applied to clinical patients to illustrate that the primate 
model offers an approach to clinical research that provides essential data that should be applicable to 
improving methods for assessing glaucomatous optic neuropathy in patients.

Key words: Glaucoma, Macaque monkeys, Optical coherence tomography, Perimetry, Retinal 
ganglion cells, Retinal nerve fiber layer

The glaucomas are a group of diseases that all manifest a progressive 
optic neuropathy caused by the pathological loss of retinal gan-
glion cells (RGCs). The glaucomas are the second leading cause 
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of blindness in the United States, with 2.2–2.5 million people 
older than 40 years of age suffering from the disease, and as many 
as 120,000 of these people being blind from glaucoma (1, 2). 
The diseases are an increasingly important problem of public 
health because the number of patients is expected to continue to 
grow, with 5,400 cases advancing to blindness and more than 
300,000 new cases each year. Further, it has been estimated that 
3.3 million Americans will have glaucoma by the year 2020 (1). 
However, on the positive side, treatment is effective. The major 
clinical trials have demonstrated that treatment to lower intraocu-
lar pressure has value in preventing the onset of glaucoma in ocular 
hypertensive patients and in slowing the progression in glaucoma 
patients (3–6). It is, therefore, necessary to continue the develop-
ment of procedures for diagnosis and assessment of glaucoma to 
optimize clinical decisions about when treatment is needed and 
when treatment is effective.

The diagnosis and assessment of glaucoma must rely on oph-
thalmic testing because the biological causes are unknown and 
there is no known biochemical or genetic marker. Glaucoma is 
described as a multifactorial disease, or a constellation of diseases, 
because there is not an identifiable single etiology (7, 8), although 
there are epidemiological risk factors that are associated with an 
increased likelihood of having the disease (8, 9) and there are 
cellular-level risk factors leading to pathological injury and death 
of retinal ganglion cells (10–13). However, all of the underlying 
factors lead to the single final manifestation of glaucoma, the 
death of retinal ganglion cells, which can be observed by ophthal-
mic examination as a cupping of the optic nerve head (ONH) 
(14–16), the loss of retinal nerve fiber layer (RNFL) (16–18), 
and functional vision defects (6, 8, 19, 20). Consequently, clinical 
procedures for the diagnosis and assessment of the progression of 
glaucoma are based on quantification of these clinical characteris-
tics of glaucomatous optic neuropathy.

An understanding of the physiological mechanisms underly-
ing alterations of optic nerve head morphology and characteristic 
loss of visual sensitivity in glaucoma is a likely key to improving 
diagnosis and treatment. However, glaucoma is a complex disease 
and the pathophysiology cannot easily be studied in clinical 
patients or from postmortem patient material and, therefore, ani-
mal models must be employed in clinical research on glaucoma-
tous optic neuropathy. For this purpose, the primate model of 
experimental glaucoma is especially appropriate because the visual 
systems of macaque monkeys are essentially identical to humans, 
in terms of visual sensitivity (21, 22), the anatomy and physiology 
of aqueous humor circulation (23, 24), and the structure and 
neurology of the eye and visual pathway (25, 26).

The primate model of glaucoma is created by an obstruction of 
aqueous humor outflow, sometimes by an injection of a substance 
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to block drainage or, more often, by a laser treatment to decrease 
aqueous outflow (27). Thus, the model is an exploitation of the 
best-established risk factor for clinical glaucoma, i.e., elevated 
intraocular pressure (IOP), and because the monkeys are usually 
young adults, it allows an isolation of a single factor of elevated 
intraocular pressure (IOP) as a cause of the death of retinal gan-
glion cells (RGCs). The principal method that has been used to 
create the model for recent research is a laser treatment of the 
trabecular meshwork (28, 29), although one lab has used injec-
tions of latex beads into the anterior chamber (30, 31). Both 
methods produce similar levels of IOP elevation and variability 
over time, but because the model of laser-induced ocular hyper-
tension has been used much most frequently, it will be empha-
sized here. In most cases the experimental treatment is unilateral 
with the fellow eye serving as an intrasubject control, but in a few 
cases the treatment has been bilateral.

To create the model, the intraocular pressures of monkeys’ eyes 
are elevated by scarification of their trabecular meshwork by 
Argon laser burns, using energy levels that destroy the trabecular 
meshwork and obliterate Schlemm’s canal in the vicinity of the 
burn. The methods are patterned after the procedures initially 
described by Gaasterland and Kupfer (28) and, subsequently, 
refined by Quigley and Hohman (29). In the general protocol, 
laser treatments are performed on anesthetized monkeys using a 
standard clinical laser and slit lamp system, with a gonio laser lens 
(designed for monkey eyes) to focus the laser light on the mid-
trabecular meshwork. Typically, Argon lasers are used (32–47), 
but other lasers have been also used (48). With Argon lasers 
(blue-green mode), the light energies are about 10× higher than 
for clinical laser trabeculoplasty, with only small variations in the 
treatment parameters across investigators. The usual nominal 
laser parameters are: 1.0–1.5 watts of power, 50 mm spot size, 
and 0.5–1.0 s exposure durations and the burns are closely 
spaced to produce contiguous tissue blanching. There is, 
however, some variation across investigations in the portion of 
the drainage angle that is initially treated and in the number of 
burns per treatment. In some cases, the initial laser treatment 
involves the full 360 degrees of the drainage angle (39, 43–46), 
while others treat only a portion (one-half (37, 40) or three-
quarters (33, 34, 44)). The number of burns in each treatment 
varies across investigations from 30 to 150 spots, with repeated 
treatments (typically every 2–3 weeks, but sometimes with longer 
intervals) until a sustained elevation of the IOP has been achieved. 

2. Laser-Induced 
Experimental 
Glaucoma
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The retreatments involve the previously untreated trabecular 
meshwork, if the full circumference has not been treated, as well 
as retreating areas that were previously lasered. The monkeys’ 
intraocular pressures generally do not become elevated until the 
full trabecular has been treated and because the entire trabecular 
meshwork is treated and the Argon laser energies are relatively 
high, the resulting ocular hypertension can be quite elevated 
(35–50 mm Hg) compared to the IOPs of chronic ocular 
hypertension patients, but systematic relationships have not been 
reported between total laser energy and either the maximum IOP 
or the rate of elevation of IOP (33).

Elevated IOPs can be sustained over several months, but the 
variability of IOP across time is usually large. In a study of experi-
mental glaucoma in 18 monkeys, the mean and SD of the lasered 
eyes were 38.5 ± 13.4 mmHg, compared to 14.6 ± 2.7 mmHg for 
the control eyes (33). These data for IOPs and variances for laser-
treated and control eyes are similar to other studies (27, 30, 40, 
46) and, greater variance of IOPs throughout the day for laser-
treated compared to control eyes also has been reported (41).

The primate model has been of great value in studies of the cellular 
and molecular mechanisms of glaucomatous neuropathy, pri-
marily, because of the ability to collect tissue immediately on 
sacrifice with tissue perfusion or other tissue processing for spe-
cific assays (10, 11, 36, 44, 47, 49–52). In many ways, the use 
of the primate model for these studies replicates investigations 
with rodent models, except for some questions it is desirable to 
use a model with eyes that closely resemble the anatomy and 
physiology of the eyes of clinical patients. However, because 
there is considerable overlap in these areas between primate 
models and the rodent models described in Chap. 8, as well as 
several recent reviews (10–13), the present chapter will describe 
investigations of experimental glaucoma that are more unique 
to the primate model.

One form of validation of the primate model is the parallel in the 
structural and functional effects of laser-induced ocular hyperten-
sion and the clinical manifestation of glaucoma in patients. In the 
original studies, the evaluation of the laser procedure was based 
on ophthalmological observation of the optic nerve head and 

3. Experimental 
Glaucoma for 
Studies of Cell 
Biology

4. Clinical 
Assessment  
of Experimental 
Glaucoma
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assessment of aqueous outflow facility (28). Subsequently, 
investigations have applied the model to study the basic pathophys-
iology of glaucoma through histological studies of the retinal 
ganglion cell layer (29, 32, 45–47, 53) and the optic nerve head 
(39, 43, 45), visual function studies by behavioral perimetry and 
contrast sensitivity (22, 38, 46, 54–57), retinal function studies 
by electroretinography (ERG) using either the pattern ERG 
(PERG) (32, 58), photopic negative response (PhNR) (59, 60), 
or multifocal ERG (mfERG) (37, 40, 61–63), and high-resolu-
tion imaging of retinal structure by optical coherence tomogra-
phy (OCT) (48, 56), Heidelberg retinal tomography (HRT) (39, 
43, 64, 65), or scanning laser polarimetry (SLP) (45).

On the face of it, there should be a causal relationship in 
experimental glaucoma in the time or amount of elevated IOP 
and the degree of loss of RGCs and visual sensitivity. Such a rela-
tionship was supported by a recent study that suggested a rela-
tionship between IOP and glaucomatous optic nerve head 
changes (66). In contrast, the susceptibly to pressure-induced 
neural damage, as measured by behavioral perimetry, has shown 
considerable variability (33). In the perimetry studies with 18 
monkeys, sometimes visual field defects were correlated with the 
increases in IOPs and the defects progressed monotonically, while 
for other monkeys the stage of glaucoma (quantified by the mean 
deviation (MD) perimetric index) was not well-correlated with 
IOP. Across the subjects, significant functional deficits were mea-
sured after very short periods of elevated IOP in some eyes, but 
others withstood pressures in excess of 35 mmHg for several 
months before there were significant reductions in visual sensitivity. 
Three examples are presented (Fig. 1a–c) to illustrate the range of 
the relationships between laser treatments, intraocular pressures 
and visual field defects, as well as, the forms of individualistic rela-
tionships between MD and IOP over the time-course of experi-
mental glaucoma. For each monkey, intraocular pressures (upper 
graph) and the associated MD perimetry indices, in standard 
deviation (Z-score) units (lower graph), are plotted as a function 
of time. Zero on the time axis was defined as the day of the first 
laser treatment applied to create an elevated IOP. The times of 
the initial and subsequent laser treatments are indicated by the 
vertical dashed lines that extend across the height of the coordi-
nate system. As a reference for the expected normal IOP, the 
horizontal dashed line on the plot of intraocular pressures desig-
nates the mean pressure of the control eye over the time-course 
of the experiment. The reference line for the visual field data is 
the 95% confidence limit for normal visual fields and, thus, MD 
defects greater than the reference are statistically significant 
(p < 0.05).

The examples illustrate three major points. (1) There are con-
siderable differences in the number of laser treatments required 
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to cause pressure-induced visual field defects, ranging between 
two (Fig. 1a) to four treatments (Fig. 1b) for these monkeys. (2) 
Visual field defects are not well-correlated with increased intraoc-
ular pressures for some animals. Although for the two subjects 
illustrated in Fig. 1a, b, the perimetric defects followed the eleva-
tion of IOP, for the monkey presented in Fig. 1c, the initial 
increase in IOP was episodic and did not produce functional dam-
age. (3) The time between the elevation of IOP and the begin-
ning of progressive field defects for these three monkeys varied 
from less than 1 week (Fig. 1a) to about 3 months (Fig. 1c).

Fig. 1. (a–c) The intraocular pressure histories (upper graphs) and the time-courses for pressure-induced visual field 
defects (lower graphs) for three monkeys with experimental glaucoma. The times of the Argon laser treatments to cre-
ate experimental glaucoma are indicated by the dashed vertical lines (note that the time scales are different for each 
subject). The dashed horizontal line superimposed on the intraocular pressure data represents the mean IOP for the 
subject’s control eye during the time-course of the experiment. Dashed lines are superimposed on the visual field data 
to represent the upper 95% confidence limit for the mean deviation perimetric index for normal untreated eyes of 
monkeys. (d) The perimetric mean deviation (MD multiplied by −1 to invert the scale) as a function of the product of the 
magnitude of the intraocular pressure elevation and the amount of time that the pressure was elevated. Data are pre-
sented for three monkeys (a–c) to demonstrate the form of the function and the range of effects. (Adapted from 
Harwerth et al., ref. (33))
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At least in part, the variability in the results may be explained 
by nonlinear effects in the relationship between IOP and RGCs 
and in the relationship between the RGC populations and visual 
sensitivity. In an attempt to gain a better understanding of 
pressure-induced neuronal damage, the monkeys’ intraocular 
pressure histories were transformed to corresponding pressure–
time (mmHg–days) values from time-course data for intraocular 
pressure (e.g., upper plots for each monkey). The calculations 
involved the determination of the time-dependent area under the 
curve for which the IOP was higher than the mean pressure of the 
control eye. The pressure–time at a given point in time was then 
paired with the MD (multiplied by −1 to make increases in effect 
positive number) as a measure of the stage of glaucoma at the 
same time, to define the individual points. Because the pressure–
time varied greatly across the monkeys, the values were trans-
formed to a logarithmic scale and the multiplied by 10 to make 
the scale comparable to the MD in decibels (dB).

The time-course data from the three monkeys (Fig. 1a–c) 
have been used to illustrate the range of results as illustrated in 
Fig. 1d. Typically, the functions are initially shallow, denoting a 
period of ocular hypertension that caused only small losses in 
visual sensitivity. Following the initial period of relatively benign 
pressure, there was a transition to a much more rapid pressure-
induced neural damage. The critical pressure–time product asso-
ciated with the transition, or knee, of the function demonstrated 
marked differences in the tolerances of the individual eyes to the 
effects of high intraocular pressure. For example, the difference 
between the subject presented in Fig. 1a and the subject for 
Fig. 1c was more than 3.5 orders of magnitude (>3,000×) in 
pressure–time preceding a significant effect of experimental glau-
coma, i.e., a loss that exceeded the 95% confidence interval for 
the MD index. The functions accelerated rapidly from a threshold 
effect and continued until the total losses were severe and, then, 
the functions leveled off or progressed at a much slower rate, as 
would be expected.

Further evidence of the idiosyncratic behavior of the laser-
induced experimental glaucoma has been demonstrated by the 
visual field defects of bilaterally treated monkeys. Figure 2 pres-
ents the gray-scale plots and summary treatment data for three 
monkeys with bilateral laser treatment of the trabecular mesh-
work. In each case, the total energy used and resulting IOPs for 
the two eyes were similar, but the symmetry of visual field defects 
varied considerably between the eyes. For example, for subject 
OHT-37 the experimental glaucoma caused similar neural dam-
age in both eyes, but for the other two subjects the visual fields 
were obviously asymmetric, with the left eye within normal limits 
for subject OPT-38 and mild defects for subject OHT-39, while 
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the visual fields of the right eyes of both monkeys showed  
moderate-to-advanced defects.

It may be concluded from the evaluation of the relationship 
between intraocular pressure and the stage of glaucoma that an ele-
vated intraocular pressure is adequate to cause the death of RGCs 
and other consequent effects of glaucomatous neuropathy, but there 
is considerable intersubject variability in susceptibility/tolerance to 

Fig. 2. Perimetry gray-scale plots for three monkeys with bilateral laser-induced experi-
mental glaucoma that illustrate the variability of the relationships between laser energy, 
IOP elevation, and functional defects in the primate model. Details of the laser treat-
ments and IOPs are presented for each monkey
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high IOP. The variability of the model may affect the use of the 
model in prospective studies of potential treatments for glaucoma. 
Nonetheless, experimental glaucoma at any point should provide 
a valid model of the pathophysiology of glaucoma at the specific 
stage that was achieved by the experimental induction of ocular 
hypertension. Therefore, the primate model has been most useful 
for investigations of structure-relationships, optic nerve physiol-
ogy and biomechanics, cellular biology, and neurophysiology,  
where the state at the time of investigation is more important 
than the time-course prior to the investigation. On the other 
hand, in spite of the variability, the primate model has been used 
successfully to identify the potential benefit of a neuro-protection 
agent (40).

The primate model of glaucoma allows point-in-time studies of 
the structure–function relationships that underlie basic measure-
ments that are used to diagnose and assess progression in glau-
coma. For example, monkeys that were behaviorally trained for 
clinical perimetry have been used to determine the relationship 
between visual sensitivity and RGC density (34, 38, 46, 55, 57). 
The measures of visual sensitivity were based on the clinical stan-
dard for assessment of visual sensitivity defects, i.e., computer-
automated perimetry (SAP), using white-light test targets 
superimposed on a white-light background (19, 20, 67, 68). The 
psycho-physiological link between visual sensitivity and RGC 
density that best described the relationship was a nonlinear pool-
ing of the outputs of neural detectors (38, 55). Response pooling 
represents an inverse relationship with RGC density, so the visual 
sensitivity (i.e., the reciprocal of visual threshold) depends on the 
density of RGCs, which in turn, varies with retinal eccentricity, 
normal aging, and the stage of glaucoma. The general prediction 
of the linking proposition, that the degree of vision loss would be 
proportional to the amount of ganglion cell loss, is reasonable 
(34, 46, 69, 70), but a more quantitative relationship between 
visual sensitivity and ganglion cell density has been established, 
using data from the primate model (55, 71, 72).

The structure–function model that was developed for experi-
mental glaucoma is a nonlinear relationship for a point-wise cor-
relation of retinal ganglion cell density to single measurements of 
visual sensitivity by SAP. The model becomes linear with logarith-
mic scaling, of both visual sensitivities and retinal ganglion cell 
densities, but the parameters for the linear functions vary system-
atically with eccentricity. Thus, the parameters (y-intercept and slope) 
of the structure–function relationship can be determined for a 

5. Visual Losses 
Correlated  
to Neural Losses  
in Experimental 
Glaucoma
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given eccentric location in the visual field and, the ganglion cell 
density for a given visual sensitivity can be predicted. Examples of 
the relationship between the losses of visual sensitivity and RGC 
density are presented in Fig. 3 for two locations, one for a retinal 
location of a stimulus near fixation (Fig. 3a) and the other at a 
more peripheral location (Fig. 3b). In both cases the relationship 
is obviously strong and statistically significant (p < 0.0001). Thus, 
the analysis of the relation between visual sensitivity and ganglion 
cell density demonstrates that perimetry visual sensitivity provides 
an accurate and relatively precise quantification of retinal gan-
glion cell losses caused by experimental glaucoma in monkeys. 
Further, the relationships derived from experimental glaucoma, 
with modifications for differences in the axial lengths of the eyes 
of monkeys and humans, also accurately predicts the RGC losses 
for glaucoma patients (72) and the age-related losses of RGCs in 
humans (73, 74).

During the past couple of decades, methods for objective imaging 
of retinal structure have been introduced for the diagnosis of 
glaucoma and the assessment of glaucomatous progression. The 
Heidelberg retinal tomography (HRT) for measuring optic nerve 
head parameters (75, 76) has the longest history of clinical use, 
but measures of the retinal nerve fiber layer (RNFL) thickness can 
be more directly related to RGC losses. The measurement of 
RNFL thickness by optical coherence tomography (OCT) is 

6. Axonal Losses 
in the Nerve  
Fiber Layer  
in Experimental 
Glaucoma
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easily accomplished with anesthetized monkeys for assessment of 
axon losses from experimental glaucoma (56).

OCT of the RNFL in clinical glaucoma has been assessed by 
spectral domain and time domain technologies but, to date, the 
only investigations of experimental glaucoma with time domain 
OCT have been reported. Time domain OCT is a high-resolution 
cross-sectional imaging technique that provides in vivo measure-
ments of the RNFL thickness with a resolution of 8–10 microm-
eters (mm) by measuring the echo time delay and intensity of 
back-reflected and back-scattered light from tissues at different 
depths (77). The various retinal layers in the OCT image can be 
differentiated as, for example, the RNFL thickness can be mea-
sured because axons of the RNFL are highly optically back-
scattering compared to the RGC layer. The OCT methodology 
for RNFL thickness has been incorporated for clinical application 
and many studies have documented thinning of RNFL thickness 
that is correlated with the stage of glaucoma (16–18). In the pri-
mate model, the time-course measurements for experimental 
glaucoma have demonstrated a thinning of RNFL that seems to 
parallel progressive visual field defects, usually demonstrating a 
generalized loss of RGC axons that is consistent with the diffuse 
loss of visual sensitivity that is characteristic of the primate model 
with high IOP (56).

Measurements of glaucomatous neuropathy by SAP and OCT 
should be correlated because SAP thresholds from a given loca-
tion are determined by the number of RGCs in the correspond-
ing retinal area and the RNFL thickness represents the number of 
RGCs from the same location in the retina. Thus, the number of 
retinal ganglion cells provides a common factor underlying the 
clinical procedures and should define a quantitative relationship 
between the measurements. However, the relationship is compli-
cated by several factors, such as: (1) RNFL thickness is not a 
localized measure that maps directly to a specific region of the 
optic nerve head, (2) OCT provides a measure of the total thick-
ness and does not differentiate the neuronal from nonneuronal 
composition of the RNFL, and (3) there is likely to be remodel-
ing of the RNFL accompanying axonal loss so that RNFL thin-
ning is not directly proportional to neuronal loss.

Experimental glaucoma was used as a model to investigate 
potential methods of relating the results of different tests by esti-
mating the number of RGC’s from subjective or objective mea-
surements, and then using the RGC estimates as an assessment of 
the state of glaucomatous neuropathy. Initially (56), using nor-
mative data for SAP and OCT from the control eyes of rhesus 
monkeys, procedures were developed (1) to translate visual sensi-
tivity to a corresponding number of RGCs, (2) to derive the 
number of RGC axons from RNFL thickness measures and, (3) 
to map the visual field onto the ONH. The subsequent application 
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of the procedures to relate the neural bases of visual field defects 
and RNFL defects suggested a common progressive RGC 
pathophysiology over the time-course of experimental glaucoma. 
The systematic correlation of neural losses is demonstrated by 
Fig. 4, which compares the neural losses for SAP and OCT 
measurements. For this analysis, the neural loss by SAP measure-
ments is the percent difference between a subject’s control and 
laser-treated eyes in the number of RGCs estimated for the entire 
visual field. Similarly, the corresponding OCT neural loss repre-
sents the percent difference between the same subject’s eyes in 
the number of axons estimated from measures of RNFL thick-
ness. For reference, the solid line superimposed on the data is the 
one-to-one line representing perfect agreement and the dashed 
lines represent the 95% confidence limits of agreement for neural 
losses by SAP and OCT. It is apparent that the relationship is 
linear (r = 0.83), but the differences are not evenly distributed 
around the line of unity correlation. The mean difference between 
SAP and OCT estimates is 5.7 ± 13%, with visual function, on 
average, producing estimations of greater losses of neurons than 
the objective measurement of structure. The direction and mag-
nitude of disagreement from the unity relationship implies 
compensating changes in the glial tissue (78–80) of the RNFL 
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that occur with axonal loss and alters the transformation of RNFL 
thickness to the number of axons, if a constant value for axonal 
density is used. Although these aspects of RNFL thinning must 
be addressed in subsequent histological studies of the retinas of 
these monkeys, the general results establish that when the mea-
surements are translated to a common factor related to RGCs 
there is concordance between the structure and function of nor-
mal and defective vision from glaucoma. There are, however, dif-
ferences in experimental glaucoma in monkeys and clinical 
glaucoma in humans, and the further application to clinical glau-
coma required modifications for axial length, aging effects (73, 74), 
and the stage of glaucoma (81).

Although subjective measures of visual function seem to be a 
direct, valid assessment of the clinical stage of the pathology of 
glaucoma, there is considerable variability in subjective measures, 
as well as continuing questions about the underlying structure–
function relationship for SAP (82–86) and low patient acceptance 
(87). In addition, for studies of retinal function with correlated 
histological verification, the use of behavioral testing of primates 
as a gage of neural dysfunction cannot be implemented in most 
laboratories. For these reasons, alternative approaches of using 
objective measures of RGC function that not rely on specific psy-
cho-physiological linking propositions, but which are applicable 
to both experimental animals and human patients have been 
advocated. This approach has involved the direct measure of glau-
comatous neuropathy from the reduced electrical activity gener-
ated by the retinal ganglion cell bodies or axons in the 
electroretinogram (ERG) (88–93).

The ERG is important as a general clinical tool for assessing 
the functional integrity of the retina, in vivo, because the electri-
cal response to a change in illumination can be recorded nonin-
vasively, but an application of ERG methods to glaucoma requires 
an isolation of components that are specifically RGC responses. 
Several ERG techniques for assessing retinal ganglion cell func-
tion have been investigated in the primate model of glaucoma, 
including the dark-adapted scotopic threshold response (STR) 
(89) and light-adapted photopic negative response (PhNR) from 
full-field flash stimulation (59, 60), as well as, pattern ERGs 
(PERG) (32, 58), multifocal ERGs (mfERG) (61–63), and oscil-
latory potentials (OPs) (94). All of these ERG techniques have 
been applied to experimental glaucoma using the same general 
methods for primate studies as have been used for clinical studies, 
except that the monkeys are anesthetized during recording.

7. Electrophysio-
logical Assessment 
of Experimental 
Glaucoma
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In an early study of ERGs applied to experimental glaucoma, 
PERG responses were recorded for counterphased checkerboard 
patterns (32). The study by Johnson et al. is noteworthy because 
it demonstrated the potential use of experimental glaucoma to 
obtain histological validation of neuronal losses underlying a clin-
ical test of retinal function. In that study PERG responses were 
obtained from macaque monkeys with unilateral laser treatments 
and the PERG responses of the eyes with experimental glaucoma 
were reduced in rough proportion to the histological losses of 
axons in the optic nerve. Across the four monkeys with histologic 
data, the neuronal losses ranged from 29 to 97% compared to 
PERG amplitude reductions of 20–69%. These studies provided a 
structure–function foundation for the use of PERG for the early 
diagnosis of glaucoma, but most of the subsequent development 
of PERG methodology has relied on clinical glaucoma, while the 
later studies of experimental glaucoma have utilized other ERG 
methods.

One potential alternative is the STR of the dark adapted eye, 
as a measure of inner retinal integrity, which has shown that 
reductions in the STR are qualitatively correlated with the stage 
of glaucomatous visual field defect (89). Although the investiga-
tions demonstrated the potential for the STR as an objective 
quantification of glaucomatous optic atrophy, in practice the pro-
cedure seems unlikely to have clinical application because of the 
length of time for administration, specifically, the successful 
recording of STRs required the subject to be completely dark-
adapted (>30 min) and the very small responses (<10 mV) dic-
tated extensive averaging to improve signal-to-noise ratios. 
Therefore, other methods using the photopic ERG that produce 
larger signals and do not require dark adaptation are considered 
to be better for objective measurements of RGC losses from 
glaucoma.

The cellular origins of the photopic ERG components (a- and 
b-waves) are neurons that are not affected by glaucoma; but a 
later negative potential (PhNR) has been described, which origi-
nates in the neurons of the inner retina and can be eliminated by 
pharmacologically blocking spiking neurons or with advanced 
glaucoma (59, 60). In experimental glaucoma, the PhNRs of 
experimental eyes were significantly reduced with respect to the 
control eye when visual field measurements showed mild-to-
moderate MD losses and, thereafter, further reductions of PhNR 
with field loss were quite gradual. Using the MD perimetric index 
as a measure of the stage of glaucoma, the relationship between 
PhNR and MD was linear, but with a shallow slope and a nonzero 
y-intercept (38). Consequently, the data from experimental glau-
coma indicated that significantly reduced amplitudes of the PhNR 
occur in early stages of the optic neuropathy, while at later stages 
the further reductions in amplitude occur at a low rate with respect 
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to the perimetric MD defect. In fact, the significant reduction of 
PhNR amplitude precedes clinically significant MD defects and 
may be closely associated with the early remodeling of the lamina 
cribrosa in early glaucoma that has been described in studies of 
the biomechanics of the ONH (15, 43, 64, 65). On the other 
hand, progression of glaucomatous optic neuropathy may be 
more difficult to quantify by analysis of PhNR amplitudes.

The sensitivity and specificity of the PhNR for detecting glau-
coma in monkeys has been replicated for glaucoma patients and 
compares favorably with similar analyses of PERG measurements 
in human patients (95). In addition, the PhNR elicited with red 
stimuli on a blue background is usually larger than PERG ampli-
tudes, sometimes by a factor of two and large signals are easier to 
measure (96). Also with respect to clinical application, the PhNR 
amplitude is relatively unaffected by opacities in the ocular media 
and it does not require accurate correction of refractive errors. 
However, the PhNR stimulus is a full-field flash that does not 
identify localized functional defects, but the focal losses of RGCs 
in glaucoma are a fundamental characteristic for the diagnosis and 
assessment of progression and, perhaps, other ERG techniques, 
such as the multifocal ERG (mfERG), may be more useful in that 
respect.

The procedure for mfERG utilizes simultaneous recordings 
of focal responses from more than 100 different retinal regions, 
and the mfERG can, therefore, provide the possibility for objec-
tive testing of localized retinal function (97–99). Studies of the 
mfERG have been conducted on both clinical and experimental 
glaucoma with similar results, but the primate model of glaucoma 
provided a way to determine the extent to which retinal ganglion 
cell activity contributes to the mfERG responses in localized areas 
of the retina.

A study of seven monkeys by Hare et al., (40) compared con-
ventional and mfERG responses to histologically determined 
RGC losses for laser-treated and control eyes. They reported that 
while the amplitudes of conventional ERG responses were largely 
unaffected, even in eyes with severe loss of RGCs, the amplitudes 
of both the first- and second-order mfERG responses were atten-
uated in the laser-treated ocular hypertensive eyes compared to 
the normal control eyes. The relative amplitudes of the mfERG 
peaks were highly correlated with interocular ratio of the densities 
of surviving RGCs. Based on the strong correlation, it was con-
cluded that both the first- and second-order components of the 
mfERG reflect a significant contribution from the activity of 
RGCs within the regions of stimulation.

The use of mfERGs as an objective method of assessing neu-
ral losses also has been investigated in monkeys with experimental 
glaucoma during the progression of their visual field defects (38, 
62) to determine whether changes in the mfERG waveform 
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correlate with perimetric measurements. Correlated measurements 
by objective and subjective methods would have important 
implications for clinical and experimental work, but the issues are 
complex. Although some components of the mfERG waveform 
are systematically reduced with loss of RGCs from experimental 
glaucoma (37, 40), studies of clinical glaucoma have not shown 
that mfERG changes are correlated to the localized defects found 
by perimetry (100, 101). Therefore, investigations of correlation 
of progressive visual field defects from of experimental glaucoma 
on mfERG responses were conducted with the MD perimetry 
index as an indicator of the generalized loss of sensitivity across 
the visual field (38).

It was found that, in contrast to the PhNR, experimental 
glaucoma did not cause a reduction in the amplitude of the prin-
cipal mfERG responses until the visual field defects were highly 
significant. With more advanced visual defects, the mfERG reduc-
tions were linearly related to the MD of the visual fields. On the 
basis of these data, it appears that the mfERG may be more useful 
as an objective measure of advanced glaucomatous neuropathy 
than for its early detection. In this respect, the data from the two 
ERG procedures may be in agreement with the general concept 
that the best techniques for early diagnosis may not be the best 
techniques for determining progression, especially in advanced 
cases (38).

A second result of the investigation was that the normal 
nasotemporal variations in the mfERG responses were progres-
sively reduced with deeper losses of visual sensitivity from experi-
mental glaucoma and the first-order responses became 
progressively smoother (loss of oscillatory potentials) as the 
nasotemporal differences disappeared. In fact, the most obvious 
change in the mfERG associated with the advancing visual field 
defects was the loss of oscillatory potentials (OPs) (94, 102, 103). 
The OPs in two distinct frequency bands were subsequently ana-
lyzed in the monkey mfERG, i.e., fast OPs, with a center fre-
quency of 143 Hz, and slow OPs, with a center frequency at 
77 Hz (94). The mean amplitude of the fast OPs in control eyes 
was significantly larger in temporal than nasal retina and in supe-
rior versus inferior retina, while the slow OPs were largest in the 
foveal region. Experimental glaucoma reduced the amplitudes of 
fast OPs in all locations studied, even when visual field defects 
were moderate, whereas the slow OPs were reduced significantly 
only when field defects were severe. The fast OPs showed a mod-
erate correlation with local visual field sensitivity and with local 
ganglion cell density (calculated from visual field sensitivity), but 
the correlation for the slow OPs was low. Thus, it seems that the 
fast OPs, rely more on the integrity of retinal ganglion cells and 
axons than the slow OPs, and, potentially, have utility for moni-
toring the progression of glaucoma and the effects of treatment.
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Altogether, the investigations of ERGs in experimental glaucoma 
support the application of ERG techniques for an objective mea-
sure of the stage of pathophysiology of glaucoma. Components 
of the ERG waveforms that were generated by the retinal gan-
glion cells have been identified with each method. The photopic 
full-field flash ERG and mfERG procedures both are viable can-
didates, but each may be more useful at different stages of glau-
coma. The differences on the form of correlation between ERG 
amplitudes and perimetry MD indices suggest that the structure–
function relationships for the responses may be different, with the 
PhNR amplitude affected more by early losses of ganglion cells 
and the mfERG affected more by advanced losses of ganglion 
cells. For example, if it is assumed that the amplitude of the PhNR 
represents the linear sum of signals from all of the ganglion cells, 
then it is expected that it would be significantly reduced by a 
40–50% loss of ganglion cells, whereas associated losses of visual 
sensitivity have not obtained statistical significance. On the other 
hand, the mfERG response to sequential changes in contrast 
would be influenced by response probability considerations, in 
the same way as visual sensitivity. However, neither type of ERG 
produces discrete responses that can be associated with the local-
ized visual field defects that are typical of perimetric measures of 
visual sensitivity in clinical glaucoma. Experimental glaucoma, on 
the other hand, is a high IOP model that generally creates diffuse 
visual loss and the ERG procedures seem to provide accurate and 
precise reflections of the overall state of ganglion cell loss.

The biomechanical properties of the optic nerve head (ONH) are 
particularly important in the pathophysiology of glaucoma 
because the ONH represents a weak spot in the structure the 
eyeball (104). Within the ONH, the lamina cribrosa provides 
structural and functional support for the RGC axons as they 
exit the globe and much evidence suggests that axonal damage 
within the lamina cribrosa is the initial insult in the series of events 
leading to glaucomatous vision loss (15, 39, 105–108). The bio-
mechanical mechanisms underlying these initial events of glauco-
matous damage have been investigated through a series of studies 
of the primate model and much of our current knowledge of the 
alterations in the properties of the ONH tissues caused by glau-
coma have been gained through these investigations of experi-
mental glaucoma (43, 64, 65, 104, 107).

The results of several recent investigations of the alterations 
of tissue properties at early stages of glaucoma have provided 
significant new information about glaucomatous neuropathy. 

8. Biomechanical 
Properties of the 
Optic Nerve Head 
in Experimental 
Glaucoma
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For these studies of early glaucoma, laser treatments were 
administered to one of the monkey’s eyes every 2 weeks until the 
IOP is statistically elevated above pretreatment pressure, usually 
to a level of 25–40 mmHg. The onset of glaucomatous damage 
was defined by the onset of ONH surface change as detected by 
confocal scanning laser tomography and, then, ONH tissues are 
collected 3–8 weeks after the initial changes in ONH cupping. 
The tissues were processed for histological analysis and recon-
struction of ONH connective tissues (15, 39).

Three-dimensional analyses of the connective tissues of 
the ONH were accomplished by high-resolution imaging of 
the ONH tissue sections in 3 mm increments and, subsequently, 
creating a reconstruction from several hundred images (109). 
The analyses the connective tissues demonstrated extensive 
alterations in anatomy and structure by the time of the onset 
of observable ONH surface changes. For three monkeys that 
have been studied extensively, the signs of cupping occurred 
with axonal losses of only 16–30% (65), which are levels not 
likely to be detected by clinical SAP or OCT standard clinical 
measures.

In the investigations of early glaucomatous effects, clinical 
ONH cupping was divided into two components; laminar (deep) 
and prelaminar (shallow) pathophysiologic components (65). It 
was found that all of the three eyes with early experimental glau-
coma demonstrated a large laminar component of cupping with-
out a significant prelaminar component, which suggested a 
pathologic expansion of the connective tissue of the neural canal 
wall and the lamina cribrosa. Thus, in the young adult monkey 
eyes with moderate levels of chronic IOP elevation, early glau-
comatous cupping was, principally, the result of permanent defor-
mation of the connective tissues of the neural canal and lamina 
cribrosa, rather than prelaminar neural tissue thinning due to 
compression or axon loss. In fact, the early ONH surface changes 
occurred with prelaminar tissue thickening, not thinning, which 
was an unexpected finding.

In extending these results to clinical glaucoma, the results 
were interpreted as showing that a pathologic expansion of the 
tissues can occur under the influence IOP-related stress and strain, 
if it exceeded the elastic limit of the connective tissues, regardless 
of whether the IOP was physiologically elevated (65). Consequently, 
the detection of ONH cupping should suggest the presence of an 
optic neuropathy, but does not confirm that IOP is an active etio-
logic agent. In clinical application, if IOP elevation cannot be 
identified, then clinical cupping without connective tissue defor-
mation should not necessarily indicate a need to lower IOP. 
Conversely, for patients with robust ONH connective tissues, 
IOP-related stress and strain could cause axonal degeneration, 
without damage to the underlying connective tissues. Therefore, 



183Primate Glaucoma Models

direct evidence of ONH connective tissue damage is necessary to 
implicate IOP in an individual’s optic neuropathy.

In a more recent study to characterize the alterations of 
connective tissue of the lamina cribrosa in early glaucoma, it was 
found that the volume of connective tissue was increased sub-
stantially, but with little change in the total fraction of connec-
tive tissue (110). These alterations suggested a remodeling of 
the lamina cribrosa with significant changes in both connective 
tissue and nonconnective tissue components in early glaucoma 
that preserve the normal tissue proportions. An additional form 
of tissue remodeling was implied by alterations in the viscoelas-
tic material properties of the peripapillary sclera in early glau-
coma that had occurred by time that ONH surface change 
(clinical cupping) could be detected by confocal scanning laser 
tomography (43).

The quantification of the biomechanical properties of the 
ONH and posterior sclera can provide important data for model-
ing of IOP-related stress and strain within the ONH connective 
tissue (15, 39). From a biomechanical standpoint, the pathophys-
iology of glaucomatous optic neuropathy is likely to be multifac-
torial, with the principal mechanisms of axonal insult acting in the 
region of the ONH and dependent on the stage of underlying 
connective tissue damage and other cellular involvement. In gen-
eral, the data obtained from the primate model of experimental 
glaucoma have led to the postulation that for an individual ONH 
to demonstrate classical glaucomatous cupping, the connective 
tissues must have become damaged and undergone mechanical 
failure in a process that is determined by the distribution of IOP-
related stress and strain, regardless of the level of IOP at which it 
occurs (39). Accordingly, the biomechanical alterations of the 
ONH that cause axonal damage within the lamina cribrosa, and 
lead to glaucomatous vision loss, can help to explain the consider-
able intersubject variability in susceptibility/tolerance to high 
IOP that was associated with the development and progression of 
visual field defects in monkeys with experimental glaucoma.

In a general sense, the studies of experimental glaucoma have 
reinforced the notion that the primate model is a unique model 
for investigations of the psychophysical, electrophysiological, his-
tochemical, and/or anatomical characteristics of a prevalent ocular 
disease in humans. In part, the uniqueness comes from the close 
similarity of the visual function, physiology, and anatomy of mon-
keys’ and humans’ eyes. In addition, by using the model, ocular 
hypertension is isolated as the sole factor in the development of the 

9. Summary  
and Conclusions
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glaucomatous optic neuropathy and, because the IOP is generally 
quite high, the full extent of the damage occurs in a period of a 
few months. Although experimentally induced ocular hyperten-
sion eliminates all but one of the well-known epidemiological risk 
factors for clinical glaucoma, all other aspects of cell death and 
clinical presentation appear to be identical to the clinical disease. 
The major drawbacks of the model for clinical research are, (1) 
the intersubject variability in susceptibility/tolerance to high 
IOP, which complicates its use in prospective studies of poten-
tial treatments for glaucoma and (2) the model cannot be used 
for studies of the mechanisms by which factors such as age, 
race, genetics, etc., cause an increase in the probability of 
acquiring glaucoma and/or affect the rate of progression. 
Nevertheless, it is a valid model for point-in-time investigations 
of glaucomatous neuropathy with respect to structure-relationships, 
optic nerve physiology and biomechanics, cellular biology, and 
neurophysiology.

The application of the model to studies of the psycho-physi-
ological links of glaucoma through behavioral measurements of 
visual sensitivity and histologically determined RGC densities 
defined a quantitative causal relationship, which demonstrated 
that SAP provides an accurate and relatively precise quantification 
of local RGC densities. The subsequent extension of these struc-
ture–function relationships to human patients with glaucoma 
validated the utility of the primate model to develop procedures 
for the interpretation of clinical measurements. Further investiga-
tions were undertaken to develop procedures to correlate clinical 
measurements by SAP and OCT. The data from experimental 
glaucoma established the general principle that, if the measure-
ments are translated to a common factor related to RGCs, then 
there is concordance between the visual sensitivity of a local area 
and the corresponding region of RNFL thickness for both nor-
mal and defective vision from glaucoma. In this case, however, 
the further application to clinical glaucoma required modifica-
tions for axial length, aging effects, and the stage of glaucoma.

Although the structure–function relations derived from 
experimental glaucoma substantiate the validity of perimetry for 
diagnosis and assessment of progression of glaucomatous neu-
ropathy, there are downsides to SAP, such as measurement vari-
ability, insensitivity to early glaucoma and, for clinical use, low 
patient acceptance. As alternative tests of retinal function, the 
direct assessment of RGC function by ERG methodology has 
been advocated and the investigations of ERGs in experimental 
glaucoma have supported their application for objective measures 
of the stage of pathophysiology of glaucoma. The PhNR, mfERG, 
and PERG procedures are all viable candidates with RGC-
generated waveforms, but none of these ERG methods produce 
discrete responses that can be associated with the localized visual 
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field defects that are prototypical of perimetric measures of visual 
sensitivity in clinical glaucoma. That notwithstanding, the evidence 
from experimental glaucoma suggested that ERG procedures 
provide a reflection of the overall state of ganglion cell loss, with 
the PhNR sensitive to early glaucoma and the mfERG better cor-
related to more advanced stages of RGC losses.

The measures of RGCs by function (SAP, ERG) or structure 
(OCT) are generally considered to reflect the stage of glaucoma-
tous neuropathy, but alterations of the ONH surface may reveal 
the earliest signs of the disease. Clinical cupping of the ONH is a 
standard diagnostic sign and, because the lamina cribrosa provides 
structural and functional support for the RGC axons as they exit 
the globe, axonal damage within the lamina cribrosa may initiate 
neural damage leading to glaucomatous vision loss. The notable 
investigations of early experimental glaucoma in monkeys to quan-
tify the biomechanical properties of the ONH and posterior sclera 
has provided data for modeling of IOP-related stress and strain 
within the ONH connective tissue. Accordingly, these investiga-
tions of the primate model to understand the biomechanical alter-
ations of the ONH that cause axonal damage are instrumental to 
our understanding of the pathophysiology of the clinical disease.

The overall conclusion from the review of many of the experi-
mental findings from glaucoma in monkeys is that they provide 
fundamental data that should be applicable to improving methods 
for understanding and assessing glaucomatous optic neuropathy 
in patients. Furthermore, because the visual systems of macaque 
monkeys and humans are practically identical, the results from the 
array of experiments that have been described can be applied 
directly to glaucoma in patients.
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Chapter 10

Animal Models of Retinal Ischemia

Jacky Man Kwong Kwong and Joseph Caprioli

Abstract 

Ischemic disorders of the retina constitute a common cause of blindness and visual impairment world-
wide. Retinal ischemia is a disorder initially caused by an imbalance between the supply of metabolic 
substrates to the retina and its demand for nutrients. If treatment cannot be implemented to correct 
this imbalance, the result is irreversible ischemic and apoptosis-related cascades leading to cell death. 
A number of animal models are available for both studying the mechanisms of retinal ischemia and 
exploring potential treatments to prevent neuronal degeneration. However, the vascular supply 
and induction procedures of retinal ischemia in animal models must be better understood for application 
to human disorders.

Key words: Retinal ischemia, Central retinal artery occlusion, Central retinal vein occlusion, Branch 
retinal vein occlusion, Pressure elevation, Ligation of optic nerve, Ligation of ophthalmic vessels, 
Photodynamic ablation, Endothelin-1

Retinal ischemia is a pathological condition that occurs when 
blood supply is insufficient to meet the metabolic demands of the 
retina. As retinal tissue has a higher metabolic rate than other tis-
sues, any disturbance in the circulation may affect the supply of 
oxygen and metabolic substrates, and the removal of metabolic 
wastes contributing to retinal ischemia (1).

Retinal ischemia is a common cause of visual impairment and 
blindness worldwide. It is associated with various high impact 
ocular disorders such as retinal artery and venous occlusion, 
hypertension, diabetic retinopathy, and glaucoma. The outcomes of 
retinal ischemia are variable and probably multifactorial. However, 
the exact location of the vascular occlusion will determine its 
impact (2). The blood supply and nutrients of the inner retina 
are generally supplied by the central retinal artery, while the 
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outer retina is supplied by the choriocapillaris through the retinal 
pigment epithelium. Hence, the occlusion of the retinal artery 
results in inner retinal ischemia, but it may not cause ischemia to 
the outer retina. However, the occlusion of the ophthalmic artery 
leads to global retinal ischemia, because it supplies the central 
retinal artery and the posterior ciliary arteries which subdivide 
into the choriocapillaries. Overall, the most noticeable outcome 
of strictly retinal ischemia is the loss of retinal ganglion cells 
(RGCs) and the thinning of the nerve fiber layer.

The extent of ischemic injury to the retina in humans depends on 
the number of occluded vessels, the exposure time to vascular 
disturbance, susceptibility, and specific cell types. Due to the 
complex anatomy of retinal vasculature such as anastomoses of 
vessels, the roles of retinal ischemia in ocular diseases vary.

Acute retinal vascular occlusive disorders, found to be one of 
the major causes of blindness and severe visual impairment, is a 
collection of disorders. The pathogeneses, clinical features, and 
management of these disorders vary. Retinal ischemia is found to 
be a common consequence with variable severity in these disor-
ders (2, 3). In general, retinal arterial occlusions are often embo-
lic in origin, while retinal venous occlusions are nearly always 
thrombotic.

Central retinal artery occlusion (CRAO) is the second most 
common acute retinal vascular occlusive disorder with a very poor 
prognosis. It accounts for approximately 1 per 10,000 outpatient 
visits in United States and is recognized as an ophthalmic emer-
gency (4, 5). CRAO usually results in severe retinal ischemia 
which leads to visual acuity of 20/200 or worse and occurs within 
hours of onset. The dramatic loss of visual function may be 
painless and only 21–35% of affected eyes retain useful vision. 
In selected cases (<10%), the central vision may be spared due to 
the presence of a patent cilioretinal artery, in which the central 
inner retina is supplied by the choroidal circulation. A number of 
treatment modalities for CRAO have been practiced but all have 
limited success (6). In the elderly, CRAO is often associated with 
the risk factors for arteriosclerosis while the causes in younger 
patients are blood dyscrasias or systemic inflammatory disease (3). 
Its cherry-red spot appearance is a major clinical characteristic due 
to swelling of the inner retina and loss of retinal transparency which 
increases the pallor of the surrounding macula. Interestingly, in 
severe retinal ischemia, the inner retinal layers are lost without 
reactive gliosis, followed by optic atrophy, while the outer layers 
remain intact. Branch retinal artery occlusion (BRAO), has similar 

2. Retinal Ischemia 
in Humans
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risk factors and pathological features, but the ischemic features 
are only limited to well-demarcated areas of the retina supplied by 
the occluded artery.

Retinal venous occlusions are the most common among reti-
nal occlusive disorders. Mitchell et al. (7) reported that retinal 
venous occlusive disorders increased exponentially with age and 
were present in 4.6% of those 80 years or older in a population. 
This result is strongly associated with a cardiovascular risk profile 
and elevated intraocular pressure. Younger patients usually have 
underlying hematological or inflammatory diseases (8). Retinal 
venous occlusions do not represent one single disease entity. Due 
to a lack of classification standards, the literature is unclear in its 
etiologies, pathogeneses, clinical features, classifications, progno-
ses, and managements.

Many studies are based solely on fluorescein angiography to 
divide central retinal vein occlusion (CRVO) into two subclasses, 
ischemic and nonischemic. However, Hayreh and co-workers 
found that a combination of functional tests to examine visual 
acuity, visual field by Goldmann perimeter, relative afferent papil-
lary defect, and electroretinography, is more reliable to detect 
ischemic or nonischemic CRVO, especially during the early stages 
(2). Clinical presentations of ischemic CRVO are similar to CRAO 
but have the major characteristic of a widespread retinal hem-
orrhage which corresponds to retinal necrosis with scattered 
“cotton wool” spots representing nerve fiber layer infarcts. 
Nonischemic CRVO is less dramatic with normal or moderately 
reduced visual acuity, no afferent pupillary defect, dilated retinal 
veins with very few scattered hemorrhages, and a near-absence of 
“cotton wool” spots. Fluorescein angiography demonstrates 
capillary obliteration and capillary nonperfusion in the areas of 
retinal ischemia. In regard to CRVO’s etiology, the site of occlu-
sion is still controversial. The histopathological study by Green 
et al. (9), demonstrated that thrombus was present at the level of 
lamina cribrosa in all 29 human eyes which were enucleated due 
to neovascular glaucoma. In contrast, Hayreh et al. argued that 
those enucleated human eyes represented a select group of isch-
emic CRVO with neovascular glaucoma (2, 10). Hayreh et al. 
also demonstrated in anatomical and clinical studies as well as 
experimental studies in monkeys that the site of occlusion in 
CRVO is in the optic nerve at a variable distance posterior to the 
lamina cribrosa (10).

Branch retinal vein occlusion (BRVO) is similar to CRVO 
but only affects a segment of retina occurring at arteriovenous 
crossings in which the arteriole crosses over the vein and changes 
the hemodynamics in the vein. Although the pathophysiology of 
BRVO remains largely unknown, retinal ischemia is believed to 
determine the disease outcomes.
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Diabetic retinopathy is the most frequent complication of 
diabetes and a leading cause of blindness in developed countries 
(11). It is a retinal microangiopathy but the causes of retinal dam-
age and disease progression are not clearly known. Elevation of 
blood and tissue glucose levels has been suggested to initiate oxi-
dative stress, localized hypoxia and inflammatory reactions. 
Adhesion of leukocytes to vessel walls, aggregation of platelets, 
altered blood flow, loss of intramural pericytes, and thickening of 
the basement membrane are the earliest vascular signs (12). 
Blockage of the retinal capillaries may stimulate the production of 
angiogenic factors such as vascular endothelial growth factor 
(VEGF), a potent survival factor for endothelial cells, which 
causes the loosening of the vascular cell–cell junction and increases 
vascular permeability (13). Ophthalmoscopic examination reveals 
dot hemorrhages, “cotton wool” spots, and retinal edema, indi-
cating vascular leaking, and retinal ischemia leads to macular 
edema and central vision loss. Microscopically, swelling of the 
retinal ganglion cells precedes degenerative changes of retinal 
neurons and gliosis in the inner retinal layers. Advanced ischemia 
in the retina leads to formation of acellular nonperfused capillar-
ies, blood leakage, proliferative vitreous scarring, and, finally, reti-
nal detachment which may result in blindness (14).

Glaucoma is the second leading cause of blindness worldwide. 
Visual deterioration in patients with glaucoma is caused by the 
loss of retinal ganglion cells. Progression of glaucoma is often 
associated with risk factors including intraocular pressure, age, 
ethnicity, family history, myopia, and central corneal thickness. 
Clinically, characteristic optic nerve head excavation and thinning 
of nerve fiber layer are found corresponding to arcuate scotoma 
in glaucomatous patients. Current medical and surgical interven-
tions aim to lower intraocular pressure; however, the disease 
progress cannot be completely arrested. Deprivation of neu-
rotrophic factors due to blockage of axonal transport at the site of 
lamina cribrosa can lead to RGC degeneration. Episodes of isch-
emia and reperfusion in the optic nerve head area have been pro-
posed as the basis for retinal pathology in glaucoma (15). Whether 
retinal ischemia plays a role in glaucomatous degeneration is still 
controversial, but retinal ischemia has been widely studied to 
explore new treatments for glaucoma due to loss of retinal gan-
glion cells and poor visual outcomes (16, 17).

To research effective treatments and comprehensive manage-
ment of patients, experimental animal models mimicking these 
disorders became invaluable tools to both understand the 
pathophysiology of retinal ischemia and evaluate potential new 
treatments. However, whether the data can be translated to the 
clinic relies heavily on the experimental design and the selection 
of proper animal models.
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While in vitro ischemic models provide much insight into some of 
the biochemical and molecular events caused by hypoxia and sub-
strate deprivation, animal models remain essential in understand-
ing the pathophysiology. The entire vascular and associated 
immune and other support systems provide the opportunity to 
examine the complex interactions and responses after ischemic 
insults. In all animal models of retinal ischemia, the retinal circu-
lation is experimentally altered to study the balance between 
energy substrate supply and metabolic demands, vascular and 
neuronal changes, and remodeling of retinal tissue.

The transient decreased supply of oxygen and glucose may 
deplete ATP stores and later may result in functional changes if an 
adequate blood supply cannot resume within the tolerance time, 
which is defined as the time within which the measurable changes 
are reversible (18). When the ischemic insult lasts longer than the 
tolerance time, the damage becomes irreversible. The result 
changes ion flows, neurotransmitter release, high metabolic waste 
levels, and morphological alterations. Reperfusion, the restora-
tion of circulation after blockage, also damages cells because the 
restoration of oxygen to ischemic regions may amplify the injury. 
Retinal ischemia causes the leakage of LDH, a marker of ischemic 
cell death after introduction of oxygen with continued glucose 
absence (19). In stroke, the ischemic penumbra, a better perfused 
region surrounding ischemic core, remains intact for several hours 
and can be saved by reperfusion or by drugs that prevent the 
spreading of the infarct extending to the penumbral region (20). 
Therefore, the quality and quantity of ischemia and reperfusion 
have to be taken into consideration in setting up an animal 
model.

Monkeys, rabbits, rats, mice, guinea pigs, cats, dogs, and pigs 
have been used as animal models of retinal ischemia. In choosing 
a species, several factors are usually considered: (1) anatomy of 
vascular circulation and retina; (2) relevance to humans in terms 
of disease outcome; (3) sample size and cost; (4) availability of 
animals; and (5) ease of handling. There is no species that can 
perfectly fit all these requirements. In rabbits, the central retinal 
artery runs superficially and horizontally toward the nasal and 
temporal sides and most of the retina is avascular while its nutri-
tion is mostly supplied by the choroidal circulation. Cats have no 
central artery of the retina and the entire thickness of the retina is 
supplied by the posterior ciliary arterial (PCA) circulation. 
Conversely, in humans and primates, the CRA supplies only the 
inner layers of the retina while the outer retina is supplied entirely 
by the PCA circulation. Rats are most widely used in laboratories 

3. Animal Models 
of Retinal 
Ischemia
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because their vascular and retinal structures are closer to those of 
humans, they are less expensive, and easier to procure and handle. 
This chapter describes several of the most common rat models of 
retinal ischemia (Table 1).

Elevated intraocular pressure has been most widely used as a 
model to impede ocular blood flow and consequently to induce 
transient retinal ischemia. Intraocular pressure above systolic 
pressure is produced by cannulation of the anterior chamber with 

3.1. Pressure Elevation 
Model

Table 1 
Summary of commonly used rat retinal ischemia models

Model
Surgical  
location Procedures

Degree of 
ischemia Possible effect

Technical 
difficulty

Pressure 
elevation

Intraocular Intraocular 
pressure > systolic 
pressure 
110 mmHg

Complete Global ischemia Medium

Optic nerve 
ligation

Optic nerve Suture Complete Optic nerve 
trauma

High

Vessels ligation Ophthalmic 
vessels

Suture Complete Delayed RGC  
loss

High

Unilateral  
carotid  
arteries

Suture Incomplete Cerebral  
ischemia

High

Bilateral carotid 
arteries

Suture Complete Cerebral  
ischemia

High

Photodynamic 
ablation

Retinal and 
choroidal 
vessels

Intravenous rose 
Bengal + light 
illumination

Incomplete Phototoxicity Medium

Central or  
branch retinal 
vessels

Intravenous rose 
Bengal + argon 
laser + tissue-type 
plasminogen 
activator

Incomplete Photoreceptor 
degeneration

Medium

Endothelin 
administration

Anterior optic 
nerve

Mini-pump  
implant

Incomplete Variable  
response

Medium

Vitreous Intravitreal  
injection

Incomplete Misregulated 
anterograde 
axonal transport

Low

Conjunctiva Subconjunctival 
injection

Incomplete Systemic 
vasoconstriction

Low
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a 25-gage needle connected to a raised saline reservoir in rats. 
Intraocular pressure maintained at about 110–130 mmHg blocks 
retinal and uveal circulations and leads to ocular ischemia. Details 
of the procedure was described by Buchi and co-workers (21–23) 
and elsewhere. Branching of retinal vessels is an indication of suc-
cessful induction of retina ischemia. At least 20 min of ischemia is 
required to cause irreversible functional damage, while more than 
35 min is needed to produce detectable histological changes, and 
45 min for consistent and reliable morphological quantification. 
Buchi found that there was no morphological difference between 
90 and 120 min of ischemia, suggesting that it is the maximal 
ischemic condition (22). Notably, the degree of ischemic injury 
may vary with pigmentation (24).

In rats, the ophthalmic artery travels along the optic nerve sheath 
and trifurates into the central retinal artery and two posterior 
ciliary arteries (25, 26). A lateral conjunctival peritomy is per-
formed to expose the optic nerve by blunt dissection. A 6–0 silk 
suture is passed around the optic nerve and the ligature on the 
optic nerve is tightened until blood flow in the retinal vessels is 
stopped (27). Immobile clumps of blood cells can be seen in all 
the large retinal blood vessels with an operating microscope (28). 
Some researchers confirmed a complete retinal ischemia by 
obtaining a flat wave in ERG in animals (27). Ligation is removed 
at different times after tightening. Due to possible mechanical 
damage by ligation, eyes that fail to reperfuse within 15 min are 
excluded.

The ophthalmic vessels travel along the optic nerve sheath in rats. 
To interrupt the ocular blood supply but not directly damage the 
optic nerve, the optic nerve sheath is opened longitudinally with 
a microsurgical blade and carefully separated from the optic nerve. 
A ligature is placed between the optic nerve and the optic nerve 
sheath, around the latter, and tied (29, 30). The ligature is 
released and removed after 90 min of ischemia time. Complete 
retinal reperfusion is assessed and animals that do not show full 
re-establishment of the retinal blood flow within 15 min are usu-
ally excluded.

Blockage of major proximal arteries such as the common carotid 
and internal carotid arteries, which branch to the ophthalmic 
artery causes retinal ischemia. The severity of the insult depends 
on the number of occluded vessels and their anastomoses. 
Unilateral occlusion of the common carotid artery produces subtle 
retinal changes, while bilateral occlusion causes ophthalmoscopic 
evidence of retinal ischemia, retinal ganglion cell loss, optic atro-
phy, and cerebral damage in rats which have vertebral arteries (31). 

3.2. Ligation of Optic 
Nerve Bundle

3.3. Ligation of 
Ophthalmic Vessels

3.4. Bilateral Occlusion 
of Carotid Arteries
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However, occlusion of both bilateral carotid and vertebral arteries 
may cause serious ocular and cerebral ischemia or even death in 
animals after a long period of occlusion. Suture ligation is com-
monly used, but, lately, intraluminal suture ligation is used for 
transient artery occlusion and reperfusion (32).

To induce thrombosis of the retinal vasculature, an iodinated 
photosensitive dye, rose bengal (40 mg/kg), is injected intrave-
nously through a tail vein. The eyes are immediately exposed to 
7 min of intense light from a slide lantern projector fitted with a 
filter (550 nm) to optimize the wavelength of the light for rose 
bengal sensitivity (peak absorption = 550 nm) (33). Light illumi-
nation might be applied to produce diffuse microthrombi in reti-
nal and choroidal vessels. However, Buchi et al. (34) found that 
retinal damage was irregular in its extent and character due to this 
model of phototoxicity.

To specifically occlude the major retinal vessels, argon green 
laser irradiation at 514 nm wavelength is used to sensitize rose 
bengal (35). A one-mirror goniolens filled with methylcellulose is 
placed on a rat’s eye for fundus viewing. Immediately after the 
injection of a rose bengal bolus, the laser with settings of 0.3 s 
exposure, 50 µm, diameter and 0.1 W power, is used to irradiate 
the targeted retinal vessels. Thrombolytic therapy with tissue-type 
plasminogen activator (tPA), is effective for recanalization of the 
coronary or other vessels obstructed by intraluminal thrombi. 
Thrombolytic reperfusion of the occluded central retinal artery 
by tPA is administered through a catheter placed in the femoral 
vein 60 min after thrombus formation. One-half of the total tPA 
(0.27 mg/kg body weight), is first injected as a bolus and the 
remaining half is further infused within 10 min. After tPA admin-
istration, animals are included in the study only when reperfusion 
is confirmed.

Endothelin-1 (ET-1) is a potent vasoconstrictor peptide produced 
by vascular endothelial cells. ET-1 and its G-protein-coupled 
receptors, ETA and ETB were demonstrated to be expressed abun-
dantly in ocular tissues (36, 37), while there were increased levels 
of ET-1 in the plasma and aqueous humor of glaucomatous 
patients. Intravitreal injection of ET-1 or administration of ET-1 
to intraorbital optic nerve with an implanted mini-pump was 
shown to decrease blood flow in the retina and optic nerve, 
respectively (38–40). Administration of ET-1 causes retinal gan-
glion cell loss, activates retinal glial cells with increased immuno-
reactivity of glial fibrillary acidic protein, and prolongs VEP 
implicit times. Recently, subconjunctival injection of ET-1 was 
demonstrated to delay the perfusion of central retinal artery by 
fluorescein angiography, but its ischemic outcome has not yet 
been verified (41).

3.5. Photodynamic 
Ablation

3.6. Injection  
of Endothelin-1
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Compared to cerebral ischemia, a retina ischemia model is less 
invasive, less labor intensive, easily reproduced, and more readily 
monitored either visually or electrophysiologically. In addition, 
retinal ischemia models are more readily used for pharmacologi-
cal manipulation because the vitreous cavity can serve as a reser-
voir for drug administration to the ischemic retina, bypassing 
occluded blood vessels and the blood retinal barrier. To eliminate 
interindividual variation, the finding of the experimental eye can 
always be used to compare to the contralateral control eye. These 
advantages suggest that a retinal ischemia model could be a desir-
able alternative to a cerebral ischemia model to understand the 
disease process of ischemia and to explore related pharmacologi-
cal treatments.

For retinal ischemia, the pressure elevation model is com-
monly used because it is easily reproduced and provides consis-
tent results. It relates to CRAO, acute closed angle glaucoma, 
and occlusion of the ophthalmic artery in humans. While the 
procedures are less technically demanding, it has been argued 
that this procedure causes panretinal ischemia instead of CRAO 
because of obstruction of both retinal and choroidal circula-
tions (42).

Osborne et al. (43) compared the ischemic effects of high 
pressure, two-vessel occlusion, and optic nerve ligation. Choline  
acetyltransferase (ChAT) immunoreactivity, expressed in ama-
crine cells, was found to be unaffected in the two-vessel occlusion 
model but completely eliminated in the high pressure model and 
drastically reduced in the optic nerve ligation model. Because the 
b-wave in the two-vessel model was reduced by 50%, while it was 
suppressed almost completely immediately after ischemia in the 
other two models, the authors suggest that the ischemic damages 
in these models were different and ranged from mild (oligomia), 
acute (hypoxia), and chronic (true ischemia). Approximately 
30–36 h after reperfusion, neither the aPKC (expressed by on-
bipolar cells), nor Thy-1 (expressed by retinal ganglion cells) 
immunoreactivities were affected in high pressure and optic nerve 
ligation models while the retinal parvalbumin (localized to ama-
crine cells) immunoreactivity was greatly reduced in the high 
pressure model but not in the optic nerve ligation model. 
Rosenbaum et al. (44) found more cell loss in the retinal ganglion 
cell layer and inner nuclear layer in the high pressure model than 
the optic nerve ligation model 1 day after reperfusion, but no 
histological difference after 7 days of reperfusion. However, 
Kuroiwa et al. (28) reported that the time courses of TdT-dUTP 
terminal nick-end labeling (TUNEL) which was used for detecting 

4. Comparison  
of Different Retinal 
Ischemia Models
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DNA fragmentation in apoptosis, in the retinal ganglion cell 
layer and the inner nuclear layer were similar in both models, but 
the number of TUNEL positive cells in the high pressure model 
was less than that in the optic nerve ligation model. Overall, 
these findings suggested that the differential responses in these 
models depend on the induction procedures and possibly may 
relate to incomplete vascular occlusion, hydrostatic pressure on 
the retina, and mechanical damage of the optic nerve in two-
vessel occlusion, high pressure, and optic nerve ligation models, 
respectively.

The procedure of optic nerve ligation is relatively easy to 
perform and requires little specialized equipment or surgical 
manipulation. However, suture ligation may cause direct trauma 
to the optic nerve and there is some indirect influence or second-
ary degeneration to the retinal ganglion cell due to disturbed 
neurotrophic transport through the ligated nerve bundles, in 
addition to a possible ligation of collateral blood supplies. Similar 
to the pressure elevation model, a major limitation in interpreting 
results in these models is that it is unusual to find complete cessa-
tion of retinal flow in clinical patients.

Ligation of the ophthalmic artery seems to isolate the isch-
emic effect in the retina and, more closely, to the experimental 
CRAO model in monkeys and human patients with CRAO. 
However, the procedures demand a more skilled dissection to 
avoid damaging ophthalmic vessels in the optic nerve sheath, as 
there are anatomical variations in the vascular circulation between 
individuals and species. Vidal-Sanz et al. (30) noted that the loss 
of RGCs throughout the retina were diffuse and there were appar-
ently two different phases of RGC losses, which represented 47% 
of the RGC population in the early phase (7 days) and an addi-
tional 15% in delayed (21 days) degenerative processes.

Unilateral and bilateral occlusion of the carotid artery requires 
more skill in vascular surgery, and the animal may suffer from 
extensive surgical exposure. Moreover, this model is more rele-
vant to carotid artery disease in humans (1). The procedures may 
cause incomplete retinal ischemia and the number of proximal 
vessels being ligated and their anastomoses may vary the degree 
of ischemic damage. All of these procedures alter the blood flow 
to the brain and induce cerebral ischemia, which is of concern as 
a cause or effect of retinal ischemia (17).

The photodynamic ablation method with light illumination is 
relatively simple, but has substantial disadvantages, such as vari-
able retinal damage due to different degrees of light exposure 
throughout the rat retina, retinal detachment, and widespread 
retinal necrosis (34). Since capillary thrombosis occurs, the isch-
emic damage may be permanent rather than reversible, so that 
this model is not suitable to study postischemic reperfusion 
events. For the photothrombic model with green laser irradiation 
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and thrombolytic therapy, investigators should be aware that the 
parapapillary and central areas of the retina are highly affected, 
the peripheral area and the outer cell layer rather preserved, while 
the peripheral area was reported to be equally affected in optic 
nerve ligation and pressure elevation models (35).

Compared to cerebral ischemia, the tolerance time to ischemic 
damage is longer in the retina than in the brain. Only a few min-
utes of ischemia may result in permanent neuronal damage in the 
brains of humans, cats, and dogs. In contrast, a period over 
45 min may be required to cause irreversible morphological and 
functional damage in the retina without a complete recovery 
(1, 45, 46). Hayreh and co-workers have shown that transient 
clamping of the CRA for up to 97 min only caused transient visual 
loss in normal rhesus monkeys while the prolonged circulation 
disturbance for over 105 min led to irreversible histological and 
functional loss (18, 42). The significant differences between the 
ischemic tolerance times of cerebral and retinal neurons may be 
due to the high content of glucose, glycogen, and oxygen in vit-
reous and the limited space for buffering the expansion of the 
tissue during cerebral edema. However, the underlying mecha-
nisms of retinal tolerance are not yet completely understood.

Loss of retinal ganglion cells and thinning of the nerve 
fiber layer is well-documented as an irreversible outcome after 
ischemia-reperfusion injury. Because of this outcome, animal 
models of retinal ischemia are widely used to help understand the 
mechanism of inner retinal degeneration associated with CRAO, 
glaucoma, retinal vascular occlusion, diabetic retinopathy, retin-
opathy of prematurity, and traumatic optic neuropathy. Extreme 
ischemic conditions cause photoreceptor degeneration; however, 
the damage is usually much less severe than occurs to inner retinal 
neurons (23). The question of why photoreceptors appear to be 
less sensitive to ischemia than inner retinal neurons is unclear, but 
may be linked to compensatory mechanisms by their high density 
of inner segment mitochondria, high neuroglobin levels, and 
lower photoreceptor sensitivity, determined by retinal pigment 
epithelium or illumination levels. Greater N-methyl-D-aspartate 
(NMDA) receptor density on the magnocellular retinal ganglion 
cells may be related to more susceptibility to ischemic damage 
(47, 48).

In the past decades, necrosis has been believed to be a major 
cell death mechanism in retinal ischemia. In the 1990s, apopto-
sis, or programmed cell death, was found to relate not only to 
developmental but also pathological conditions. Morphological 

5. Contributions  
to Understand 
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changes and molecular pathways were noted to vary in a spec-
trum between necrosis and apoptosis, depending on the intensity 
of ischemic insults (49). Initiation and execution of apoptosis 
after ischemic injury were shown to involve many apoptotic medi-
ators and signaling cascades in the retina. Vidal-Sanz et al. (29) 
investigated the effects of intravitreal injection of brain-derived 
growth factor (BDNF), caspase inhibitor (Z-DEVD), and pep-
tide Bcl-2 on the retinal ganglion cell survival after optic nerve 
transection and transient ischemia by ligation of ophthalmic ves-
sels and pressure elevation. For transient ischemia and optic nerve 
transection models, BDNF enhanced the retinal ganglion cell 
survival in all models. Interestingly, Z-DEVD increased RGC 
survival 7 days after 90 min of ophthalmic vessel ligation, but not 
after 60 min, while Bcl-2 increased RGC survival 7 days after 60, 
but not 90 min of vascular occlusion. The marked differences in 
amount and pattern of retinal ganglion cell death demonstrate 
that retinal ganglion cell death may undergo pathways ranging 
from necrosis, and caspase-dependent and caspase-independent 
apoptosis.

Neovascularization is a serious complication of ischemic dis-
ease, but the process of neovascularization is complex. Dysfunction 
of the vascular system such as vasodilation, increased permeabil-
ity, and matrix degradation, may cause visual deterioration and 
degeneration. Activation of hypoxia inducing factor (HIF)-1 is 
shown to be a key factor to regulate angiogenesis through the 
production of VEGF in the retina. Adenosine, a neuromodulator, 
was also shown to stimulate endothelial cell migration and vascu-
lar tube formation (50), via nitric oxide. Antiangiogenesis therapy 
seems to be a promising therapy (12).

Significant findings demonstrate an important role of gluta-
mate excitotoxicity in neuronal death mechanism after retinal 
ischemia. Although the exact mechanism of glutamate release 
during retinal ischemia remains controversial, accumulated evi-
dence supports the hypothesis that glutamate levels rise during 
retinal ischemia and is also associated with glial dysfunction, 
which leads to failure of glutamate recycling. Evidence also sug-
gests that both ischemic and excitotoxic cascades share similar 
pathways which involve metabolic imbalance, ion channel influx, 
release of neurotransmitters, free radical production, acidosis, and 
inflammation (1). Since neurodegenerative processes and cellular 
interactions are very complex, the search for neuroprotective 
treatment is not straightforward. For example, interleukin (IL)-6, 
a multifunctional cytokine, was upregulated in microglial cells in 
retina via modulation of nuclear factor kappa-B. When exposed to 
ischemia reperfusion and exogenously administered, IL-6 pre-
vents the loss of retinal ganglion cells, suggesting that further 
characterization on the population of retinal cells is important, 
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and modulation of cytokine expression in other cellular populations 
should be considered for neuroprotective treatments (45).

Treatment modalities that directly supply oxygen or glucose/
glycogen have been shown to be beneficial. Pharmacological 
treatments targeted to inhibit the following events during retinal 
ischemia or glutamate excitotoxicity were found to preserve the 
retinal functional and prevent cell loss. Glutamate ionotropic 
(NMDA type and non-NMDA type) receptor antagonists, anti-
oxidants, calcium channel blockers, and sodium channel modula-
tors are all possibilities. Roth and co-workers demonstrated that 
ischemic preconditioning is protective to subsequent lethal isch-
emia in the retina. Further studies on the endogenous protective 
pathway to prevent loss of retinal ganglion cells are warranted in 
conjunction with our studies on endogenous neuroprotection 
against excitotoxicity, glaucoma, and other damaging insults (48, 
51–53).

Due to the complexity and variability of the retinal blood supply, 
disturbance on the retinal vasculature causes different ischemic 
cascades with similar, but not exact, disease outcomes. Therefore, 
induction procedures should be carefully chosen so that the animal 
model can mimic a known human disease more precisely, and 
provide more useful data for further study. Future goals for animal 
models should not only be based on common or similar outcomes 
(for example, retinal ganglion cell loss), but should also share 
similar etiology, which becomes more relevant to human disease. 
For example, local administration of ET-1 to the optic nerve head 
seems to be more suitable for glaucoma research if the optic nerve 
head is hypothesized to be the site of injury or the area exposed 
to an ischemic insult.

Recently, procedures of retinal ischemia have been success-
fully performed in smaller-sized animals with minor modifications 
(54–56). Performing retinal ischemia procedures in genetically 
manipulated mice may significantly help investigate the underly-
ing mechanisms of retinal ischemia with the particular gene of 
interest. In the near future, regenerative or replacement therapies 
such as neurotrophic factors, supplement, and stem cells, will 
hopefully replace the loss of retinal ganglion cells and other inner 
retinal neurons in retinal ischemic disorders. However, whether 
the replaced retinal ganglion cells make the proper connections to 
the neighboring cells or the axons of regenerating retinal gan-
glion cells grow back to the right target in the brain will be 
another vast challenge.

6. Future 
Opportunities
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Chapter 11

Retinal Inflammation: Uveitis/Uveoretinitis

Reiko Horai and Rachel R. Caspi

Abstract 

Retinal inflammatory disease of a putative autoimmune origin, known as autoimmune uveitis, affects 
150,000 persons per year in the developed world and is a potentially blinding disease. The eye can be the 
only affected organ or uveitis can be part of a systemic syndrome. Animal models of uveitis induced by 
immunization with retinal antigens or through genetic engineering are used to study basic mechanisms, 
genetic control and therapeutic approaches. Although thymic expression of retinal antigens eliminates 
most autoreactive lymphocytes and positively selects natural regulatory T cells, peripheral tolerance to 
retina is inefficient due to the relative sequestration of retinal antigens. Therefore, residual autoreactive 
lymphocytes persist and can be activated by accidental encounter with self or a cross-reactive antigen. 
When exposed to retinal or cross-reactive antigens in the context of innate danger signals they mature 
into Th1 or Th17 effector cells that find their way into the eye. Upon recognition of specific antigen 
within the eye, they orchestrate a destructive inflammation by recruiting inflammatory leukocytes from 
the circulation. Regulatory T cells are also induced as part of the disease process and ultimately control 
inflammation and permit healing to take place. Novel immunotherapeutic approaches built upon the 
growing knowledge of basic mechanisms to target critical checkpoints in disease pathogenesis and restore 
immune homeostasis.

Key words: Uveitis, Uveoretinitis, Experimental autoimmune uveitis, EAU, T lymphocytes, 
Tolerance, Autoimmune disease

Retinal inflammation includes retinopathy, retinitis (retinal 
vasculitis), and uveitis/uveoretinitis. Retinopathy has been 
described in Chaps. 6 and 7. In this chapter, we will focus pri-
marily on uveitis/uveoretinitis and its induced as well as sponta-
neous animal models. Immune-mediated components were also 
recently shown to play a role in diseases that were once consid-
ered purely degenerative, such as age-related macular degeneration 
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(AMD) and glaucoma. These diseases and their models are 
described elsewhere in this volume.

Uveitis of a putative autoimmune nature is the one of the 
leading causes of blindness in the US and the developed world. 
It is estimated to affect about 150,000 Americans annually and to 
cause about 10% of severe visual handicap (1). When inflamma-
tion is predominately located in the vitreous, retina, and choroid, 
it is classified as posterior uveitis. The posterior uveitides are 
particularly likely to affect the photoreceptor cells and damage 
vision. Autoimmune uveitis can be part of a systemic autoimmune 
syndrome such as Behçet’s disease, systemic sarcoidosis (SS) 
and Vogt–Koyanagi–Harada disease (VKH), or the eye can be the 
only target such as in birdshot retinochoroidopathy (BR) and 
sympathetic ophthalmia (SO) (2).

Uveitis patients often exhibit lymphocyte and antibody 
responses to antigens (Ags) present in the eye and show strong 
associations with particular HLA haplotypes (3, 4), supporting 
the autoimmune nature of the disease. The etiologic cause(s) of 
most types of uveitis are unknown. One of the theories proposes 
that in uveitic disease that cannot be linked to a trauma, lympho-
cytes capable of recognizing retinal Ags are primed in the periph-
ery by a cross-reactive microbial stimulus (antigenic mimicry). 
Although it is difficult to determine whether the specific responses 
observed in the patients whose disease has been active for some 
time are primary, or have developed as a result of tissue break-
down, they are believed to help fuel progression of the disease.

Behçet’s disease is an autoimmune disease that results from dam-
age to blood vessels. The cause of Behçet’s disease is unknown. 
The affected tissues include the eye, mouth, genitals, and skin. 
Inflammation in the eye includes uveitis, retinitis, and iritis. 
HLA–B51 is a risk factor for this disease (5, 6).

Sarcoidosis is an inflammatory disease that commonly targets 
lungs and lymph nodes, but also affects many other organs includ-
ing eyes. About 25% of patients have ocular symptoms similar to 
uveitis.

Vogt–Koyanagi–Harada syndrome (VKH) is a systemic autoim-
mune disorder involving multiple organs, including the ocular, 
auditory and nervous systems as well as the skin. Severe bilateral 
granulomatous uveitis associated with subretinal fluid accumula-
tion is the hallmark of ocular VKH. There is an association with 
HLA-DR4 (7).

Birdshot retinochoroidopathy (BR) is a bilateral inflammatory 
disease affecting the choroid and the retina. It belongs to a group 
of disorders known as the idiopathic multifocal white dot syn-
dromes, which themselves are one of the causes of chronic posterior 
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uveitis. Its cause is not entirely clear but it is thought to be related 
to an inherited immune dysfunction and there is a strong associa-
tion with HLA-A29 (6, 8).

Sympathetic ophthalmia (SO) is a rare granulomatous uveitis of 
both eyes. Following trauma or surgery to one eye, the other, 
uninjured eye, develops destructive inflammation that can lead to 
complete blindness. The main mechanism is thought to be an 
autoimmune reaction against melanin-containing cells in the uvea 
following exposure to Ags released from the injured eye (6).

In recent years it has become increasingly clear that certain dis-
eases affecting the retina, including AMD and glaucoma, have 
associated immunological components that are part of the mech-
anisms that predispose to disease or that drive its pathogenesis. 
This includes components of the complement cascade, chemok-
ines, and their receptors as well as proteins that may serve as 
molecular chaperones (reviewed in (9)). Although in genetic 
studies the association of particular allelic forms of these mole-
cules with predisposition to disease and with disease severity can 
be substantial, our understanding of the underlying mechanisms 
is still quite limited. The coming years should see important 
developments in this area. Because retinal degenerative diseases 
do exhibit a typical inflammation characterized by leukocytic infil-
tration and exudation, they will not be discussed further in this 
chapter.

The EAU model was originally established in the guinea pig using 
homologous uveal tissue and then was adapted to the rat using 
retinal extracts. To induce EAU, the immunizing Ag must be 
emulsified in complete Freund’s adjuvant (CFA), a mineral oil 
supplemented with heat-killed mycobacteria, and in many cases 
an injection of pertussis toxin (PTX) is given as an additional 
adjuvant at the time of immunization (4, 10). This mimics the 
putative uveitogenic stimulus that is thought to trigger uveitis in 
humans, which is generally believed to involve an exposure to a 
retinal or mimic Ag combined with an infectious event providing 
inflammatory “danger” signals.

The EAU model in the rat induced with retinal arrestin 
(retinal soluble antigen, S–Ag) or with the interphotoreceptor 
retinoid-binding protein (IRBP), and the mouse EAU model 
induced with IRBP, have been by far the most widely used and the 
best characterized (10). Other uveitogenic proteins (studied mostly 
in the Lewis rat) include retina-derived rhodopsin, recoverin, 
and phosducin and retinal pigment epithelium-derived RPE65. 

1.5. Sympathetic 
Ophthalmia

1.6. Immune-Mediated 
Components in 
Degenerative Eye 
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2.1. Induced Models

2.1.1. The “Classical” EAU 
Model
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In addition, melanin preparations as well as purified tyrosinase-related 
proteins 1 and 2 (that participate in biosynthesis of melanin) are 
uveitogenic and result in anterior uveitis and choroiditis, target-
ing those ocular tissues that contain melanin. Despite differences 
in target Ags used to elicit disease, the immunological mecha-
nisms driving the disease are similar. The various models of exper-
imental uveitis have recently been reviewed (4).

Susceptibility to disease is strain-dependent. In mice and in 
rats, both major histocompatibility complex (MHC) and non-
MHC genes have effects on the disease susceptibility. The Lewis 
rat is the most commonly used susceptible rat strain for EAU 
studies. In the mouse, the most susceptible strain identified so far 
is B10.RIII. The C57BL/6 strain is only moderately susceptible, 
but this is a very useful strain to analyze the basic mechanisms of 
pathogenesis, as various gene-manipulated (knockout or trans-
genic) lines are available on this background. B10.A mice have a 
susceptibility that is intermediate between C57BL/6 and B10.
RIII. Each of these strains has been shown to recognize one or 
more defined epitopes of IRBP that can be synthesized in the 
laboratory and used to induce disease in place of the whole pro-
tein (Table 1). In addition, new Ags can be expressed in the retina 
through genetic engineering to serve as target Ags for uveitis. 
Foreign proteins such as hen egg lysozyme (HEL) or b-galactosidase 
(b-gal) have been transgenically expressed in the retina or lens 
under control of the appropriate tissue-specific promoters to serve 
as a neo-self Ag (11–14). Alternatively, retinal cells can be 
transduced to express a foreign protein such as influenza hemag-
glutinin (HA) using a viral vector (15).

The onset of disease is observed at day 9–12 after immuniza-
tion with the retinal or neo-retinal Ag in CFA and peak of the 
disease occurs between day 16–21. The clinical course of the dis-
ease is typically monophasic, but a recurrent disease that is more 

Table 1 
Susceptibility of different mouse strains to IRBP-induced EAU

Strain H-2 Susceptibility Pathogenic epitopes (position) References

B10.RIII r Very high SGIPYIISYLHPGNTILHVD (161–180)
HPGNTILHVDTIYNRPSNTT (171–190)
SLGWATLVGEITAGNLLHTR (541–560)

(59, 60)

B10.A a (I-Ak) High ADKDVVVLTSSRTGGV (201–216) (61)

C57BL/6 b Moderate GPTHLFQPSLVLDMAKVLLD (1–20)
LRHNPGGPSSAVPLLLSYFQ (461–480)
LAQGAYRTAVDLESLASQLT (651–670)

(31, 59)

Additional pathogenic and/or immunological epitopes were reported in Cortes et al. for B10.RIII and C57BL/6 
strains (59)
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reminiscent of human uveitis was described in the B10.A mouse 
strain (16). Disease scores can be assessed by fundus examination 
(17, 18) or histopathological appearance using a semi-quantitative 
scoring on a scale of 0 (no disease) to 4 (severe/maximum 
disease) (10) (Figs. 1 and 2, Table 2). These scoring criteria are 
also applicable to other variants of the EAU model that will be 
described ahead.

Fig. 1. Histopathology of mouse EAU compared with human uveitis. Eyes were collected 
from B10.RIII mice 21 days after uveitogenic immunization with IRBP, representing a 
range of disease scores (a). Uveitis (ocular sarcoidosis) in human (b). Note the similarity 
in the pathology. (Photographs provided by Dr. Chi-Chao Chan, Laboratory of Immunology, 
NEI; figure adapted from (59))



212 Horai and Caspi

Human uveitis is associated with specific HLA class I or class II 
types. To better understand these associations “humanized” EAU 
model have been developed. The HLA-A29 Tg mice develop 
spontaneous uveitis late in life and are described ahead, under 

2.1.2. “Humanized” EAU 
Models

Fig. 2. Clinical appearance of uveitis in mouse ad human by fundus examination. Mouse 
fundus photographs (a). Eyes were photographed with a fundus camera during the acute 
phase of disease (day 14–21) showing a range of disease severity scores that parallel 
the pathological scores in Fig. 1 (photos provided by Dr. Yishay Falick, Laboratory of 
Immunology, NEI). Human fundus photographs (b) depict normal human eye and the 
fundus of an ocular sarcoidosis patient (photos provided by Dr. Chi-Chao Chan, 
Laboratory of Immunology, NEI)
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spontaneous EAU models. EAU can also be induced by 
immunization with retinal Ag in HLA class II Tg mice, in which 
the mouse class II molecules have been deleted and replaced with 
the human counterparts. HLA-DR3 (DRB1*0301), -DR4 
(DRB1*0401), -DQ6 (DQB1*0601), or -DQ8 (DQB1*0302) 
Tg mice (19) present and respond to antigenic epitopes that 
would be recognized by humans bearing these class II molecules. 
Unlike the parental wild-type mice that are resistant to S-Ag-
induced EAU, the HLA-Tg mice develop disease when immu-
nized with S–Ag (20). More importantly, HLA DR3 Tg mice 
respond immunologically and develop typical EAU when immu-
nized with S-Ag peptide N (LPLLANNRERRGIALDGKIKHE) 
that is known to elicit lymphocyte responses in uveitis patients 
((21) and Mattapallil, MJ et al., unpublished). Because MHC 
class II molecules are involved in Ag recognition, the HLA class 
II Tg mice may help identify the critical regions of retinal Ags 
that involved in human disease and may be important for devising 
Ag-specific therapies for human uveitis.

Table 2 
Scoring of EAU in the mouse by histopathology and fundoscopya

Score Criteria for histopathology Criteria for fundoscopy

0 No disease; normal retinal architecture No change

0.5 (trace) Mild inflammatory cell infiltration, no tissue 
damage

Few very small peripheral focal 
lesions, minimal vasculitis

1 Infiltrations in the uvea, vitreous, and retina; 
retinal folds and vasculitis, one small 
granuloma

Mild vasculitis, <5 small focal 
lesions, £1 linear lesion

2 Moderate infiltration in the uvea, vitreous and 
retina, retinal folds and focal shallow detach-
ments, focal photoreceptor cell damage, 
small-size granulomas, retinal folds and 
vasculitis, focal loss of photorecptors

Multiple (>5) chorioretinal 
lesions and/or infiltrations, 
few (<5) linear lesions, severe 
vasculitis

3 Moderate to severe infiltration in the uvea, 
vitreous and retina, extensive retinal folding 
with large detachments, subretinal neovascu-
larization, moderate photoreceptor cell 
damage, medium-size granulomatous lesions

Pattern of linear lesions, large 
confluent lesions, subretinal 
neovasculization, retinal 
hemorrhages, papilledema

4 Severe infiltration, diffuse retinal detachment, 
subretinal neovascularization and hemor-
rhages, extensive photoreceptor cell damage, 
large granulomatous lesions

Large retinal detachment, retinal 
atrophy

aEach disease score includes the criteria of the preceding score. (Table modified from ref. (10))



214 Horai and Caspi

Immune T cells from EAU-induced animals can pass on the 
disease to naïve, genetically compatible recipient animals by a 
process known as adoptive transfer. The donor T cells are acti-
vated with the immunizing ocular Ag in vitro and are infused in 
recipient animals. The recipients of these cells develop a destruc-
tive disease rapidly, usually within a week. This adoptive transfer 
model allows to avoid the use of adjuvants in the recipients and is 
useful to analyze the effector mechanism(s) of the disease, resem-
bling the clinical situation (4).

The adoptive transfer model can also be used in mice made to 
express foreign neo-Ags in the eye by transgenic technology or by 
viral transduction. Uveitis is induced in retinal b-gal Tg mice as 
well as in lens HEL-Tg mice infused with activated uveitogenic  
T cells prepared from mice immunized with b-gal or HEL, respec-
tively (12, 22). In a modified version of this adoptive transfer 
model, that permits particularly sophisticated approaches to the 
study of uveitogenic T cells, mice expressing a retinal neo-Ag are 
infused with T cells from Tg mice expressing a “monoclonal”  
T cell receptor (TCR) that recognizes this Ag (13, 15).

Dendritic cells (DC) are professional Ag-presenting cells capable 
of stimulating naïve T cells, and are likely to be the main 
Ag-presenting cells in the early stages of EAU induction. A new 
model of EAU was developed by injection of matured splenic DC 
loaded with the major uveitogenic peptide of IRBP into B10.RIII 
mice (23). The duration of the disease is shorter, the pathology 
appears to be less severe, and the inflammatory infiltrate has a dif-
ferent composition than in the “classical” CFA–EAU model. 
Importantly, EAU elicited with Ag-pulsed DC is not only clini-
cally distinct from CFA–EAU, but also is driven by unique effec-
tor mechanisms (see ahead). This model may represent some 
types of uveitis that were not adequately represented by the CFA–
EAU model, and may offer new insights to the heterogenous 
nature of human uveitis.

As mentioned above, BR is strongly associated with class I MHC, 
HLA-A29. A Tg mouse that expresses HLA-A29 spontaneously 
develops posterior uveitis resembling BR, VKH and SO. The 
development of spontaneous uveitis is observed in aged animals 
(>12 months old) with a frequency of about 80% (24, 25). This 
model is an important tool to study BR and its correlation with 
HLA-A29; however, the late onset of the disease makes it a diffi-
cult experimental model. The target retinal Ag in this model has 
not been identified, but is hypothesized to be derived from the 
HLA-A29 molecule itself, possibly in the form of a fragment 
immunologically cross-reactive with a component of the retina.

2.1.3. Adoptive Transfer 
Model

2.1.4. Ag-Pulsed Dendritic 
Cell EAU Model

2.2. Spontaneous 
Mouse Models  
of Uveitis

2.2.1. HLA-A29 Tg Mice
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Many tissue-specific Ags, including retinal Ags such as S-Ag and 
IRBP, are expressed ectopically in the thymus under control of 
the transcription factor AIRE (AutoImmune REgulator). In this 
way, self Ags that could potentially be targets of autoimmunity 
are presented to the developing T cells. Those T cells that express 
receptors having high affinity to self Ags (which would cause 
autoimmunity) are eliminated or anergized, while those with low 
affinity to self are positively selected and exit the thymus into the 
periphery, where they mediate host defense. Targeted disruption 
of the aire gene causes multiorgan autoimmunity, including anti-
retinal antibodies, cellular responses to IRBP and a spontaneous 
EAU-like uveitis directed at IRBP (26, 27). Interestingly, although 
in AIRE-deficient mice thymic selection of T cells to S-Ag and 
other retinal Ags controlled by AIRE is also compromised, IRBP 
is the only Ag recognized by these mice as pathogenic (27).

The oldest spontaneous EAU model is in athymic (“nude”) 
mice grafted with a neonatal rat thymus. The MHC-incompatible 
thymic tissue fails to efficiently eliminate the high-affinity autore-
active T cells. The spontaneous autoimmune disease that results 
resemble AIRE deficiency and mice exhibit an immune response 
directed against photoreceptors with specificity to IRBP, but not 
S–Ag (28).

Transgenic mice expressing HEL in the eye as a neo-self Ag mice 
were generated under the control of the lens-specific promoter, 
aA-crystallin (29) or the retina-specific IRBP or rhodopsin pro-
moters (13, 14). Spontaneous uveitis occurred when these HEL 
Tg mice were crossed with mice expressing a transgenic TCR that 
recognizes the HEL antigen (3A9 TCR Tg mice) by 6 weeks of 
age (13, 14, 29). In contrast, retinal b-gal crossed to b-gal TCR 
Tg mice do not seem to develop spontaneous uveitis (30). These 
neo-Ag x Ag-specific TCR double Tg mice are useful models to 
address Ag-specific questions in pathogenesis and regulation of 
uveitis. However, because the expression of these transgenes may 
be influenced by integration effects, causing an altered tissue dis-
tribution than native retinal Ag, findings in these mice must be 
interpreted with caution. These concerns are partly being 
addressed by development of IRBP-specific TCR Tg mice, 
described ahead.

In the aggregate, development of spontaneous uveitis in mice 
with increased proportion of retinal Ag-specific T cells, whether 
due to deficient elimination of autoreactive cells in the thymus or 
to transgenic expression of a retina-specific TCR, suggest that 
frequency of retinal Ag-specific cells can constitute an important 
factor in setting the threshold of EAU susceptibility.

2.2.2. Spontaneous Models 
with Central Tolerance 
Deficiencies in the Thymus

2.2.3. Spontaneous Uveitis 
in Double Transgenic 
Retinal Neo-self Ag and 
Specific TCR Tg Mice
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Due to ethical issues and other limitations affecting human studies, 
animal models of uveitis are an invaluable tool to understand basic 
mechanisms of disease. Because none of the animal models by 
itself can reproduce the full complexity of human uveitis, it is 
important to develop and use a variety of models to represent dif-
ferent aspects and diverse clinical and immunological manifesta-
tions of human disease. Each has its strengths and limitations, and 
data interpretation must be guided by what can, and what cannot, 
be concluded from each model.

The EAU model was initially developed in animals with rela-
tively large eyes (e.g., rabbit, rat, and primate) (6), reflecting the 
interest in pathology and in therapeutics that dominated the field 
in earlier days. These models continue to be important in the 
pharmaceutical industry and preclinical testing, but the growing 
availability of well-defined inbred and genetically manipulated 
strains quickly catapulted the mouse model into the first place for 
basic immunological and genetic studies. Our current under-
standing of the mechanisms of uveitis is largely based on the 
“classical” EAU model induced by immunization with a retinal 
Ag in adjuvant. However, in order to induce EAU with high inci-
dence the adjuvant enhances innate immune reactions and affects 
the type of response that is induced. Therefore, the data should 
be interpreted in comparison with adjuvant-free model(s), which 
are the spontaneous uveitis models and the adoptive transfer 
model. The latter has the added advantage that represents a pure 
effector situation, uncomplicated by emergence of newly stimu-
lated, host-derived effector cells.

The spontaneous models avoid the use of active immuniza-
tion and strong adjuvants, and in that regard are more reminis-
cent of the situation in humans, but they all rely on an artificially 
high frequency of Ag-specific uveitogenic T cells. That in itself, 
however, points to precursor frequency as one of the factors that 
may affect susceptibility. Interestingly, the spontaneous models 
with deficient central tolerance (AIRE-deficient and nude mice 
implanted with rat thymus) share the common underlying mech-
anism that the predominant retinal Ag is IRBP. The reason for 
this antigenic preference is unknown, but brings to mind the 
apparent “preference” for S–Ag in humans, which seems to be 
the most frequent retinal Ag recognized by lymphocytes of uveitis 
patients. HLA-Tg models, including the spontaneous model of 
uveitis in HLA-A29 Tg mice, are arguably the most relevant clini-
cally, as they promise to help identify the molecules and their 
fragments that may be involved in driving human disease. Since 
humans express more than one HLA molecule, future studies 

3. Comparison  
of Different Animal 
Models



217Retinal Inflammation: Uveitis/Uveoretinitis

should also include double-HLA-Tg mice, to study interactions 
between HLA molecules in determining Ag recognition, suscep-
tibility, and resistance. 

A summary of the comparison between models is shown in 
Table 3.

Table 3 
Mouse models of human uveitis

Type of model  
(method of induction) Examples of models References Comments

Active immunization 
with an ocular Ag 
emulsified in 
complete Freund’s 
adjuvant 
(CFA–EAU)

EAU induced in B10.RIII or 
C57BL/6 mice with IRBP

EAU in HLA-Tg mice with 
S-Ag

Other Ags, or their peptide 
fragments, can be used

(10) Mycobacteria in CFA 
provide innate signals 
that polarize autoim-
mune lymphocytes 
towards the Th1 and 
Th17 lineages. PTX as 
additional adjuvant is 
needed in less susceptible 
strains

(20)

Infusion of Ag-pulsed 
mature dendritic cells 
(DC–EAU)

EAU variant induced in B10.
RIII mice by injection of 
splenic DC elicited with 
Flt3L, matured in vitro and 
pulsed with IRBP p161–180

(23) Requires two injections of 
DC and PTX. Less 
severe than CFA–EAU 
and appears mostly 
dependent on Th1 cells

Infusion of uveitogenic 
T cells (adoptive 
transfer)

Uveitis in mice transgenic for 
HEL or b-gal on an eye-
specific promoter that are 
adoptively transferred with 
uveitogenic T cells. A variant 
is in vivo retrovirally induced 
expression of influenza HA 
in the retina and adoptive 
transfer of activated T cells 
specific for HA

(12, 13, 15) Uveitogenic T cells needed 
to be activated

Deficient central 
tolerance

Spontaneous uveitis in AIRE 
deficient mice directed at 
IRBP, spontaneous uveitis in 
nude mice implanted with 
embryonic rat thymus

(26–28) Higher frequency and 
higher affinity of cells 
bearing TCRs to IRBP

Double Tg mice 
expressing a neo-self 
Ag in the retina and 
the specific TCR

Spontaneous EAU-like uveitis 
in ocular HEL Tg 
mice × HEL TCR Tg mice

(13, 14, 29) This may at least in part 
depend on the frequency 
and affinity of the 
transgenic TCR.

Mice transgenic for a 
TCR that recognizes 
a retinal Ag

Spontaneous EAU-like uveitis 
in IRBP-specific TCR Tg 
mice

Horai R et al., 
unpub-
lished

High frequency of self 
TCR Tg T cells
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Autoimmune inflammatory disease can be viewed as a failure of 
self tolerance. The process of central tolerance by selection on 
retinal Ags expressed in the thymus not only culls potentially 
pathogenic T cells, but also positively selects natural regulatory  
T cells (31, 32). Enhanced susceptibility to EAU of mice implanted 
with an IRBP deficient thymus (31), as well as spontaneous uveitis 
in AIRE-deficient mice and athymic mice transferred with rat thy-
mus (26, 28), clearly demonstrated the importance of central tol-
erance in reducing susceptibility to EAU. Importantly, human 
thymic tissue from immunologically normal patients expresses 
variable yet detectable levels of tissue Ags, indicating that thymic 
control of the retina-specific T cell repertoire may also play a role 
in human uveitis (33).

Peripheral tolerance normally controls autoreactive T cells 
that escape thymic negative selection. This requires contact with 
Ags expressed in the healthy tissue, but retinal Ags are relatively 
sequestered from the immune system by the blood–retinal bar-
rier, hindering peripheral tolerance (reviewed in (34)). Data 
obtained in retinal HEL-Tg mice with a normal T cell repertoire 
indicate that the immune system fails to recognize HEL in the 
retina, although the same Ag is recognized when expressed in the 
pancreas (14). This supports the notion that sequestration hin-
ders peripheral tolerance. In keeping with this, forced expression 
of retinal Ags outside the eye results in improved peripheral toler-
ance and resistance to uveitis (35, 36). Recent data suggest that 
retinal expression of transgenic b-gal may generate some level of 
peripheral tolerance, but it appears too low to alter susceptibility 
of these mice to EAU induced with b-gal (35, 37) These studies 
lead to the conclusion that peripheral tolerance to Ags residing in 
the intact eye is relatively limited and supports the rationale for 
Ag-specific therapies aimed at enhancing peripheral tolerance.

In inflammatory and autoimmune disease, several T cell effector 
phenotypes have been defined, known as Th1 (IFN-g producing), 
Th2 (IL-4, IL-5, and IL-13 producing) and Th17 (IL-17 producing). 
Because these signature cytokines are involved in the activity of 
these cells, knowledge of the effector responses driving uveitis has 
direct implications for therapy. Notably, both Th1 and Th17 
responses have been associated with clinical uveitis (5, 38–40). 
Human uveitis is clinically heterogeneous even though patients 
often respond to the same retinal Ag(s). Because proving etiology 
in humans is difficult, animal models can step in as a tool to define 
causative relationships. Clues to the heterogeneous nature of 
human uveitis can be obtained from models of EAU. In the 
mouse EAU model, both Th1 and Th17 cells are induced in par-
allel. Th17 effector cells appear to play a critical role in EAU 

4. Contributions  
of the Models  
in Understanding 
or Treatment  
of the Disease

4.1. Understanding 
Basic Mechanisms  
of Pathogenesis



219Retinal Inflammation: Uveitis/Uveoretinitis

induced with IRBP immunization in CFA, but the EAU model 
induced with DC appears to be dependent on IFN-g and the Th1 
response (23, 41). Adoptive transfer experiments with Th17 and 
Th1 cells under conditions where the reciprocal signature cytokine 
was eliminated further determined that ocular autoimmunity can 
be driven by either a Th17 or a Th1 effector response. The domi-
nant effector phenotype in a particular model appears to be influ-
enced by the conditions under which Ag is first recognized by the 
immune system. Presentation of Ag in the context of bacterial 
products (mycobacteria are included in CFA) and by diverse APC 
present in the LN appear to promote a dominant Th17 response, 
whereas Ag presented by DC matured in vitro with LPS and anti-
CD40 promotes a Th1 response. Importantly, despite having 
been induced with the same Ag in genetically identical mice, the 
CFA- and the DC-induced EAU models show differences both 
immunologically and clinically. It is thus conceivable that these 
EAU models shed light on the complex biology and the hetero-
geneous nature of human uveitis, and provide a more compre-
hensive representation of uveitic diseases of immune origin.

The regulatory T cells (Tregs) regulate induction and pro-
gression of immune responses. The contribution of Tregs in con-
trolling human uveitic disease is not well-understood, but patients 
with uveitis associated with VKH disease appear to have reduced 
Treg function (42). In contrast to human uveitis that tends to be 
chronic with relapses and remissions, animal models of EAU are 
more monophasic and ultimately seem to resolve. Weak Treg 
activity may contribute to recurrent vs. monophasic uveitis in the 
rat EAU model (43, 44). Regulatory mechanisms, such as expan-
sion of naturally occurring Tregs (nTregs) and generation of 
induced Tregs (iTregs) (32) have been studied in EAU models, 
but although humans are known to harbor T cells with regulatory 
activity, their role remains to be elucidated in uveitis patients.

The critical checkpoints in pathogenesis of EAU, as defined 
by studies in many laboratories over many years, are shown in 
Fig. 3.

Predisposition to uveitis follows a polygenic inheritance pattern, 
where no single gene is by itself necessary or sufficient to deter-
mine susceptibility. Studies in MHC-congenic mice indicated that 
susceptibility of EAU is controlled by both MHC and non-MHC 
genes (45). MHC genes are involved in Ag presentation, there-
fore MHC control is likely to be exerted at least in part through 
recognition of antigenic epitopes. To further identify pathogenic 
epitopes in the human uveitis and to study genetic mechanism of 
susceptibility to uveitis, the “humanized” HLA-transgenic models 
including HLA-A29 Tg mice and HLA class II Tg mice will serve 
as important tools. Non-MHC control is more complex, and 
can involve diverse mechanisms. Earlier studies had indicated 

4.2. Genetic 
Associations
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that strains of rats and of mice genetically predisposed to mount 
a high Th1 response are more susceptible to EAU than Th2-
biased strains (46, 47). More recent studies, performed after the 
Th17 effector lineage was defined and shown to participate in 
inflammatory disease, have indicated that at least the B10.RIII 
strain, which is particularly susceptible to EAU, is also a high 
Th17 responder (Luger D et al., unpublished). Much more work 
is needed to delineate the genetic loci involved in susceptibility 
and resistance, and to correlate them with functional effects.

Animal models of uveitis have traditionally served as a template 
for new therapeutic approaches. Successful modulation of the 
experimental disease has often been predictive of the efficacy of an 
investigational treatment in a clinical setting. Established thera-
pies for uveitis are still largely based on general nonspecific 
immunosuppression (corticosteroids, antimetabolites, alkylating 
agents). Because of the severe side effects of these treatments, 
newer approaches aim to build on the increased understanding of 
basic disease mechanisms (Fig. 11.3), so as to target the patho-
genic processes more specifically. The central involvement of 
T cells in pathogenesis makes them a natural target for therapy. 

4.3. Treatment  
of the Disease

Fig. 3. Immunopathogenesis of uveitis, based on data from animal models of EAU. Autoreactive T cells that failed to be 
deleted in the thymus have limited access to retinal Ags due to their relative sequestration from the immune system, 
which hinders peripheral tolerance. Despite presence of natural Tregs, such non-tolerant thymic escapees may get 
primed by exposure to retinal or cross-reactive microbial Ag, and in the appropriate milieu differentiate to Th1 or Th17 
effector lymphocytes that reach the eye, recognize their Ag in situ and recruit inflammatory leukocytes from the circula-
tion. T regulatory cells that are induced during and as a result of the disease process ultimately control the pathogenic 
effector cells and downregulate inflammation. (Modified from (34))
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Cyclosporine, a T cell-targeting drug now in general use for ocular 
inflammation, was shown to have a therapeutic effect in the rat 
EAU model before going to clinical trials (48), as have the sec-
ond-generation T cell targeting agents tacrolimus and sirolimus. 
Other studies have examined IL-2 receptor-directed therapy with 
monoclonal antibodies (daclizumab) as an approach to target 
activated T cells. This therapy is now in advanced clinical trials 
(49–51).

Ag-nonspecific therapies such as the ones above target com-
mon functions of activated T cells and, therefore, have the poten-
tial to negatively impact resistance to infections and cancer. 
Approaches targeting only the Ag-specific cells, based on toler-
ance-inducing regimens have the potential to overcome these 
limitations, but require knowledge of the inciting Ags. 
Experimental regimens have included forced expression of retinal 
Ags in the periphery (52, 53), infusion of tolerogenic Ag-pulsed 
DC and induction oral tolerance by feeding Ag. The last approach 
has shown promise in a clinical trial (2). Ag-specific therapies 
silence or delete the effector cells directly, and/or induce regula-
tory cells that can be expanded ex vivo (53). Notably, however, 
Ag-specific approaches pose a risk inherent in exposing the patient 
to an Ag to which there is preexisting immunity. The pros and the 
cons in the form of unintended side effects of the various immu-
notherapeutic approaches have recently been reviewed (54).

As a small and relatively closed organ, the eye lends itself to 
local therapies that have the potential to avoid systemic side 
effects. Intravitreal injections and intravitreal implants are already 
in use for local therapies. Biological products as well can be deliv-
ered into the eye. Locally produced IL-10 has been shown to be 
beneficial in animal models (55). This opens the possibility for 
intraocular injection of other anti-inflammatory molecules or 
T-regulatory cells, which can be isolated and expanded in vitro 
and are already known to control uveitis in animal models upon 
systemic injection (53). It will be important to deliver minimally 
invasive and highly efficient local drug delivery systems. A prom-
ising approach would be transduction of ocular tissues with thera-
peutic molecules to be produced in situ (56) or with molecules 
interfering with expression of inflammatory mediators.

Improved experimental tools are being developed that promise to 
refine our understanding of disease mechanisms and open new 
avenues into therapy. We have recently engineered a Tg mouse on 
the EAU-susceptible B10.RIII background that expresses a TCR 
specific to the major uveitogenic epitope of IRBP. The IRBP TCR 

5. New 
Developments  
and Future 
Opportunities

5.1. Further Insights 
into Ag-Specific 
Responses and Cells
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Tg mice generated IRBP-specific effector Th1, Th17, and 
T-regulatory cells in vivo and rapidly developed spontaneous 
uveitis, starting around 5 weeks of age and reaching 80% inci-
dence by 8 weeks (Horai R et al., unpublished). These mice and the 
IRBP-specific T cells derived from them will make possible the 
study of pathogenic and regulatory T cells specific to a native reti-
nal Ag, obviating the pitfalls inherent in neo-self Ag systems.

To advance development of Ag-specific therapies and diag-
nostics, it is important to have the ability to detect Ag-specific 
cells reliably and sensitively. In the mouse model, the uveitogenic 
IRBP epitope-specific reagent was developed in our laboratory 
(57). This reagent specifically binds to T cells expressing IRBP161-
180-specific T cell receptors. We are currently developing similar 
reagents in the HLA-Tg model to detect uveitogenic fragments of 
S–Ag presented by human class II molecules (Mattapallil MJ et al., 
unpublished). Diagnostic use of HLA-Ag tetramers is being 
intensively explored in type 1 diabetes (58). Detection of retinal 
Ag-specific T cells using retinal Ag-specific reagents may have 
diagnostic or prediction potential in patients who suffer from or 
are at risk for developing uveitis.
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