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Abstract 

Purpose: Uveitis is an ocular inflammatory disorder that can damage retinal 

pigment epithelium (RPE) and photoreceptors, causing blindness. Nitric oxide 

(NO), derived from sodium nitroprusside (SNP), also damages R P E and 

photoreceptors in a similar fashion. We tested whether uveitis-induced damage 

was due to excessive NO, and determined the mechanisms by which S N P / N O 

damages these cells. 

Methods: In one treatment group, chicks were injected with 2 fmol-2 pmol platelet 

activating factor (PAF) intravitreally into the left eye of 7-day chicks. In other 

groups, 300nmol of the nitric oxide synthase inhibitors, N5-(1-lminoethyl)-L-

ornithine (L-NIO) or N 6-(1-lminoethyl)-L-lysine, was co-injected with PAF. Groups 

of form-deprived (FD) chicks were injected with 30-1000 nmol S N P and other nitric 

oxide-related agents. Vehicle was injected into the contralateral control eyes. Eye 

size, refraction, inflammation and retinal integrity were assessed 1, 3, or 7 days 

after injection by ophthalmoscopy, histology or immunohistochemistry for markers 

of retinal cells and tissue damage. 

Results: P A F caused inflammation and outer retinal damage in the treated eye. L-

NIO and L-NIL diminished most of the damage caused by P A F . S N P damaged 

photoreceptors and R P E in a dose-dependent fashion, and prevented the 

excessive eye growth normally induced by FD. NaCN and 8-Br-cGMP had no 

effect on eye growth or retinal structure. Immunoreactivity was seen in S N P -

treated eyes for nitrotyrosine, hydroxynonenal, malondialdehyde (indicators of N O 

toxicity), and inducible nitric oxide synthase, mostly in photoreceptors and the 
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inner nuclear layer. Dexamethasone had no effect on SNP-induced retinal 

damage. 

Conclusions: PAF-induced uveitis is a useful model to study inflammatory retinal 

damage in chicks. Our data implicate NO as a mediator of photoreceptor and R P E 

damage in uveitis. S N P damages R P E and photoreceptors by lipid peroxidation 

and peroxynitrite formation, but not by excessive production of c G M P . S N P -

induced retinal damage is not due to secondary activation of the immune 

response. 
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CHAPTER 1 

INTRODUCTION: 

A Summary of Uveitis: Inflammation of the Eye 

Uveitis is a blinding inflammatory disorder of the eye affecting many 

humans worldwide. It is one of the major causes of blindness in children and 

young adults and is responsible for about 10% of total visual impairment (Singh et 

al., 1998). The uvea consists of the choroid, ciliary body, and iris. Uveitis, which is 

sometimes called chorioretinitis, is a term usually used to describe intraocular 

inflammation involving not only the uvea, but also the retina, vitreous, and sclera 

(Whitcup & Nussenblatt, 1997). The etiology of uveitis is unknown, but evidence 

suggests that it is mediated by C D 4 + T cells (Chan et al., 1986) and mast cells 

(Mochizuki et al., 1984). The onset of this disease can cause infiltration of the 

choroid and retina with inflammatory cells (see Fig. 1.1), leading to destruction of 

the photoreceptors and retinal pigment epithelium (RPE). 

The development of intraocular inflammation can be divided into two major 

pathways: an antigen-specific, immune-mediated inflammatory response and a 

non-specific inflammatory response. Causes of non-specific ocular inflammation 

include infection, trauma, and surgery (Whitcup and Nussenblatt, 1997). In this 

type of inflammation, tissue insult leads to the release of inflammatory mediators, 

including cytokines such as interleukin (IL)-8, monocyte chemoattractant protein 

(MCP)-1, tumor necrosis factor (TNF)-a, and IL-1 (Mo et al., 1999) that recruit 

additional inflammatory cells into the eye. The antigen-specific immune response 

can be further subdivided into a cell-mediated and a humoral response. Both of 



these specific immune responses involve antigen processing by specialized 

antigen-presenting cells, including macrophages and dendritic cells. Some ocular 

t issues, such as the retinal pigment epithelium, can also process and present 

antigens (Percopo et al., 1990). The humoral immune response then involves the 

interaction of the antigen-presenting cell and C D 4 + T lymphocytes with a B 

lymphocyte that is stimulated to proliferate into antibody-secreting plasma cells. In 

cell-mediated immunity, antigen-presenting cells process and present antigen to 

C D 4 + T cells, which then become stimulated to proliferate. These activated T cells 

are also able to activate many other effector cells in the immune response, such as 

macrophages, cytotoxic T cells, and natural killer cells. Because these cells are 

activated by specific antigen, C D 4 + T cells can be recruited to organs containing 

the particular antigen to which they are sensitized. Studies have shown that 

uveitogenic properties can be transferred to another organism via cloned C D 4 + 

cells (Caspi et al., 1986). 

Once a critical mass of activated, antigen-specific T cells enters the eye, the 

release of cytokines and chemokines (Mo et al., 2000) can start the inflammatory 

cascade by recruiting additional inflammatory cells. These inflammatory cells then 

release numerous inflammatory mediators, including free radicals, cyclooxygenase 

and lipoxygenase derivatives, cellular enzymes, and neuropeptides, all of which 

increase vascular permeability and cause tissue destruction, furthering the 

inflammatory response (Whitcup and Nussenblatt, 1997). In addition, local tissue 

cells also participate, either by enhancing the inflammation or by down-regulating 

the process. In the uvea, these cellular components are vascular endothelium and 
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melanocytes. In the retina, the cellular components that participate in the process 

include microglia, astrocytes, Müller cells, photoreceptors, and retinal pigment 

epithelium (RPE) (Rao and Wu, 2000). Morphological studies of experimental 

uveitis prior to onset of the clinical disease have suggested that photoreceptor 

damage may occur early, before the appearance of inflammatory cells in the retina 

(Liversidge and Forrester, 1988). 

Clinical Uveitis and Therapy 

Fifty years ago, infectious organisms causing diseases such as syphilis and 

tuberculosis were thought to be the cause of most forms of uveitis (Guyton and 

Woods, 1941). Recently, many cases of uveitis have been described as infectious 

and non-infectious. In humans, many types of uveitic diseases have been 

identified. Most of these diseases are thought to be mediated by T cells. One such 

disease in which the pathogenetic mechanism centres around activated T cells is 

sympathetic ophthalmia. Sympathetic ophthalmia is a bilateral granulomatous 

uveitis that results from a penetrating injury to one eye, followed in days to years 

by inflammation in the contralateral eye. Clinically, the disease is characterized by 

granulomatous inflammation in the anterior segment of the eye, moderate to 

severe vitritis, and choroidal infiltrates. Histologically, the disease shows diffuse 

granulomatous uveal inflammation, sparing of the choriocapilaris, epitheloid cells 

containing phagocytosed uveal pigment, and Dalen-Fuchs nodules composed of 

collections of epithelioid cells lying between the Bruch's membrane and the retinal 

pigment epithelium (Chan et al., 1986). 



4 

Other human diseases associated with uveitis are Vogt-Koyanagi-Harada 

disease, sarcoidosis, and many forms of intermediate uveitis including pars 

planitis, Behcet disease, and birdshot retinochoroidopathy. 

Treatment: 

Corticosteroids, which are major immunosuppressive agents, remain the 

popular therapy for many forms of uveitis. They likely work by inhibiting gene 

transcription in immune cells and by stimulating I k B production (Marx, 1995). I k B 

binds to and inhibits N F k B , which is an inducible nuclear transcription factor that 

may act as a master switch for many inflammatory processes (Tsoulfas and Geller, 

2001). Although they have useful anti-inflammatory actions, corticosteroids have 

deleterious side effects on many tissues throughout the body and a number of 

patients become intolerant of corticosteroid therapy (Whitcup and Nussenblatt, 

1997). 

More novel therapies have been introduced in the last 20 years. 

Cyclosporine blocks genes involved in T-cell activation by interfering with cell 

production of interleukin-2 (Cross et al., 1989). Since T-cell activation is thought to 

be critical for the development of an antigen-specific immune response, 

cyclosporine has been used to treat many types of uveitis, including Behcet 

disease (Nussenblatt et al., 1983). Other therapies include oral tolerance (Rizzo et 

al., 1994), and drugs or antibodies that inhibit cell adhesion molecules (Whitcup et 

al., 1993). 

Nitric oxide (NO), which will be described in detail later in this section, has 

been implicated in some studies of experimental uveitis. Studies have shown that 
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drugs that inhibit nitric oxide synthase, the enzyme responsible for NO production, 

can reduce the effects of experimentally- induced posterior uveitis. Therapies that 

inhibit production of nitric oxide may be useful in preventing uveitis-induced retinal 

damage. 

The Avian Circulatory System 

Like the lung, the bird's circulatory system is one of the most highly 

organized systems in the animal kingdom. The high blood pressure (about 135 mm 

Hg systolic and 120 mm Hg diastolic) and the pulse rate (up to 400/min) place a 

great demand on the circulation. 

The arteries of the bird will be discussed. At the level of the head each 

common carotid artery is divided into an external carotid artery and an internal 

carotid artery. The internal carotid penetrates the lateral surface of the occipital 

bone and is forked immediately into two branches, the external ophthalmic artery 

and the internal carotid artery. The latter eventually becomes the cerebral carotid 

artery and forms a kind of branching network around the hypophysis. The external 

ophthalmic artery supplies the orbit. 

The avian lymphatic system: 

The chicken has no true lymph nodes. Its lymph vessels from the head and 

neck are assembled into larger vessels, the jugular lymphatic vessel into which 

also terminate the lymph vessels of the skin and crop region and the dorsal 

shoulder region. The lymph vessels, and the lymph they contain, are primarily 

concerned with maintenance of osmotic balance between cellular fluids, 

extracellular fluids and blood plasma, by returning to the blood system 
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extravascular fluids and solutes (Yoffey and Courtice, 1956). For a review of the 

chick lymphatic system, see Dransfield (1945). Mural lymphatic nodules are 

nodules situated at irregular intervals in the walls of all lymph vessels. 

Avian blood: 

One important feature of the avian erythrocyte is that like that of most non-

mammalian animals it is nucleated and contains mitochondria. It therefore has 

much more in common with a typical somatic cell than a mammalian erythrocyte 

(Freeman, 1971). The blood plasma of chickens has 4.7% protein concentration 

that is approximately a third lower than that in mammals. The number of white 

blood cells (WBC) in birds is only about 1% of the red blood cells, which is about 

20,000 W B C per mm 3 . The pseudo-eosinophil granulocytes of the bird, with small 

rod to spindle-shaped inclusion bodies, are also called heterophil granulocytes. 

Heterophils are sometimes designated as polymorphonuclear-pseudoeosinophilic 

granulocytes. The granules in these cells are acidic in nature, as opposed to those 

in the neutral pH neutrophils. 

The types of leukocytes that make up the total volume are as follows: 

lymphocytes-59%, heterophils-27.2%, eosinophils-2.0%, basophils-1.7%, 

monocytes-10.2%. The granulocyte (polymorphonuclear heterophils, eosinophils 

and basophils) nuclei do no have as many varied forms as in mammals. Of the 

leukocytes, the lymphocytes are the most numerous and are comprised of a small 

and a large type. In the chicken and pigeon the lymph nodes are replaced by 

lymphoreticular infiltrations into the lymph vessel walls and by increased 

lymphoreticular tissue in the bone marrow. The large number of lymphocytes may 
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replace the lymph nodes wholly or partially. In place of blood platelets, birds 

contain spindle cells (Koch, 1973). 

Avian Immunophysioloqy 

Immunophysiology is dependent on the presence of immunocompetent and 

accessory cells. Immunocompetent cells are thymic derived (T) or bursal derived 

(B). Stem cells from the bone marrow enter the thymus and differentiate into three 

distinct subpopulations of thymic-derived (T) lymphocytes: T-helper (Th), T-

suppressor (Ts), and T-cytotoxic (Tc). These subpopulations of T cells function 

within both the humoral and cell-mediated expression of the immune response. 

The humoral response includes the release of immunoglobulin (Ig) (antibody) and 

is dependent on Th cells to initiate the response and Ts to modulate the response. 

The B cell differentiates in the bursa, and is the cell responsible for the synthesis of 

antibody. Accessory cells are phagocytic (ie. macrophages) or adherent (ellipsoid 

cells of the spleen) cells (Glick, 1986). 

Whether chick immune responses are dominated by inflammation or 

antibody production is differentially controlled by CD8+ (Chan et al., 1988) or 

CD4+ (Arstila et al., 1994) T cells. Viral antigens synthesized within infected cells 

are presented on the cell surface in association with class I major 

histocompatibility complex (MHC) molecules and recognized by CD8+ cytotoxic T 

cells (Tc). Most other microbial antigens are endocytosed by antigen-presenting 

cells (APCs) , such as macrophages, dendritic cells, and B lymphocytes, processed 

into the endosomes and presented preferentially in association with class II M H C 

molecules to CD4+ helper T cells (Th) (for review, see Romagnani, 1999). It 
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appears that CD4+ Th typel cells play a major role in innate inflammatory 

responses, whereas Th type 2 cells induce antibody production necessary for 

humoral immunity. Like mammalian T cells, a given avian T cell is likely to make 

either Th1 or Th2 cytokines (Pfeiffer et al., 1991). The Th1 cytokines include tumor 

necrosis factor-6 (TNF-B) and interferon-y (IFN- y) and have been reported to be 

involved in organ-specific diseases, such as experimental autoimmune 

uveoretinitis (Druet et al., 1996). The IFN- y induces inflammation and activates 

macrophages to kill intracellular pathogens. The Th2 cytokines include interleukin 

(IL)-4, IL-5, and IL-10, which can help to mature the B cell response so that 

specialized antibodies are produced (Lebman and Coffman, 1988). Before CD4 T 

cells can recognize their target antigens, antigen-presenting cells (APCs) must 

digest the antigenic protein into fragments and bind them to M H C class II proteins 

for T cell presentation at the A P C surface (Amigorena et al., 1994). B cells, 

macrophages, and dendritic cells are the dominant A P C s for CD4 T cells in avian 

and mammalian systems. Evidence by Vandaveer et al., (2001) showed that the 

balance of avian T helper 1/2 immune mechanisms can be shifted toward an 

innate inflammatory response by antigen delivery to scavenger receptors on A P C s . 

Humoral immunity: 

A foreign substance or antigen may directly activate a B cell or initially bind 

to a ligand on an accessory cell (ie. the major immunohistocompatibility (MHC) on 

the macrophage) that leads to the activation of T and then B cells. The main 

organs that play a role in avian humoral immunity are as follows: the round Bursa 

of Fabricus, which develops as a dorsal diverticulum of the proctadael region of the 
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cloaca; the Harderian Glands, which are located ventral and posteromedial to the 

eyeball. The roles of these lymphoid accumulations have not been established, but 

Bang and Bang (1968) suggested that they represent local immune responses to 

environmental stimuli; the caecal tonsils which are enlarged areas of the proximal 

region of each caecum; Peyer's patches which line the intestine; the spleen, and 

the pineal gland, which has been suggested to supply immunocompetent cells 

important for the surveillance of the central nervous system (Glick, 1986). 

Cell-mediated immunity: 

The main organ contributing to cell-mediated immunity in the chicken is the 

thymus. The thymus develops from the third and fourth pharyngeal pouches in the 

chicken. It appears as seven separate lobes on each side of the neck. Cel l-

mediated immunity includes immunity that is not dependent on the synthesis of 

antibody. The expansion of this type of immunity is dependent on the normal 

development of the thymus. 

As in mammals, in chick the immune system is a highly specialized and 

well-developed system designed to destroy invading pathogens. It is fully 

developed in the immature chick, and parts of it undergo regression at the onset 

on sexual maturity (Riddle, 1928). Chick immune cells can play a role in immediate 

hypersensitivity (anaphylaxis), allograft and graft-versus-host responses, 

phagocytosis, delayed-type hypersensitivity, and disease-resistance. 

The Vertebrate Eve 

The retina is the light-sensitive structure of the eye. Light emanates or 

reflects from objects in the viewer's visual field and passes through the cornea, 
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where it is refracted and then enters the crystalline lens. The purpose of the lens 

is to accommodate the focal plane of the light rays to fall on the retina. The 

refractive power of the lens is controlled by a network of zonular ligaments and 

ciliary muscles that suspend the lens from the ciliary body. When the eye views 

objects far away, the ciliary muscles are at rest and the suspensory ligaments pull 

the lens into a relatively flat shape and reduce refraction. When ciliary muscles 

contract, the ligaments release tension on the lens and allow the lens to return to 

its relaxed spherical shape, thereby increasing refractive power to focus images of 

near objects. The light travels through the vitreous, and focuses normally on the 

retina where it is converted into an electrical signal and transmitted to the lateral 

geniculate nucleus of the thalamus via the optic nerve and eventually to the visual 

cortex of the brain (Fig. 1.2). In some cases, the light entering the eye does not 

properly focus on the retina. If images of nearby objects are focused behind the 

retina, even in full accommodation, the condition is known as hyperopia (far

sightedness). If images of distant objects are focused in front of the retina, even 

when the accommodative mechanisms are fully relaxed, the eye is myopic (near-

sighted)(Fig. 1.3). 

Anatomy of the Bird Eye 

Birds have three eyelids. The upper lid is slightly movable, relatively short, 

and does not participate in blinking. The lower lid is larger, more movable, and 

may be pulled over the eye. The third eyelid is the nictitating membrane that is 

formed from a fold of the conjunctival connective tissue. The musculature of the 

eye is the same as in mammals, except that a retractor bulbus muscle is absent. 
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The lacrimal system, with strikingly small lacrimal glands in the lateral angle of the 

eye, behaves as it does in mammals. 

The shape of the eyeball varies with birds. It is relatively very large and 

weighs on the average 1/30 of the total body weight. Observed from the front or 

behind it is always circular; observed from the side, it is flattened down spherically 

as in the chicken. 

The outer connective tissue layer of the eyeball is broken down as in 

mammals into a sclera and cornea. The cornea is always very strongly bulged. 

The corneal epithelium and stroma are innervated by sensory nerves. 

The bird's ocular vascular system is broken up, as it is in mammals, into 

three spherical zones: choroid, ciliary body, and iris. The vascular layer, choroidea, 

is rich in pigment. The choroid is very thin, but thicker than in a mammal's eye. It 

has been found to be enlarged and most vascular just opposite the fovea. It is 

supplied by ciliary arteries which penetrate the sclera. They originate from the 

external ophthalmic artery. The choriocapillaris also supplies the retina. The ciliary 

body is well folded, and the very powerful ciliary muscle is cross-striated and 

consists of three parts. The veins filling the canal of Schlemm deliver their blood to 

the choroidea. Nerves run within the suprachoroidal space and send only fine 

filaments into trabeculae that form a cavernous system throughout the whole 

choroid coat. 

The iris of the bird toward the lens consists of a pigment epithelium which 

really also belongs to the retina. The pigment epithelial cells are related to the iris 
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musculature. The connective tissue-like anterior cover of the bird iris is greatly 

reduced. 

Although the function and anatomy of the bird eye has been studied 

extensively, the most thorough and comprehensive study to date on the fine 

structures of the fowl retina was done by Cajal (1894). The retina proper is 

constructed in principle as it is in mammals. There are more cones than rods in 

chick retinas. Day birds such as chickens show an area centralis of the retina; that 

is, there is an increased sensitivity in the centre of the retina. In addition there is an 

increase of the bipolar and ganglion cell synapses, along with other association 

neurons and synaptic neurons, all of which lead to an increase in the resolving 

ability of light images (however, the sensitivity is reduced compared to night-active 

birds). The retina, through its regular alternating of ordinary cones with twin or 

triplicate cones (besides the tall, thin, main cone, shorter secondary cones have 

been developed in close proximity to the main cone), displays a kind of cone 

model or design. The bird retina is so rich in cell-like elements that observation 

with a light microscope reveals a clear stratification of the retina. 

The nourishing of the bird retina takes place by means of the 

choriocapillaries. The bird retina is relatively thick but does not have its own 

vessels (anangioid retina); however, there seem to be oil droplets in the cones (ie. 

red, yellow, or dirty green in colour). These different coloured droplets appear to be 

filters of light of specific wavelengths (Bowmaker et al., 1997). 

An important and peculiar formation of the bird retina is the pectén, a folded 

vascular tissue plate with a comb-like free edge built out of optical glial cells, blood 
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vessels, and sometimes pigment cells, which projects from the retina into the 

interior of the vitreous body (Fig 1.4). Its blood vessel supply, which comes from 

the external ophthalmic artery, takes place through a special pectén artery. It 

enters from the retinal side into the base of the pectén. This special pectén artery 

is the only vascularized intraretinal tissue. The veins returning from it are collected 

in a ring vein around the place of entrance of the optic nerve. The pectén 

capillaries show unique endothelial specialization with infoldings at the plasma 

membrane and dense microvilli on the surface, implying there is active trans-

endothelial transport. 

The carboanhydrase content of the pectén is very high (for regulating ocular 

tension by producing fluids). The pectén seems to represent a respiratory organ for 

the eye. Other theories of pectén function claim it to provide nourishment or 

dispense extracellular fluid. Others believe the pectén to be an organ that warms 

the eye during rapid movement in cold air; still others presume in it a kind of 

"sextant" for an estimation of the angle of the position of the sun- the pecten's 

shadow is cast on the retina (Griffin, 1953). 

A further characteristic of the bird's retina is the extension of rather long 

processes of pigment epithelium up to the border between the outer and inner 

segments of the rods and cones. 

The lens of the bird's eye is relatively small, and in most cases it 

approaches the spherical form. The vitreous humor is relatively small but is 

otherwise not much different from that in mammals. The anterior chamber is 

generally large due to the bulging of the cornea. 



For the blood vessel supply to the eye an internal ophthalmic artery is 

provided medial to the optic nerve. It proceeds farther to supply the dorsal rectus 

and the dorsal oblique eye muscles, a part of Harder's gland, and the anterior part 

of the sclera. The external ophthalmic artery, the main vessel, is located lateral to 

the optic nerve and supplies all inner parts of the bulbus, the remainder of Harder's 

and lacrimal glands, the remaining eye muscle, and the eyelid apparatus (Koch, 

1973). 

Embryology of the Retina (Fig. 1.5) 

Very early in embryonic development an outgrowth of neural ectoderm 

occurs on each side of the forebrain. These are the optic vesicles that are destined 

to form the retina and epithelial parts of the ciliary body and iris. Each optic vesicle 

soon invaginates to form an optic cup, the inner layer of which will give rise to the 

neural part of the retina, inner ciliary epithelium and posterior iris epithelium, while 

the outer layer differentiates into the pigment epithelium of the retina, the outer 

ciliary epithelium, and anterior iris. The uveal tract develops from neural crest cells. 

During development the neural retina further differentiates into progenitors of two 

specific types of cells: neurons and glia, which localize into distinct laminae. The 

retinal progenitor cells are induced to differentiate into certain neurons or glia by 

neurotrophins, growth factors, hormones, and transcription factors. The stalk will 

develop into the optic nerve. Initially the cup is incomplete proximally and it is 

through this foetal fissure that blood vessels can enter the interior of the 

developing eye. 
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The optic cup causes a vesicle to form from the overlying surface ectoderm. 

This soon becomes detached to lie within the rim of the optic cup where it will 

eventually become the lens. 

The sclera and cornea are formed from mesodermal tissue surrounding the 

developing optic cup; the corneal and conjuctival epithelia are derived from surface 

ectoderm. For a time there is a complete layer of vascularized mesoderm which 

forms the stromal part of the iris in front of the anterior part of the optic cup and the 

anterior surface of the developing lens (Parr, 1989). 

Retinal Morphology 

The retina consists of the distal photoreceptor layer, the outer nuclear layer 

(consisting of photoreceptor cell somata), the outer plexiform layer, the inner 

nuclear layer (consisting of horizontal, bipolar, amacrine, and displaced ganglion 

cell somata), the inner plexiform layer, and the proximally-located ganglion cell 

layer, which contains the somata of ganglion cells and displaced amacrine cells 

(see Fig. 1.6 and Fig. 1.7). The inner and outer plexiform layers contain the neural 

processes of the retinal neurons (for review see Kolb, 1994). Müller glial cells span 

radially across the retina, marking the inner and outer limiting membrane. Between 

the photoreceptors and choroid is the retinal pigment epithelium. In this section, 

the uvea and Bruch's membrane will also be discussed. 

Uvea: 

The word uvea is derived from uva, a grape, because this layer looks like 

the outside of a peeled grape. Although it is a continuous layer, it consists of three 
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parts that differ in location and structure: choroid, ciliary body, and iris (refer to Fig. 

1.1A). 

Choroid: 

The choroid is a vascular layer applied to the outer surface of the retina. It is 

essentially a meshwork of blood vessels in which the arteries and veins are 

external and a dense network of capillaries, the choriocapillaris, is internal. It is the 

indirect blood supply to the outer layers of the retina (RPE and photoreceptors) 

which are devoid of blood vessels. In chickens, all of the retina is devoid of blood 

vessels and must rely on the choroid and pectén (a gill-like apparatus connected to 

the choroid that contains a network of capillaries) for oxygen and nutrients. 

Ciliary body: 

The ciliary body is a circular band that lines the interior of the sclera just 

behind the limbus. It has two functional components: the ciliary processes which 

secrete the aqueous, and the ciliary muscle which provides the forces for 

accommodation. 

Bruch's membrane: 

On the inner surface of the choroid, between the choriocapillaris and the 

R P E , is a thin two or three-layered sheet called Bruch's membrane. The inner 

layer is the basal lamina membrane of the pigment epithelium and the outer layer 

is composed of collagen which is continuous with the collagen fibrils of the 

choroidal stroma. 

Retinal pigment epithelium: 
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The retinal pigment epithelium (RPE) is a melanin-pigmented (except in 

albinos) monolayer of neuroectodermal epithelial cells which acts as a barrier 

between the neural retina and the circulating blood. It also provides nourishment to 

the photoreceptors, recycles outer segments shed by rods and cones, and absorbs 

stray light. The R P E produces numerous cytokines, neurotransmitters, and 

receptors. R P E cells are thought to play an important role in immune responses 

and may help in maintaining immune privilege within the eye. 

Photoreceptors: 

There are two classes of photoreceptors named according to their shape. 

Cone photoreceptors respond best to bright light and colour (wavelengths of light 

that correspond to red, green, and blue). Rods are responsible for vision in dim 

light. Photoreceptors consist of an outer segment, an inner segment, a cell body, 

and a synaptic terminal. The photoreceptor outer segment is composed of a stack 

of double membrane discs which are formed by infolding of the plasma membrane. 

These discs contain the visual pigment molecules. In both the rods and cones the 

discs are constantly being renewed; they are formed near the cell body and 

discarded at the terminus of the outer segment where the fragments are 

scavenged by the R P E (see Tessier-Lavigne, 2000). 

Horizontal cells: 

Horizontal cells reside in the distal portion of the inner nuclear layer and 

form ribbon-triad synapses with bipolars at invaginating cone-bipolar interactions 

(Steli, 1982). Horizontal cells are extensively coupled electrically and provide 

inhibitory feedback by releasing y-aminobutyric acid (GABA) or by forming 
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hemichannels with cones (Kamermans et al., 2001). This slow-sustained 

(hyperpolarizing) response of the horizontal cells mediates spatial and temporal 

sharpening of information transmission from photoreceptor to bipolar via surround 

inhibition (Werblin and Dowling, 1969; Dowling and Werblin, 1969). 

Amacrine Cells: 

Except for a minority of cells whose somata are displaced to the ganglion 

cell layer, amacrine cells generally have their cell bodies in the inner nuclear layer. 

There are likely 30-50 types of amacrine cells (Masland, 1990), which can be 

classified on the basis of their shape, size, and function, and the types of 

neurotransmitters they synthesize. Electrophysiological and electron microscopical 

studies showed that amacrine cells make both pre- and post-synaptic contact with 

bipolar cells, presynaptic contacts with ganglion cells, and pre- and post-synaptic 

contacts with other amacrine cells (Dowling and Werblin, 1969; Werblin and 

Dowling, 1969). The main function of amacrine cells, like that of horizontal cells, is 

to modify the 'through' retinal signal by either inhibiting or exciting synapses within 

the pathway. Unlike other retinal neurons, amacrine cells are specifically 

responsive to complex stimuli (Werblin, 1972). Amacrine cells have been shown to 

modulate contrast sensitivity (Smirnakis, 1997), and are potentially key 

components of directional selectivity (Yoshida et al., 2001). 

Ganglion cells: 

Retinal ganglion cells receive their input from bipolar cells and amacrine 

cells. They can be divided into categories on the basis of their morphology (eg. P-

cells or M-cells), size of their receptive fields, or responses to specific types of 
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visual stimuli. Their receptive fields normally consist of a centre-surround 

antagonistic organization. Ganglion cell axons comprise the optic nerve, which 

sends visual information from the retina to higher centres of the brain. The area of 

the retina at which ganglion cell axons converge and exit the eye is called the blind 

spot, as there are no photoreceptors located in this region. 

Glial cells: 

The Müller cell is the major type of glial cell in the retina. Processes of 

Müller cells extend radially from their cells bodies in the inner nuclear layer to both 

the external and internal limiting membrane. Like other glial cells, Müller glia serve 

the retina by maintaining extracellular K+ concentrations, maintaining G A B A and 

glutamate equilibrium, and controlling pH. Müller cells can also be induced to 

synthesize inducible nitric oxide synthase (¡NOS), which can spontaneously 

produce large quantities of nitric oxide (Goureau et al., 1999). The innermost 

surface of the retina, the internal limiting membrane, is a thick basement 

membrane formed by Müller cells which has a smooth internal surface. Whereas 

microglia are present in the chick retina, astrocytes and oligodendrocytes are 

found mostly in the optic nerve, and possibly in the ganglion cell layer and optic 

fiber layer. 

Phototransduction 

As light enters the eye, images are focused on the retina. Photoreceptors 

are the photosensitive cells that first convert light energy into electrical energy, 

resulting in visual perception via the retina and brain (See Fig. 1.8). 



Phototransduction occurs in the outer segment of the photoreceptor, a 

specialized region that is situated directly adjacent to the retinal pigment 

epithelium. Outer segments contain hundreds of flattened membranous disks. It is 

within these disks where light energy is converted to a transmissible chemical 

energy. In rods, the disks are individually pinched off the plasma membrane of the 

cell whereas in cones the disks are continuous with the plasma membrane. In the 

dark, photoreceptors are depolarized via the influx of N a + and C a 2 + through c G M P -

gated channels in the plasma membrane. These cGMP-gated channels are 

maintained in their open state by a high concentration of c G M P inside the cell. A 

dark-current loop is maintained by the flow of K+ out of voltage-gated K+ channels 

in the inner segment of the photoreceptor, which allows for constant depolarization 

in the synapse. During this state of activation in dark conditions glutamate is 

constantly released from the synaptic terminal of the photoreceptor. 

Phototransduction begins with light initiating the isomerization of 11-cis 

retinal to all-trans retinal resulting in the activated Meta II state of rhodopsin. Meta 

II rhodopsin causes the activation of transducin, a G-protein, via the exchange of 

guanosine diphosphate (GDP) for guanosine triphosphate (GTP) on transducin's 

alpha subunit. The alpha subunit dissociates and activates retinal 

phosphodiesterase. Phosphodiesterase then catalyzes the hydrolysis of c G M P to 

5 'GMP. The reduction in concentration of c G M P within photoreceptors causes the 

cGMP-gated channels to close and the membrane potential to become 

hyperpolarized. Passive propagation of this hyperpolarization to the photoreceptor 

synaptic ending will in turn reduce the rate of glutamate release. 
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Once phototransduction takes place, it must return to its resting activated 

state. Meta II rhodopsin is inactivated by phosphorylation and the binding of 

arrestin. Transducin and phosphodiesterase are inactivated by the hydrolysis of 

G T P to G D P on transducin's alpha subunit. This hyperpolarization causes a 

decrease in intracellular calcium, leading to the activation of guanylyl cyclase 

increased c G M P levels (for review, see Molday, 1998). 

Central Visual Processing 

In brief, visual information is transmitted through the retina along a basic 

"through" pathway comprised of photoreceptors, bipolar cells and ganglion cells 

and is modulated by lateral interactions with horizontal and amacrine cells. There 

are two types of ganglion cells in the retina. P-cells have small or medium-sized 

cell bodies and respond with sustained firing. M-cells have larger cell bodies and 

respond with brief bursts of firing. These retinal signals are transmitted via the 

optic nerve to the superior colliculus (the optic tectum in birds), a structure involved 

in eye movements, and the lateral geniculate nucleus (LGN) of the thalamus in 

mammals, where they are further processed and segregated. The L G N is a six-

layered bilateral structure which regulates the flow of information to the cortex. It 

has two specific types of layers: the magnocellular layer processes motion 

information, whereas the parvocellular layer sends information about colour, 

texture, shape, and depth to the cortex. The visual, temporal and parietal cortex, 

are highly specialized centres of the brain that further perceive and interpret the 

retinal information. Within these centres there are simple or complex cortical cells 
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that respond preferentially to colour, movement, direction, or orientation (see 

Goldstein, 1999). 

Experimental Autoimmune Uveitis 

Many forms of uveitis are thought to result from an antigen-specific, T-cell-

mediated immune response (Whitcup & Nussenblatt, 1997). One of the first 

studies showing antigenicity of the retina was done by Hess and Romer in 1906. 

Experimental autoimmune uveoretinitis (EAU) has been developed in susceptible 

animals such as the rat, rabbit, guinea pig, non-human primates (Nussenblatt et 

al., 1996), and the chicken (Wight, 1968). To date, many ocular antigens have 

been used to induce uveitis, including retinal S-antigen (arrestin) (Wacker et al., 

1977), interphotoreceptor retinoid-binding protein (IRBP) (Hirose et al., 1986), 

rhodopsin (Schalken et al., 1988), recoverin (Gery et al., 1994), bacterial endotoxin 

(Rosenbaum et al., 1980), and platelet-activating factor (Rosenbaum et al., 1999). 

Clinical disease develops anywhere from 3 to 14 days after immunization and, 

depending on the dose of antigen and animal used, is characterized by vitritis, 

choroidal and retinal infiltrates, and retinal vasculitis. Use of the E A U model has 

allowed for identification of disease-causing antigens and evaluation of disease-

modifying strategies that could be applied in clinical situations (Singh et al., 1998). 

Uveitis in the Chicken: 

To date, only a few studies have been done on inducing experimental 

uveitis in the chick. Wight (1968) found that intramuscular injections of 

homogenized chick or sheep uveal extracts into 8 week-old chickens induced 

mostly anterior uveitis, with little or no inflammation in the retina, choroid, or 



vitreous. Obaldia and Hanson (1989) induced iridocyclochoroiditis by injecting the 

Newcastle Disease virus introcularly. Nakamura and Abe (1987) induced keratitis 

and iritis by inoculating chickens with Escherichia coli. Many observational studies 

have been performed on the Smyth chicken, a strain of birds that is susceptible to 

R P E depigmentation and subsequent inflammation (Boissy et al., 1988). 

Platelet-Activating Factor 

Platelet-activating factor (PAF) is a phospholipid with potent, diverse 

physiological actions, particularly as a mediator of inflammation (Prescott et al., 

2000; Fig. 1.9A). Alkyl ether phosphoglycerides, which are the precursors of PAF , 

are distributed throughout all animal tissues (Horrocks and Sharma, 1982). P A F 

may be synthesized through either of two enzymatic pathways, one defined as the 

remodelling pathway that substitutes an acetyl residue for the long-chain fatty sn-2 

acyl residue of cellular phospholipids. A second de novo pathway to form P A F 

parallels phospholipid synthesis, in which a phosphocholine function is transferred 

to alkyl acetyl glycerol (Prescott et al., 1999). Recent evidence supports the former 

pathway as contributing the bulk of the P A F synthesized in an inflammatory 

setting. P A F is not stored in a preformed state, but rather is rapidly synthesized by 

inflammatory cells in response to cell-specific stimuli (Prescott et al., 2000). Two 

specific enzymatic reactions have been documented to be involved in P A F 

biosynthesis. 1 -0-Alkyl-2-lyso-sn-glycero-3-phosphocholine (1 -O-alkyl-2-lyso-

GPC):acety l -CoA acetyltransferase catalyzes the acetylation of inactive lyso-PAF 

into the bioactive P A F (Wykle et al., 1980), whereas 1-O-alkyl-2-acetylglycerol 

(AAG):CDP-chol ine cholinephosphotransferase transfers the phosphobase from 
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CDP-chol ine to A A G (Albert and Snyder, 1983). Activation of the enzyme 

phospholipase A2 catalyzes the initiation of the pathway leading to the synthesis of 

P A F . The synthesis, transport, and degradation of P A F are tightly regulated. 

However, the mechanisms of P A F translocation to the outer membrane surface 

are still unknown. 

In addition to being a potent activator of platelets, P A F also has 

antihypertensive activity, induces smooth muscle contraction, and increases 

vascular permeability (Winslow and Lee, 1987). Direct actions of P A F also include 

the induction of adhesion molecules on endothelial cells and edema (Kubes et al., 

1990; Lindsberg et al., 1995). Its main role is to mediate cellular interactions. When 

synthesized by a variety of cell types, including mast cells, neutrophils, 

eosinophils, macrophages, platelets, endothelial cells, it is exposed on the plasma 

membrane. It can then bind to receptors on the plasma membrane of other cells, 

which activates them and changes their phenotypes. Surprisingly, P A F receptors 

are present intracellular^ as well as exposed on the cell surface. P A F 

acetylhydrolase, which hydrolyzes the acetyl group of P A F and thereby inactivates 

it, may play a crucial role in regulating endogenous concentrations of P A F . P A F 

acetylhydrolase cleaves the short acyl chain at the sn-2 position and forms the 

biologically inactive lyso-PAF. This enzyme is present in plasma (Farr et al., 1980) 

and in tissues (Blank et al., 1981). 

The P A F receptor is a G-protein-coupled receptor expressed on many cell 

types (Fig. 1.9B). Mori et al (1997) showed using in situ hybridization in the rat eye 

that P A F receptors were ubiquitously expressed, with higher concentrations 



localizing in the corneal epithelium, iris and ciliary body, and retinal ganglion and 

microglial cells. The structure-function relationships of the P A F receptor have been 

defined by site-directed mutagenesis and transfection (Prescott et al., 1999). Once 

bound to its receptor, P A F can increase intracellular calcium (Yue et al., 1991) 

leading to an increase in vascular permeability and activation of neutrophils. Both 

P A F (Yue et al., 1990) and its receptor (Domingo et al., 1988) have been reported 

to be present in the brain, and P A F is produced in the chick eye and retina 

(Bussolino et al., 1986). Thierry et al (1989) reported the presence of specific P A F 

binding sites in the rat retina. P A F can be a neu rocu la to ry agent, as P A F was 

shown to alter the morphology and viability of neural cells in vitro, including neurite 

extension (Kornecki and Ehrlich, 1988). P A F can induce activation of 

phospholipase C in the cerebral cortex (Yue et al., 1992), transiently activate the 

proto-oncogenes c-fos and c-jun in neural cells, and dose-dependently inhibit 

glutamate-mediated excitatory post-synaptic current in neurons (Jiang et al., 

1993). Evidence has shown P A F to enhance transcription of inducible 

prostaglandin synthase (COX-2). In terms of nitric oxide, Bazan (1998) reported 

P A F to activate oxygen radicals. 

Brain tissue contains relatively high levels of enzymes for the synthesis and 

metabolism of alkyl-ether phospholipids like P A F (Blank et al.,1981). Kornecki and 

Ehrlich (1988) showed that exogenous P A F damaged neurons in vitro. Evidence 

from Rosenbaum et al. (1991) showed that rabbit eyes inflamed by injection with 

endotoxin synthesized large quantities of platelet-activating factor. 

Nitric Oxide Synthase 



26 

Nitric oxide (NO) is produced by nitric oxide synthase (NOS), through the 

oxidative removal of the terminal guanidine nitrogen from L-arginine to yield L-

citrulline and NO (Bredt and Snyder, 1994). Requiring five electrons to catalyze 

this reaction, N O S binds numerous electron donors: nicotinamide adenine 

dinucleotide phosphate (NADPH), flavin mononucleotide (FMN), flavin adenine 

dinucleotide (FAD)(Bredt et al., 1992) and tetrahydrobiopterin (Kwon and Nathon, 

1989). A reliable way to localize NOS in tissue is to use N A D P H diaphorase 

immunohistochemistry, a histological reaction that co-localizes with N O S enzymes 

(Matsumoto et al., 1993). On the NOS enzyme there is also a binding site for 

calmodulin (Bredt and Snyder, 1990). There are three different isoforms of N O S : 

neuronal and endothelial NOS, which are constitutively expressed in cells (Bredt 

and Snyder, 1990), and inducible NOS, which is induced in activated macrophages 

and microglia (Stuehr and Marietta, 1985). Inducible NOS tightly binds a calcium-

independent calmodulin-like subunit constitutively and is regulated transcriptionally 

(Cho et al., 1992), while the activities of nNOS and e N O S are modulated post-

translationally by calcium levels, without apparent change in protein levels (Zhang 

and Snyder, 1995). Neuronal and endothelial N O S activities are quickly modified 

by calcium/calmodulin binding whereas inducible N O S increases NO production 

only hours after an inducing stimulus, maintaining activation for days (Nathan and 

Xie, 1994). Each isoform exists as a homodimer of approximately 260 kDa. Distinct 

genes encode each isoform of NOS and share 50% to 60% homology (Moilanen et 

al., 1999). 

Nitric oxide synthase in the chick retina: 



Nitric oxide synthase has been localized in various cell types within eyes of 

numerous species, including the tiger salamander (Kurenni et al., 1995). In the 

chick retina, nNOS immunolabelling was present within a subset of ganglion cells, 

efferent fibres and their target cells, neural fibres of both plexiform layers, four 

subtypes of amacrine cells, and possibly R P E cells, using NADPH-diaphorase 

histochemistry (Fischer and Steli, 1999; Fujii et al. 1998), and Paes del Carvalho 

(1996) found labelling for NOS in photoreceptor inner segments as well. 

Nitric Oxide 

Nitric oxide is a free-radical neurotransmitter, with a half-life of only a few 

seconds, that can diffuse through cell membranes (Snyder and Bredt, 1992). Being 

cell membrane-permeable, NO cannot be stored in vesicles and must be produced 

on demand. It was initially identified as an endothelial derived relaxation factor 

(EDRF) and antiplatelet substance (Furchgott and Zawadzki, 1980). It is a highly 

volatile, hydrophobic, and colorless gaseous material. NO rapidly reacts with 

oxygen, and produces N O 2 " and N O 3 " in aqueous conditions. Under physiological 

conditions, NO is thought to function as a neurotransmitter to regulate neuronal 

transmission (Moneada et al., 1991). It has been widely shown to be a mediator of 

inflammation (Bogdan, 2000) and is capable of damaging or even destroying 

retinal cells and R P E in the chick (Baird & Steli, 2002). NO can peroxidize lipids 

(Brannian et al., 1997), react with oxygen free-radicals to form peroxynitrite (Crow 

& Beckman, 1995) and nitrate tyrosine residues of proteins, S-nitrosylate cysteine 

residues of proteins (Hess et al., 2000), stimulate guanylyl cyclase to synthesize 

cyclic guanosine monophosphate (cGMP)(Arnold et al., 1977), along with a variety 



28 

of other actions. N O S inhibitors such as N-iminoethyl-L-ornithine (L-NIO) have 

been shown to be useful for limiting vascular injury associated with an immune 

response (Mulligan et al., 1992), including experimental autoimmune uveitis 

(Mandai et al., 1996). 

Previously, nitric oxide has been shown to be either neuroprotective or 

neurotoxic, depending on its concentration and location (Colasanti and Suzuki, 

2000). McMahon and Ponomareva (1996) found that the nitric oxide donors 

sodium nitroprusside (SNP) and S-Nitro-N-acetylpenicillamine (SNAP) could 

prevent glutamate excitotoxicity in cultured horizontal cells. In contrast, Gudgeon 

et al (2002) found that certain concentrations of sodium nitroprusside (SNP), a 

nitric oxide-donor that also releases cyanide (Schultz, 1984), selectively damaged 

the outer retina and R P E and thereby prevented form-deprivation myopia 

(described later in this section). Other nitric oxide donors such as 3-morpholino-

sydnonimine (SIN-1) and S-Nitro-N-acetylpenicillamine (SNAP) (for an extensive 

review, see Feel isch, 1998), along with S N P , have also been shown to damage 

non-ocular tissues (Dawson et al., 1993). Nitric oxide has been implicated in 

NMDA-neurotoxicity (Dawson et al., 1991). 

Nitric oxide can act in a variety of ways: it can stimulate soluble guanylyl 

cyclase to produce c G M P (Arnold et al., 1977); it can react with superoxide 

radicals to form the potent toxin, peroxynitrite, which nitrates tyrosine residues on 

proteins (Crow and Beckman, 1995); it can react with thiols to produce 

nitrosothiols (Ignarro et al., 1981); it can induce apoptosis by damaging nuclear or 

mitochondrial DNA and regulating transcription factors (Cai et al., 2000); and it can 
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react with membrane lipids to form lipid peroxides, such as malondialdehyde 

(MDA) and 4-hydroxy-2-nonenal (HNE) (Brannian et al., 1997; Palinski et al., 

1990). 

ACTIONS OF NITRIC OXIDE: 

Guanosine Monophosphate 

Nitric oxide can stimulate soluble guanylyl cyclase to synthesize c G M P 

(Arnold et al., 1977). c G M P is synthesized by either particulate (membrane bound) 

or soluble guanylyl cyclase and is broken down to G M P by the enzyme 

phosphodiesterase. Particulate G C s are either ligand-activated receptors or 

calcium-regulated integral proteins. In contrast, soluble guanylyl cyclase is a two-

subunit cytosolic protein activated by the direct binding of NO to the central heme 

group of the cyclase (Garthwaite, 1991). G C has been localized to most types of 

neurons within the retina (Blute et al., 1998). c G M P is an important second 

messenger, not only in the phototransduction cascade of photoreceptors (Baylor, 

1987), but also cell signalling pathways in ganglion (Ahmad et al., 1994), bipolar 

(Nawy and Jahr, 1991), and Müller cells (Kusaka et al., 1996). Cyclic G M P has 

shown to be an important mediator of vasodilation, and many of its actions are 

mediated by the activation of a protein serine/threonine kinase, cGMP-dependent 

protein kinase (PKG) (Lincoln and Corbin, 1983). In terms of neurotoxicity, c G M P 

has been linked to retinal degeneration. Farber and Lolley (1974) found that 

elevated levels of c G M P in a phosphodiesterase-mutant mouse lead to destruction 

of photoreceptor cells. Lolley et al. (1977) simulated these effects by using 
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isomethylbutylxanthine (IBMX), a phosphodiesterase inhibitor, to maintain 

excessive c G M P within Xenopus photoreceptors. 

Peroxynitrite 

One of the more recently described mechanisms of NO signalling, at least in 

terms of its pathophysiological effects on cells, is the formation of peroxynitrite 

(Beckman et al., 1990; Ischiropolous et al., 1992). NO reacts with superoxides 

generated in response to oxidative injury to form the potent oxidant peroxynitrite. 

Peroxynitrite, in turn, may have a variety of effects on cells, including orthonitration 

of tyrosine residues on proteins (Ischiropolous et al., 1992). The significance of this 

effect of NO is not clear, but peroxynitrite production and protein "nitration" have 

been correlated with tissue injury and pathological responses of the tissue to insult 

(Hogg et al., 1993). Superoxide dismutase has been shown to prevent 

peroxynitrite formation by scavenging superoxide radicals and converting them to 

hydrogen peroxide. Under physiological conditions, peroxynitrite rapidly decays via 

its protonated form (pKa 6.8) peroxynitrous acid (HOONO), with a half-life of 

approximately one second (Beckman et al., 1994). 

Lipid Peroxidation 

Unsaturated lipids are highly vulnerable to reactive oxygen species (ie. nitric 

oxide) leading to self-propagating peroxidation. (Rice-Evans and Burdon, 1993; 

Esterbauer et al., 1992). Lipid peroxidation results in the cleavage of carbon-

carbon bonds and the formation of cyclic endoperoxides and lipid hydroperoxides. 

In membrane phospholipids, peroxidation causes acyl-chain fragmentation leading 

to changes in membrane dynamics, eg. fluidity and permeability. The 
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endoperoxides and lipid hydroperoxides undergo further hydrolytic or transition 

metal-catalyzed decomposition, forming various toxic aldehydes, the major ones 

being malondialdehyde and 4-hydroxy-nonenal. These aldehydes causes 

widespread damage in living cells, particularly by attacking phospholipids and 

proteins (Rice-Evans and Burdon, 1993). Measurements of these aldehydes are a 

reliable indication of the extent of lipid peroxidation (Esterbauer, and Cheeseman, 

1990). 

S-Nitrosylation 

Nitric oxide regulates a broad functional spectrum of proteins by S-nitrosylation 

with both physiological and pathological effects. Specificity is conferred by acid-

base and hydrophobic motifs that target critical cysteine residues and by protein-

protein interactions that confine the signals in space (Hess et al., 2001). There is 

accumulating evidence that the covalent attachment of NO groups to protein 

sulfhydryls and transition metals is an example of a precisely-regulated post-

translational protein modification (Stamler, 1994). Proteins that can be modified by 

NO include haemoglobin (Stamler et al., 1997), ryanodine receptor Ca2+ channels 

(Eu et al., 2000), N-methyl-D-aspartate (NMDA) receptor-coupled ion channel 

(Choi et al., 2000), and the apoptotic protease caspase-3 (Mannick et al., 1999). 

Nitric Oxide Donors 

Since nitric oxide is such a volatile and labile chemical, it is difficult to 

provide it reliably in the gas form. Therefore, a useful way to administer exogenous 

nitric oxide is through nitric oxide donors. There are a variety of drugs that release 

NO in vivo, by mechanisms varying from spontaneous release in solution to 



chemical or enzymatic degradation in living cells. These drugs can also release 

potentially harmful byproducts that may lead to other adverse effects within the 

body (see the Methods section for further details). 

Sodium nitroprusside (SNP): 

S N P requires a reducing agent capable of donating an electron, to release 

first cyanide, then nitric oxide. Reducing agents, such as glutathione, thiols, 

hemoproteins, and ascorbate, which are found in most biological tissues, are 

sufficient to give the appearance that NO release from S N P is spontaneous (Bates 

et al., 1991). Kowaluk et al. (1992) showed that S N P was not only degraded 

chemically, but also readily metabolized to NO in cellular subfractions of a smooth 

muscle cell, and that the dominant metabolic activity was membrane-associated. 

This would imply the release of NO from S N P can also be enzymatic. S N P is 

capable of releasing nitric oxide into tissues in a matter of minutes. Gudgeon et al 

(2001) showed that multiple intravitreal injections S N P damaged the chick retina, 

specifically the photoreceptors and R P E . S N P and its reported actions will be 

further described later. 

S-Nitro-N-acetylpenicillamine (SNAP) and 3-morpholino-sydnonimine (SIN-1): 

S N A P and SIN-1, like S N P , are also NO donors. However, unlike S N P , 

these two agents spontaneously release NO by non-metabolic hydrolysis in 

solution. Many other drugs are being developed that can efficiently release NO in 

vivo. 

N-acetylpenicillamine (NAP): 



N A P was developed as a control for S N A P . N A P is chemically identical to 

S N A P but without a nitro group and therefore cannot release nitric oxide. Like 

S N A P , N A P is hydrophobic and will not readily dissolve in water. 

Form-Deprivation Myopia as a Tool to Measure Retinal Damage 

Form-deprivation myopia is an experimental model whereby the eye is 

deprived of clear vision using translucent goggles or eye suturing and by default 

the eye grows excessively long (Wallman et al., 1978). The resulting eye is myopic 

(negative refractive error), with the light image focusing in front of the retina. 

Gudgeon et al. (2002) found that SNP-induced damage to photoreceptors and 

retinal pigment epithelium stunted eye growth and inhibited the induction of myopia 

by form-deprivation in a dose-dependent manner. The highest doses of S N P 

completely destroyed the retina, resulting in retinal scarring and a very hyperopic 

eye. It was also shown that there was a close correlation between the degree of 

retinal damage and the degree of prevention of form-deprivation myopia. Other 

studies have shown that some kinds of neurotoxins which attack the outer retina 

prevent ocular growth in graded fashion (Weiss and Schaeffel, 1993; Oishi and 

Lauber, 1988). In our experiments, we will use form-deprivation myopia as a way 

of detecting and relatively quantifying damage to the outer retina and surrounding 

tissue. 

Nitric Oxide Synthase and Uveitis 

The inflammatory pathway associated with uveitis involves a number of 

inflammatory cells and mediators (See Fig. 1.10). Undoubtedly, nitric oxide plays a 

major role in this cascade. 
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Goureau et al. (1995), using a nitrite assay of the vitreous and aqueous 

humours, have shown that during the development of uveitis in Lewis rats, there 

was an increase in nitric oxide production. Other studies have shown that NOS 

inhibitors can reduce the severity of uveitis and the damage associated with it. 

Mandai et al. (1996) found that the constitutive form of N O S in ocular tissue, 

presumably in vascular endothelial cells, appeared to play a critical role in the 

development of endotoxin-induced uveitis in rats. Evidence from Zhang et al. 

(1999) showed that the number of iNOS-producing cells, including macrophages, 

was increased during experimental uveoretinitis. Goureau et al. (1995) also 

showed the N O S inhibitor NG-nitro-L-arginine methyl ester (L-NAME) reduced 

clinical and histologic inflammation by suppressing the release of nitric oxide by 

¡NOS. However, surprising evidence showed that mice deficient in inducible nitric 

oxide synthase were still susceptible to retinal damage and infiltrate typical of 

experimental autoimmune uveoretinitis (Silver et al., 1998). This suggested that 

¡NOS was not necessary for inflammation or inflammation-induced damage, which 

was further supported by results from McCafferty et al. (2000) showing that colitis 

could still develop in IL-10/iNOS double-deficient mice. 

Nitric Oxide and Uveitis-induced Damage 

A major action of nitric oxide during an inflammatory response is to destroy 

invading pathogens and or diseased cells. However, numerous findings have 

shown that nitric oxide is capable of causing significant destruction to the host's 

own healthy cells and tissue. Rao (1990) showed that oxygen radicals such as 

nitric oxide were responsible for much of the retinal damage seen in rats 
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challenged with the uveitis-inducing S-antigen. Rats that were administered a 

scavenger of oxygen radicals showed less retinal damage than the control group. 

Rao and Wu (2000) demonstrated that photoreceptor damage during uveitis 

was mediated by the generation of free radicals such as NO, O H , and superoxide. 

They also used immunohistochemistry to localize the presence of peroxynitrite, 

with antibodies directed towards nitrotyrosine, in photoreceptors and some regions 

of the inner retina, and detected lipid peroxidation in photoreceptor membranes. 

Nitric oxide is a vast and diverse molecule, in both normal physiology and 

disease. Knowledge of its pathogenetic mechanisms is likely to be helpful in 

understanding how the retina is damaged in human diseases including uveitis 

(Rao and Wu, 2000), glaucoma, macular degeneration (de Kozak et al., 1997), 

peripheral nerve injury and neuropathic pain (Levy et al., 1999), and diabetic 

retinopathy (Zochodne et al., 2000; Yilmaz et al., 2000). Therefore it is logical to 

investigate further the roles of nitric oxide and nitric oxide synthase in retinal 

damage observed in experimental uveitis. 
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Objectives and Hypotheses 

The purpose of this study was to 1) develop a chick model of chorioretinitis 

and to determine whether the associated retinal damage was linked to nitric oxide 

production; and 2) determine the specific mechanisms of damage caused by nitric 

oxide, as supplied by an exogenous donor, sodium nitroprusside. 

Relevance 

By studying the mechanisms associated with uveitis and nitric oxide, we can 

further understand human retinal degenerative disease and eventually develop 

more effective clinical therapies. 

HYPOTHESIS 1: 

Toxicity associated with uveitis is caused by activation of nitric oxide 

synthase, leading to excessive production of nitric oxide within the chick retina. 

Hypothesis 1 A: Platelet activating factor, an inflammation-inducing phospholipid, 

will induce uveitis in the chick retina, thereby causing an influx of leukocytes and 

retinal damage. 

Hypothesis 1B: Nitric oxide synthase-inhibitors with platelet-activating factor, will 

suppress retinal damage without significantly affecting the immune response. 

Strategy: 

A chicken model of uveitis will be developed by intraocular injections of 

platelet-activating factor, then various pharmacological agents (NOS inhibitors) will 

be employed to prevent the retinal damage. Inflammation and damage will be 

assessed by gross morphological examination of the eye along with histology and 
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immunohistochemistry to identify mechanisms and retinal cells implicated in the 

uveitis-induced retinal damage. 

HYPOTHESIS 2: 

Sodium nitroprusside (SNP), a nitric oxide donor, damages photoreceptors 

and R P E by releasing nitric oxide, which in turn forms peroxynitrite, peroxidizes 

lipids, and activates the immune system. 

Hypothesis 2A: SNP-induced damage to the chick retina is caused by nitric oxide. 

Hypothesis 2B: S N P damages the outer retina independently of c G M P 

production. 

Hypothesis 2C: S N P damages the outer retina by reacting with superoxides to 

form peroxynitrite. 

Hypothesis 2D: S N P damages the outer retina by peroxidizing lipids in cellular 

membranes. 

Hypothesis: 2E: SNP-induced damage to the chick retina is direct, and does not 

require secondary activation of the immune system. 

Strategy: 

To test these hypotheses, different doses of sodium nitroprusside and other 

nitric oxide donors will be intravitreally injected into the chick eye. Different 

pharmacological agents involving nitric oxide cellular mechanisms (ie. c G M P 

analogue, antioxidants), and immunohistochemical markers will be employed to 

investigate the precise mechanisms and retinal cells by which S N P destroys the 

chick outer retina. 



Figure 1.1. A) A schematic of the eye, indicating the uvea and different 

chambers of the eye. B) A view of a normal human fundus as seen through 

an indirect ophthalmoscope. C) A view of a human fundus inflicted with 

localized chorioretinitis. Note the dysplastic RPE cells, local retinal swelling, 

and white exudate. (From Spalton et al., 1998). Clinical signs and 

symptoms include: reduced vision, photophobia, floaters, retinal lesions, 

vitreal cell infiltrates, vasculitis. 
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Figure 1.2. Anatomy of the human eye and retina. Notice how light passes 

through the transparent retina before being converted into chemical energy by 

the photoreceptors. (Adapted from Tessier-Lavigne, 2000). 
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Figure 1.3. Optical characteristics of emmetropia, myopia, and hyperopia. A) 

Emmetropia is the condition in which the eye is of appropriate dimensions so 

that light images properly focus on the retina. B) Myopia (near-sightedness) is 

the condition in which abnormal elongation causes light images of distant 

objects to be focused in front of the retina. Myopia can be experimentally 

induced by eliminating form-vision with a translucent goggle. C) Hyperopia is 

the condition whereby the eye dimensions are too short, causing light images of 

nearby objects to focus behind the retina. 
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Figure 1.4. Drawing of a transverse section of the chick eye. Insert (A) 

indicates position of eyes within head. Note the structure and location of 

the pectén. (From Evans, 1979). 
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Figure 1.5. Embryological development of the eye (From Parr, 1989). 
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Figure 1.6. A schematic view of the retina. INL-inner nuclear layer, 

I PL-inner plexiform layer, GCL-ganglion cell layer. (Adapted from 

Dowling and Boycott, 1966). 
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Figure 1.7. A vertical cross-section of the chick retina. FSc- fibrous sclera, CSc-

cartilagenous sclera, Ch-choroid, BM-Bruch's membrane, RPE-retinal pigment 

epithelium, PR-photoreceptors, OPL-outer plexiform layer, INL-inner nuclear 

layer, IPL-inner plexiform layer, GCL-ganglion cell layer, NFL-nerve fibre layer. 

Scale bar=50um. 
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Photoreceptor 

Figure 1.8. Steps involved in the phototransduction pathway. In the absence of 

light the cation channels in the outer segments are kept open by cGMP and 

conduct an inward current. When light strikes the photoreceptor, these channels 

are closed by a three-step process. Light activates rhodopsin, which in turn 

activates transducin to activate cGMP-phosphodiesterase, thereby breaking 

down intracellular cGMP. Once the cGMP levels are reduced, the cGMP-gated 

channels close, causing the photoreceptor to hyperpolarize. (Adapted from 

Tessier-Lavigne, 2000). 
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Figure 1.9. A) The structure of platelet activating factor. B) The structure-activity 

relationships of the platelet-activating factor (PAF) receptor (Modified from 

Prescottetal., 1999). 
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Figure 1.10. A summary of possible cellular mechanisms associated with uveitis 

and nitric oxide toxicity. Platelet-activating factor may activate the chick immune 

system, leading to ocular inflammation and the resulting retinal damage by nitric 

oxide. IL: interleukin, IRBP: interphotoreceptor binding protein, LPS: 

lipopolysaccharide, R P E : retinal pigment epithelium, NO: nitric oxide, ONOO": 

peroxynitrite, ¡NOS: inducible nitric oxide synthase, eNOS: endothelial nitric oxide 

synthase, nNOS: nitric oxide synthase, L-NIO: N5-(1-lminoethyl)-L-ornithine, L-

NIL: N6-(1-lminoethyl)-L-lysine. 
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CHAPTER 2 

MATERIALS AND METHODS: 

Animal Model used in Studies 

Male White Leghorn chickens (Gallus gallus domesticus) were obtained 

from the Lilydale Hatchery (Calgary, Alberta, Canada) on the day of hatching. 

Chicks were kept in a room with a 12 hour light/12 hour dark cycle at 25°C, and fed 

water and Purina starter pellets ad libitum. Seven days after hatching, chicks were 

segregated into groups of six in clear, grillwork-covered cages illuminated by 

fluorescent room light, with each group receiving a different treatment or dosage. 

Experimental protocols conformed to the principles regarding the care and use of 

animals in research according to the Canadian Council on Animal Care Guidelines 

at the University of Calgary, Alberta, Canada. 

PLATELET-ACTIVATING FACTOR-INDUCED UVEITIS STUDIES  

Previous unsuccessful attempts to induce uveitis 

In this study, we wanted to produce a model of chorioretinitis similar to that 

of human posterior uveitis. We initially used conventional methods as described in 

the following paragraphs to induce ocular inflammation, but they did not produce 

the desired effect. 

Bacterial Endotoxins: We injected 100uM of either Eschirichia coli or Salmonella 

typhimurium lipopolysaccharide (LPS) in 20uL saline or Complete Freund's 

adjuvant into the vitreous of age seven day chicks. We followed the effects of L P S 

in the chick for 14 days. After 1, 3, 5, 7,10, and 14 days, the chick eye was 

relatively unaffected by the injection. There was no inflammation (except for minor 
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temporary clouding of the vitreous one day after injection), the chick was healthy 

with no signs of discomfort, and the retina was normal. We also attempted to 

enhance inflammation by supplementing the L P S with complete Friend's adjuvant, 

but there still was no apparent inflammatory activity. 

Retinal Antigens: We attempted to induce a direct inflammatory response in the 

chick retina by injecting 50pg of isolated bovine rod outer segments (provided by 

the lab of Dr. Paul Schnetkamp, University of Calgary) into the chick vitreous. W e 

also intravitreally injected 50pg homogenized chick uvea into the chick eye. In 

other groups, these substances were injected with 1mL saline or complete 

Freund's adjuvant into the chick peritoneal cavity. Similar to the results seen with 

L P S , there was no inflammation induced by these retinal antigens. 

Platelet-activating factor, an inflammatory-inducing phospholipid, was 

suggested to us by Dr. Kamala Patel (University of Calgary). We immediately 

found that intravitreal injections of small concentrations of P A F (>1nM in the 

syringe) induced inflammation in the choroid and retina. Our uveitis studies are 

based on the administration of PAF. 

General procedures 

There were six chicks per treatment group. Chicks were anaesthetized by 

inhalation of 1.5% halothane in equal parts 0 2 and N 2 0 , and the area on the chick 

to be injected was swabbed with 70% ethanol. A 25u,L Hamilton syringe with a 26-

gauge needle was used to make injections, which were delivered through the 

upper lid into the dorsal quadrant of the vitreal chamber. The right eye, which 

acted as the control for each treatment, was injected with only the drug vehicle, 



which was 20LIL of 1.0% bovine serum albumin (BSA) in 0.05M phosphate-

buffered saline (PBS). Since the vitreous volume is 180-200LIL, each agent was 

diluted 1:10 after injection into the vitreous. Unless otherwise stated, all treatments 

consisted of a single injection on day P7. To observe cyclic guanosine 

monophosphate (cGMP) labelling and therefore NO activity, chicks were injected 

with 170nmol of isobutylmethylxanthine (IBMX; yielding -850 uM in the vitreous) 

two hours before dissection to prevent the degradation of newly-synthesized 

c G M P and thereby enhance its detection. 

To reduce ambiguity between the initial concentration of drug in the syringe 

and the final concentration in vitreous, the doses reported in these studies are 

stated as amount of drug injected in moles rather than concentration. 

Pharmaceut ica ls 

Platelet-activating factor (PAF, 1 -0-alkyl-2-acetyl-sn-glycero-3-

phosphocholine; 2fmol-20pmol), a bioactive phospholipid, was stored at -20°C in 

chloroform. To prepare for injection, the chloroform was evaporated and the solid 

P A F was dissolved in 0.5%(w/v) bovine serum albumin (BSA) in 0.05M phosphate-

buffered saline (PBS, 14.2g N a 2 H P 0 4 , 16g NaCI in 2L distilled water, pH 7.4). This 

solution was used because it has been reported that P A F does not dissolve in 

solution; rather, it remains cell-associated or binds avidly to an acceptor molecule 

such as albumin (Mclntyre et al., 1986). N -(1 -iminoethyl)-L-ornithine (L-NIO; 

300nmol; Dojindo Molecular Technologies, United States) is a general NOS 

inhibitor (Moneada and Higgs, 1995; Rees et al., 1990); N -(1 -iminoethyl)-L-lysine 

(L-NIL; 300nmol, Dojindo Molecular Technologies) is another N O S inhibitor known 
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to inhibit ¡NOS selectively (Moore et al., 1994)(see Fig. 2.1). L-NIO and L-NIL were 

re-injected into the vitreous of the treated eye one day after the initial injection; 3-

isobutyl-1-methylxanthine (IBMX). Unless otherwise stated, all of these agents 

were purchased from Sigma-Aldrich Canada, Oakville, Ontario. 

Assessment of Inflammation 

Three or seven days after injection, ie., at age 10 (P10) or 14 days (P14), 

the ocular development of the chicks was assessed. The chicks were examined 

using streak retinoscopy and direct ophthalmoscopy, and then euthanized by 

intraperitoneal injection of 1mL Euthanyl. Eyes were removed from the orbit and 

hemisected equatorially, and the posterior eyecups were examined under a 

dissecting microscope. Eyes were assigned a rating (Table 1) to represent severity 

of inflammation, on the basis of the above observations. 

Preparation of eyes 

Some pairs of eyes were prepared for histology and/or 

immunohistochemistry. The posterior eyecups were fixed in a solution of 4% 

paraformaldehyde + 3% sucrose in 0.1 M phosphate buffer, pH 7.4, at 25°C for 

approximately 2 hours. Formaldehyde reacts with unprotonated N-terminal amino 

group to form methylene cross-links and aldehydes, resulting in the characteristic 

fixing and hardening of the tissue. The goal is to conserve the antigenicity within 

the fixed tissue, and to preserve the tissue structure during cryosectioning. At the 

end of fixation, eyecups were stored for 24 hours at 4°C in 0.05M P B S and then 

cryoprotected in 30% (w/v) sucrose in P B S . The sucrose alters the freezing 

properties of endogenous fluids so they vitrify rather than form crystals that would 
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tear cell membranes and disrupt tissue structure. 2 days later, eyecups were 

rinsed and freeze-embedded in O C T (Tissue-Tek, Elkhart, IN) using liquid 

nitrogen. Sections approximately 13(xm thick were then cut through the eyecup 

near the pectén, placed on slides, air-dried and ringed with rubber cement. 

Histology 

Slides were washed three times in P B S and sections were stained with a 

few drops of 0.1% Toluidine Blue in water. After 30 minutes, slides were washed 

three times in P B S and immersed in 4:1 glycerohwater, cover-slipped and sealed 

with nail polish. Stained sections were observed by bright-field microscopy to 

detect obvious tissue damage as well as the infiltration of activated microglia, 

granulocytes and macrophages into the retina and choroid. 

Immunohistochemistry 

Slides were washed three times in P B S and then incubated for 24 hours at 

25°C in 1 OOjlaL of P B S containing 5% normal goat serum (as a blocker of non

specific, low-affinity binding of antibody), 0.3% Triton X-100 (non-ionic detergent 

that removes lipids from cell membranes and allows for better penetration into cells 

by antibodies), and either a) 0.5LIL rabbit polyclonal antibody (1:1500) to inducible 

nitric oxide synthase (¡NOS) (Cat. #PA1-036, epitope: aa17-31 synthetic peptide of 

¡NOS, Affinity Bioreagents, Golden, CO) or b) 0.1 LIL sheep polyclonal antibody 

(1:1000) to c G M P (Dr. J . de Vente) to detect this product of nitric oxide activity. 

They were then washed three more times in P B S , and incubated in 100LIL of P B S 

containing Cy3-conjugated goat-anti-rabbit immunoglobulin (1:1500; Sigma-Aldrich 

Canada) or FITC-conjugated goat-anti-sheep immunoglobulin (1:1000; Sigma) for 



53 

approximately 2 hours at 25°C. Finally, slides were washed three times in P B S and 

immersed in 4:1 glycerol:water, cover-slipped and sealed with nail polish. 

Antibody-labelled slides were observed by epi-fluorescence microscopy, and 

digital images were captured using a S P O T monochromatic digital camera 

(model# 2.1.0, Diagnostic Instruments Inc.) with S P O T v.3.2.6 software. As 

negative controls, some slides were incubated using the above protocol but 

without primary antibody to rule out non-specific binding of the secondary antibody. 

Unfortunately, antigens were not available for the more stringent test of specificity 

by preabsorption. To ensure accurate results, both images of each pair of retinas 

(treated vs. untreated) were obtained under identical conditions of labelling and 

image capture. 

NADPH diaphorase histochemistry 

Slides carrying retinal sections were washed three times in 0.1 M Tris-HCI, 

pH 8.0 (TB), and then incubated under NADPH-diaphorase reagent (150uL of 

1mM N A D P H tetrasodium salt (Sigma, Canada), 0.5mM nitro blue tetrazolium 

(NBT; Sigma), 18mM CaCI2, and 0.3% Triton X-100 diluted in TB) for 80 minutes 

at 37°C. After incubation, slides were washed two times in TB, once in P B S , and 

mounted as described above. Slides were observed by bright-field microscopy. 

NITRIC OXIDE TOXICITY STUDIES  

Pharmaceuticals 

The following drugs and chemicals were used in this study. Sodium 

nitroprusside (SNP; 30-1000nmol per injection) is a nitric oxide donor that also 

releases cyanide (CN") in vivo (Schultz, 1984); sodium cyanide (NaCN; 150-5000 
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nmol per injection) is a source of cyanide; S-Nitro-N-acetylpenicillamine (SNAP; 

30-1000nmol per injection) is another NO-donor that does not release cyanide; N-

acetyl-3-mercaptovaline (NAP; 30-1000nmol per injection) is a S N A P analogue 

that does nor donate NO (nor CN"); dimethylsulfoxide (DMSO) is a nonpolar 

solvent used to dissolve S N A P and NAP; 3-morpholino-sydnonimine (SIN-1, a 

metabolite of molsidomine; 242-2420 nmol per injection; Dojindo Molecular 

Technologies, United States) spontaneously generates both NO and superoxides, 

resulting in the pH-dependent formation of peroxynitrite and hydroxyl radicals 

(Hogg et al., 1992; Noack and Feelisch, 1989)(see Fig. 2.2); 3-isobutyl-1-

methylxanthine (IBMX; 2-200nmol per injection) is a non-specific 

phosphodiesterase inhibitor; 1H (1,2,4) oxadiazolo [4,3-a] quinoxaline-1-one 

(ODQ; 0.02-20 nmol per injection) is an inhibitor of soluble guanylyl cyclase; 8-

bromo-cyclic guanosine 3',5'-monophosphate (8-Br-cGMP; 2-2000 nmol per 

injection) is a cell-permeable c G M P analogue and agonist; superoxide dismutase 

(SOD; 1.92 nmol per injection or 15000 enzyme units/mL) is an enzyme that 

converts superoxide radicals into hydrogen peroxide and thereby prevents 

peroxynitrite formation; diethyldithiocarbamic acid (DETC; 200-2000nmol per 

injection) is a Cu/Zn- superoxide dismutase inhibitor (Morandini et al., 1999); 

dexamethasone (19.3-193 nmol per injection) is an anti-inflammatory 

corticosteroid; uric acid (5.94-594 nmol per injection) and reduced glutathione 

(0.02-200 nmol per injection) are oxygen-radical scavengers (Regoli and Winston, 

1999); pre-synthesized peroxynitrite (ONOO") and degraded peroxynitrite (Upstate 

Biotechnology, Lake Placid, NY) are active and inactive products, respectively, of 
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NO metabolism. Unless otherwise stated, all of these agents were purchased from 

Sigma-Aldrich Canada, Oakville, Ontario. 

General procedures 

General procedures for these studies were identical to that of the PAF-

induced uveitis studies except for the following. The vehicle used for the injections 

was 20|xL of either sterile saline (0.9% NaCI) or 50% DMSO/sal ine (for S N A P / N A P 

injections to increase solubility). 

Form-Deprivation Myopia 

To induce myopia in the chick, a translucent plastic goggle (blister wrap 

abraded with sandpaper) was glued to the left eye of the chick at the time of the 

first injection. The right eye remained unoccluded. Form-deprived eyes become 

larger (wet weight) and longer (axial length) and show higher negative refractions 

(streak retinoscopy) than normal eyes. FDM is a useful model to determine and 

measure toxicity, as damage to retina and R P E inhibits FDM (Gudgeon et al., 

2002). 

Assessment of Myopia 

At age 14 days (P14), the ocular development of the chicks was assessed. 

The chicks were refracted without cycloplegia to the nearest diopter, using streak 

retinoscopy and trial lenses (see Gudgeon, 1999), and then euthanized by 

intraperitoneal injection of 1ml_ Euthanyl. Eyes were removed, weighed, and 

measured with digital calipers to determine axial length and equatorial diameter. 

The E D 5 0 of a given drug was estimated by linear interpolation as the dose that 

prevented 50% of the total myopia in the form-deprived eye. 



56 

Statistics 

There were six chicks per treatment group. All experiments were conducted 

at least twice to ensure reproducibility. Micrographs presented in this study 

represent what was typically seen under the microscope. 

Statistical analysis was performed using the non-parametric Kruskal-Wallis 

method followed by Dunn's post-test. (Graphpad Instat v.2.01 for the Macintosh), 

with p<0.05 being considered significant. Statistical significance is identified on 

figures using asterisks. *p<0.05, **p<0.01, ***p<0.001. Graphs were constructed 

using Graphpad Prism v3.02 for the P C . 

Preparation of Eyes 

Eyes were prepared using the same methods stated for the PAF-induced 

uveitis studies. 

Histology 

Histology was performed using the same methods stated above for the 

studies of PAF-induced uveitis. 

Immunohistochemistry 

Immunohistochemistry was performed using the same protocol as stated 

above for PAF-induced studies with the following exceptions. The primary and 

secondary antibodies used for these studies are listed in Table 2.1. 

Immunohistochemical Theory 

Most antibodies applied during immunohistochemistry are of the 

immunoglobulin G (IgG) class. These antibodies are composed of dimerized amino 

acid chains, which contain constant and variable regions. The surface structure of 
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the variable regions complements the surface structure of the antigen used to 

induce them. This special matching of molecular shape and charge allows the 

antibodies to bind to their specific antigen. All antibodies of a particular species 

contain the same constant region. During immunohistochemical methods, the first 

step involves the binding of primary antibody to the antigen of interest on the sliced 

sections of tissue. The first antibody can then be further immunolabelled with a 

second antibody that recognizes its constant region. Normally, this secondary 

antibody is conjugated to a fluorophore such as Cy3 that emits a specific 

wavelength of light when illuminated with light of a different wavelength. This 

method of indirect fluorophore labelling allows for improved antigen identification 

as it presents a larger region for binding of fluorophore-conjugated antibodies (the 

common region of the primary antibody) and reduces the steric-binding hindrance 

associated with such large molecules. The primary antibody is smaller than the 

fluorophore-conjugated secondary antibody and can gain closer access to the 

tissue antigen (Gudgeon, 1999). 

Explanation of antibodies used: 

Rhodopsin- rhodopsin is the photopigment found in rod photoreceptors. The 

rhodopsin antibody that was used in these studies, Rho 4D2, binds to rhodopsin 

within the outer segments of rods, and to green-sensitive cone opsins (Araki et al., 

1984). Therefore, an antibody that labels rhodopsin is a reliable marker of rods 

within the chick retina. 

Calbindin- calbindin (CaBP-28K) is a cytosolic calcium-binding protein that binds 

4 C a 2 + ions, and is found in many cells of the central nervous system. The chick 



calretinin, another calcium-binding protein, is 60% homologous to that of chick 

calbindin. C a B P belongs to the troponin C/calmodulin superfamily, and has been 

implicated in differentiation of nervous tissue during embryological development. 

Although many studies have shown mammalian and other vertebrate retinas to be 

immunoreactive for C a B P in horizontal, ganglion, or bipolar cells (Pasteéis et al., 

1990; Deng et al., 2001), there is evidence that chick retinas only label for C a B P in 

the photoreceptor layer, specifically the cones (Gudgeon, 1999; Hamano et al., 

1990; Pasteéis et al., 1987). We have chosen the antibody to calbindin D-28K as 

an effective marker of cone photoreceptors in the chick. This antibody appears to 

also label some amacrine cells in the inner nuclear layer (Ellis et al., 1991). 

LEP100- this particular antibody binds to an antigen, a specific membrane 

glycoprotein, on lysosomal membranes (Lippincott-Schwartz and Fambrough, 

1986). Lysosomes act as a cell's digestive organelles. Included within the 

boundaries of a typical lysosome is a collection of around fifty different hydrolytic 

enzymes. When phagocytic cells such as macrophages and neutrophils begin to 

phagocytose materials, their lysosomes convert from tubular to vesicular 

structures. Macrophages function as scavengers that ingest debris or potentially 

dangerous microorganisms. A macrophage heavily engaged in phagocytosis may 

have as many as a thousand lysosomes. LEP100 is a lysosomal membrane-

antibody we used as a marker for macrophage phagocytic activity. 

cGMP- cyclic guanosine monophosphate (cGMP) is a second messenger involved 

in many types of intracellular signalling. It is synthesized by the enzyme soluble 

guanylyl cyclase, which is typically activated by binding of nitric oxide. In these 
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studies, we employed a polyclonal antibody raised against c G M P in order to 

identify the presence and physiological activity of nitric oxide within the chick 

retina. Cyc l i c -GMP formation can also be indirectly used to determine N O S activity 

(Laychock, 1998). 

HNE and MDA- hydroxynonenal and malondialdehyde are aldehydes and lipid 

peroxidation byproducts. As stated earlier in the Introduction, MDA and HNE are 

the two major aldehydes formed during peroxidation of lipids, and detection of 

these two products is a reliable way of localizing lipid peroxidation. In these 

studies, we have used two antibodies towards MDA and HNE-protein adducts as 

markers for lipid peroxidation during SNP-toxicity. 

NT- nitrotyrosine is formed on peptides and proteins when peroxynitrite is 

produced by the reaction of nitric oxide with superoxide radicals. Since the half-life 

of peroxynitrite is only a few seconds, nitrotyrosine is a stable product that can be 

reliably identified using immunohistochemistry. 

TAPI- TAP1 is an antibody that binds to immune dendritic cells (Guillemot et al., 

1984). Dendritic cells are tissue-resident leukocytes, named for their long, branch

like projections, that play a major role in antigen-presentation to B and T cells in 

lymph nodes during an inflammatory response. We have used this antibody as a 

general marker for responsive cells in the retina and choroid. 

iNOS- this ¡NOS antibody binds to the inducible form of nitric oxide synthase. 

During normal physiologic conditions, there should be no ¡NOS immunoreactivity in 

the retina. iNOS is only expressed during times of inflammation or other tissue 
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damage. In the chick retina, iNOS can be expressed in Müller glial cells, microglia, 

or R P E cells. 

NADPH Histochemical Theory 

Nitric oxide synthase oxidizes the guanidine moiety of L-arginine to liberate 

NO and L-citrulline. The oxidation requires donation of five electrons from reduced 

cofactors, including flavine mononucleotide (FMN), flavine adenine dinucleotide 

(FAD), and nicotinamide adenine dinucleotide phosphate (NADPH). The most 

common method for detecting and localizing NOS activity in tissues is N A D P H -

diaphorase histochemistry, which requires N A D P H substrate and an enzyme 

(presumably NOS) to reduce and subsequently precipitate and electron-accepting 

chromophore. NADPH-diaphorase is reported to label NOS-containing cells 

specifically in paraformaldehyde-fixed tissues, as such fixation does not prevent 

binding and catalysis of N A D P H by NOS, but inactivates other enzymes that 

catabolize N A D P H (Matsumoto et al., 1993). 
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Figure 2.1. Chemical structures of L-arginine (L-Arg), N -(l-iminoethyl)-L-

ornithine (L-NIO), and N 6-(1-iminoethyl)-L-lysine (L-NIL). 



SNP: Sodium nitroprusside 

Na 2 Fe(CN) 5 » . 2H20 
Once reacted with reducing agents 
or enzymes in tissue, SNP releases 
nitric oxide (NO) along with CN 
as a byproduct 
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Table 2.1. Inflammation Rating. A subjective rating system based on gross 

and morphological observations used to assess inflammatory responses of 

chicks intravitreally injected with platelet activating factor and examined three 

days later. 

Rating Signs of Inflammation 
0 None; streak retinoscopy and direct ophthalmoscopy are normal; 

vitreous, choroid and retina are healthy 
1 Mild; eyelid is open; cornea is clear; normal red light reflex; a few 

leukocytes in vitreous; histologically, retina appears healthy 
2 Moderate; eyelid is open; direct ophthalmoscopy shows greyish fundus; 

pus in vitreous; vitreous is still fluid; histologically, R P E and 
photoreceptors show moderate damage with some leukocyte 
infiltration, while inner retinal layers are normal 

3 Severe; eyelid remains closed; pupil is whitish-grey; no red light reflex; 
vitreous is white and starting to solidify to pectén and retina; 
histologically, photoreceptors and R P E are heavily damaged with 
phagocyte and dysplastic R P E cell infiltration, while inner retinal layers 
are normal 

4 Very severe; eyelid remains closed; posterior and lateral regions of 
sclera have white patches; pupil is white; aqueous is cloudy; vitreous is 
a white solid mass; inner eye cup is grainy in appearance with areas of 
depigmentation; histologically, all retinal layers are damaged with 
significant phagocyte infiltration into all layers 
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Table 2.2. Antisera used as immunohistochemical markers. 

Antiserum/Antibodv Antiaen SDecies/TvDe Source Dilution 
ilaGì 

CaBP-28K Calbindin Mouse mono Sigma-Aldrich 
Canada, 
(Oakville, ON) 

1:200 

cGMP cGMP Sheep poly Dr. J. de 
Vente, The 
Netherlands 

1:500 

HNE 4-hydroxy-2-
nonenal 

Rabbit poly Alpha 
Diagnostics 
Int. (San 
Antonio, TX) 

1:250 

iNOS iNOS Rabbit poly Affinity 
Bioreagents 
(Golden, CO) 

1:200 

LEP 100 Lysosomal 
membrane 

Mouse mono Developmental 
Studies 
Hybridoma 
Bank (Iowa) 

1:50 

MDA Malondialdehyde Rabbit poly Alpha 
Diagnostics 
(Golden, CO) 

1:500 

Nitrotyrosine Nitrotyrosine Rabbit poly Upstate 
Biotechnology 
(Lake Placid, 
NY) 

1:200 

Rho 4D2 rhodopsin Mouse mono Dr. R. Molday 
(UBC, 
Vancouver, 
Canada) 

1:50 

TAP 1 dendritic cells Mouse mono Developmental 
Studies 
Hybridoma 
Bank (Iowa) 

1:100 

Cy3-conj. a-rabbit 
IgG 

rabbit IgG Goat poly Sigma-Aldrich 
(Canada) 

1:1500 

Cy3-conj. a-mouse 
IgG 

mouse IgG Goat poly Sigma-Aldrich 
(Canada) 

1:1500 

Cy3-conj. a-sheep 
IgG 

sheep IgG Goat poly Sigma-Aldrich 
(Canada) 

1:1000 
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CHAPTER 3 

RESULTS - Part 1 

PLATELET-ACTIVATING FACTOR-INDUCED UVEITIS 

Unless stated otherwise, the results stated below are representative of all 

chicks within each treatment group (N=6 per group). 

I. Platelet-activating factor as an inflammatory agent. 

A. 2fmolPAF: 

Three days after a single intravitreal injection of P A F , the lowest dose of 

2fmol (Fig. 3.1) had no effect on the chick eye. Ophthalmoscopy revealed a normal 

fundus, with a clear red light reflex. Streak retinoscopy showed an unambiguous 

hyperopic refraction (~+7 Diopters), much of which may be due to a small-eye 

artefact (Glickstein & Millodot, 1970). The vitreous appeared unaffected, colourless 

with no signs of leukocyte infiltration. Histologically, these retinas appeared healthy 

and there were no signs of inflammation or damage to retinal cells or choroid (data 

not shown). Eyes treated with vehicle alone (1% B S A / P B S ) were also normal, with 

no pathological signs of inflammation or damage, consistent with previous findings 

by Rosenbaum (1999). 

B. 20 fmol PAF: 

After injection of 20fmol PAF , the treated eyes were significantly inflamed 

(Fig. 3.1). Ophthalmoscopy and retinoscopy revealed a greyish, diffuse light reflex. 

Once the eye was hemisected, large masses of exudate were seen to have 

infiltrated the vitreal chamber. Histologically, the treated retinas appeared 

damaged (Fig. 3.2A). The retinal pigment epithelium (RPE) was irregular, with 



areas of missing cells and dysplastic cells invading the photoreceptor layer. The 

R P E was unevenly connected to photoreceptor outer segments, R P E cells were 

rounded up and detached from the photoreceptor layer. Photoreceptors also 

appeared to be damaged, as seen with Toluidine Blue staining and 

immunohistochemical sections labelled for rods (rhodopsin, Fig. 3.3A) and cones 

(calbindin, Fig. 3.4A). Outer segments were jagged and crooked and not regularly 

aligned with the R P E . To assess the involvement of the immune system, PAF-

treated retinas were labelled for lysosomal membrane (LEP 100, Fig. 3.5A) and 

dendritic cells (TAP1, Fig. 3.5C). In 20fmol PAF-treated retinas, cells 

immunoreactive for LEP100 were found in the choroid and to a lesser extent in the 

R P E . Immunoreactive dendritic cells were slightly more abundant in 20fmol P A F -

treated retinas than control eyes. Macrophages from the choroid were seen 

infiltrating the Bruch's membrane and the outer retina. The inner layers of the 

retina, from the outer plexiform layer inward, appeared unaffected by PAF . 

Immunohistochemistry revealed that photoreceptors, cells in the inner nuclear 

layer and ganglion cell layer, and choroidal endothelial cells were immunoreactive 

for c G M P (Fig. 3.6A). Labelling for c G M P in the inner plexiform layer (IPL) 

appeared to be restricted to two stratifications in sublaminae at about 30% and 

55% IPL depth (see Gudgeon et al., 2002). Cells were immunoreactive for iNOS in 

the choroid and outer retina of eyes injected with 20fmol P A F (Fig. 3.8A). Control 

retinas were mildly labelled for c G M P in photoreceptors, bipolar cells and amacrine 

cells (Fig. 3.6D) but there was no iNOS labelling (Fig. 3.8D). To localize the N O S 

enzyme within the PAF-treated chick retina, NADPH-diaphorase histochemistry 



was performed. As reported by Fischer et al. (1999), NADPH-diaphorase labelling 

of control retinas was found in amacrine cells, some ganglion cells, efferent fibres, 

efferent target cells, neuronal processes in both plexiform layers, photoreceptor 

ellipsoids, Müller cells, and cells in the choroid (Fig. 3.9D & 3.1 OC). 20fmol P A F -

treated retinas were identical except for more distinct NADPH-diaphorase labelling 

in photoreceptors (Fig. 3.9A) and some apparent extra dense labelling in choroidal 

nerve bundles and blood vessels (Fig. 3.1 OA,B). 

C. 0.2- 20 pmol P A F : 

At the highest doses of P A F (200fmol-20pmol), chick eyes were severely 

inflamed (Fig. 3.1). The axial length of the treated eye was shorter and the 

equatorial diameter larger than that of the untreated eye. Streak retinoscopy and 

direct ophthalmoscopy could not be performed, as the pupil was completely 

occluded by white infiltrate in the vitreous. There was no obvious infiltrate in the 

anterior chamber. Dissection revealed that the vitreous had completely hardened 

into a white solid, which could not be removed from the retina without tearing it. 

The pigmentation of the interior of the posterior eyecup was diminished, especially 

near the pectén, and the retina appeared rippled, which was not due to vitreous 

removal. 20pmol P A F caused the inner and outer retina to be damaged, with 

macrophages infiltrating not only the photoreceptor layer but also the inner nuclear 

layer. There were perforations in the inner nuclear layer, and there appeared to be 

a reduction in the density of amacrine cells (Fig. 3.2B). In 20pmol PAF-treated 

eyes, c G M P immunoreactivity was barely present in the photoreceptor layer (Fig. 

3.7E), whereas immunohistochemistry revealed positive iNOS labelling throughout 
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the choroid and outer retina (data not shown). Contralateral control retinas (Fig. 

3.2G) appeared the same histologically as untreated retinas contralateral to 20fmol 

P A F . 

For the above treatments, all contralateral (vehicle-treated) eyes appeared 

to be unaffected and perfectly healthy. 

II. Effects of NOS-inhibitors, L-NIO and L-NIL, on the chick retina. 

To inhibit nitric oxide synthase (NOS) within the eye, two NOS inhibitors 

were used. L-NIO is known to be a generalized N O S inhibitor, with a slight 

preference for endothelial N O S (Moneada et al., 1997), whereas L-NIL, which only 

differs from L-NIO by having one more methylene group, is said to target ¡NOS 

selectively (Connor et al., 1995). 

A. L-NIO - We injected a dose of L-NIO that has been shown to be effective in 

entering cells and reducing nitric oxide production in the chick eye (Wellard et al., 

1995; Gudgeon et al., 2002). Nitrites and nitrates (NOx) collectively are well-known 

by-products of NO oxidation. Doses >100nmol L-NIO per injection are capable of 

lowering NOx levels in the retina, without damaging it. In our experiments, we 

injected 300nmol L-NIO per 20u,L injection. We found that it did not cause any 

obvious harm to normal control eyes. The pupil and vitreous were clear, the chick 

was not in discomfort, and histologically the retina and surrounding tissues were 

normal (Fig. 3.2E). Using immunohistochemistry we found that 300nmol L-NIO 

mildly reduced cGMP-immunoreactivity one day after injection in the photoreceptor 

layer, but completely abolished labelling in the inner nuclear layer, as compared to 

untreated eyes (data not shown). 
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B. L-NIL - Like L-NIO (above), L-NIL at 300nmol per injection also effectively 

reduces nitric oxide formation, likely by targeting the heme residue at the target 

site and destroying it (Bryk and Wolff, 1998). Although it has not been reported to 

be used in the retina, previous studies found, by measuring the plasma nitrite 

levels in adjuvant-induced arthritic rats, that L-NIL suppressed the production of 

nitric oxide by iNOS (IC5o=3uJv1 in vitro); L-NIL also attenuated iNOS 

immunoreactivity in the inflamed joints (Connor et al., 1995). My experiments 

showed that 300nmol L-NIL did not damage the eye in any way. Histologically, all 

retinal layers were uniform and intact (Fig. 3.2F). L-NIL had no apparent effect on 

c G M P labelling, as compared to control retinas (data not shown). 

HI. Can NOS inhibitors prevent induction of damage by PAF? 

We have shown that 20fmol P A F is capable of inducing inflammation and 

damages outer retina and R P E in the chick. The purpose of these studies was to 

determine whether outer retinal damage in this model of uveitis was due to 

production of excess NO by inflammatory cells. To do this, 300nmol of either L-

NIO or L-NIL was co-injected simultaneously with 20fmol P A F , which is the 

minimum dose of P A F required to induce inflammation and retinal damage. 24 

hours later, 300nmol L-NIO or L-NIL alone was injected again. Eyes were 

assessed three days after the initial injections. 

A. L-NIO & PAF - As described earlier in this chapter, 20fmol P A F damaged 

photoreceptors and R P E and caused macrophages to invade the outer retina. C o -

injection of 300nmol L-NIO with 20fmol P A F produced a drastic reduction in 

damage. Apparently, inflammation had still been induced by P A F , as there was still 
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minimal white exudate in the vitreous, but the interior of the posterior eyecup 

retained its normal pigmentation. The chick tended to keep its eye shut as much as 

possible. These eyes were assigned an average Inflammation Rating of 1-2 (data 

not shown), compared to eyes treated with 20fmol P A F given an average rating of 

about 2.3 (Fig. 3.1). Histologically, the photoreceptors and R P E were normal. 

Photoreceptor outer segments were bound to the R P E and photoreceptors 

maintained a continuous layer in the outer retina (Fig 3.2C). Immunohistochemistry 

for rods (Fig. 3.3B) and cones (Fig. 3.4B) showed more uniform labelling in retinas 

treated with both P A F and L-NIO than in retinas treated with P A F alone. There 

were only a few regions of the retina in which the R P E had become detached from 

the photoreceptors. As for all previous treatments with 20fmol P A F or 300nmol L-

NIO alone, the inner retina was intact and unaffected. Immunohistochemically, 

retinas co-treated with 300nmol L-NIO and 20fmol P A F showed positive labelling 

for c G M P in the photoreceptors, but not the inner nuclear layer (Fig. 3.6B). iNOS 

immunoreactivity was present in cells the choroid (Fig. 3.8B). Contralateral control 

retinas showed minor c G M P labelling in photoreceptors but no iNOS labelling. 

NADPH-diaphorase histochemistry revealed little difference between PAF/L-NIO-

treated retinas and control retinas (Fig. 3.9B,D). 

Retinas treated with 300nmol L-NIO and the highest dose of 20pmol P A F 

were assessed for damage. Histologically, these retinas appeared similar to 

untreated retinas yet the density of cells in the inner nuclear layer was lower than 

normal. The R P E and photoreceptors appeared normal, and the overall damage to 

the retina appeared dramatically less than retinas treated with 20pmol P A F alone 



(Fig. 3.7A,B). Immunohistochemistry revealed very minor cGMP-labell ing in the 

photoreceptor layer; however, a few scattered photoreceptors were prominently 

labelled (Fig. 3.7D). Untreated retinas showed moderate c G M P labelling in the 

photoreceptor layer (Fig. 3.7F). 

B. L-NIL & PAF - Co-injecting 300nmol L-NIL with 20fmol P A F significantly 

limited the damage induced by P A F alone. As for co-injections with L-NIO, there 

were still signs of inflammation, including vitreal cell infiltrates, clouding of the 

vitreous, and the chick's tendency to keep the treated eye shut. These eyes were 

assigned an average Inflammation Rating of about 1 (data not shown), compared 

to eyes treated with 20fmol P A F given an average rating of about 2. There were no 

signs of damage in the photoreceptors, R P E , or the inner retina. 20fmol PAF-

treated retinas co-injected with 300nmol L-NIL appeared practically 

indistinguishable from untreated control retinas. A few macrophages were seen 

invading the photoreceptor layer, but photoreceptors were normal and their outer 

segments maintained a close and consistent connection with a uniform R P E layer 

(Fig. 3.2D). Immunohistochemically, retinas co-injected with 300nmol L-NIL and 

20fmol P A F revealed normal labelling for rods (Fig. 3.3C) and cones (Fig. 3.4C), 

and significant c G M P labelling in photoreceptors and inner nuclear layer. L-NIL did 

not appear to suppress c G M P labelling in the inner retina as much as L-NIO. (Fig. 

3.6C). There was no iNOS labelling in these L-NIL+PAF co-treated retinas (Fig. 

3.8C). NADPH-diaphorase histochemistry of L-NIL/PAF-treated retinas revealed 

normal labelling for NOS (same as that of untreated retinas) (Fig. 3.9C). The 
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contralateral control retinas showed labelling for c G M P in the photoreceptor layer 

but no labelling for iNOS (same as above). 
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Figure 3.1. The effects of a single intravitreal injection of different doses of 

platelet-activating factor on the chick eye, expressed as mean values of 

the Inflammation Rating (see Table 1 in Methods). Doses are given as the 

amount (moles) of drug injected into the vitreal chamber of the eye. N=6 

per dosage group. 
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Figure 3.2. Micrographs of retinas stained 
with 0.1% Toluidine Blue to show 
histological damage. Retinas were treated 
with a single injection of A) 20fmol PAF, B) 
20pmol PAF, C) 20fmol PAF+300nmol L-
NIO, D) 20fmol PAF+300nmol L-NIL, E) 
300nmol L-NIO, F) 300nmol L-NIL, G) 
vehicle only (1% BSA/PBS). Arrowhead 
indicates PR and RPE damage. RPE: 
retinal pigment epithelium, PR: 
photoreceptors, INL: inner nuclear layer, 
IPL: inner plexiform layer, GCL: ganglion 
cell layer. Scale bar=50gm. 
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Figure 3.3. Micrographs of retinas labelled for rhodopsin to show rod 

photoreceptors. Retinas were treated with a single injection of A) 20fmol PAF, 

B) 20fmol PAF + 300nmol L-NIO, C) 20fmol PAF + 300nmol L-NIL, D) vehicle 

alone (1% BSA/PBS). RPE: retinal pigment epithelium, PR: photoreceptors 

INL: inner nuclear layer, IPL: inner plexiform layer, GCL: ganglion cell layer. 

Scale bar=50um. 



76 

_ fc _ RPE 

INL 

1 IPL 
calbindin 

1 GCL 
A 20 fmol PAF B PAF+L-NIO 

C PAF+L-NTL D Control 

Figure 3.4. Micrographs of retinas labelled for calbindin to show cone 

photoreceptors. Retinas were treated with a single injection of A) 20fmol PAF, 

B) 20fmol PAF + 300nmol L-NIO, C) 20fmol PAF + 300nmol L-NIL, D) vehicle 

alone (1 % BSA/PBS). RPE: retinal pigment epithelium, PR: photoreceptors, 

INL: inner nuclear layer, IPL: inner plexiform layer, GCL: ganglion cell layer. 

Scale bar=50um. 
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Figure 3.5. Micrographs of retinas labelled with LEP100 antibodies (A&B) to 

show lysosomal membrane (phagocytic activity) or TAP1 antibodies (C&D) to 

show immune dendritic cells. Retinas were treated with a single injection of 

20fmol PAF (A,C) or vehicle alone (1% BSA/PBS) (B,D). Ch: choroid, RPE: 

retinal pigment epithelium, PR: photoreceptors, INL: inner nuclear layer, IPL: 

inner plexiform layer, GCL: ganglion cell layer. Scale bar=50um. 
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Figure 3.6. Micrographs of retinas labelled for cGMP to indirectly show the 

presence of nitric oxide. Retinas were treated with a single injection of A) 

20fmol PAF, B) 20fmol PAF + 300nmol L-NIO, C) 20fmol PAF + 300nmol L-

NIL, D) vehicle alone (1% BSA/PBS) and sampled one day later. RPE: 

retinal pigment epithelium, PR: photoreceptors, INL: inner nuclear layer, IPL: 

inner plexiform layer, GCL: ganglion cell layer. Scale bar=50um. 
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Figure 3.7. Micrographs of retinas labelled for cGMP to indirectly show the 

presence of nitric oxide at the highest dose of PAF. Retinas were treated 

with a single injection of 20pmol PAF+300nmol L-NIO (A&D), 20pmol PAF 

alone (B&E), or vehicle alone (1% BSA/PBS)(C&F). Arrowheads indicate 

dark-stained leukocytes. Ch: choroid, RPE: retinal pigment epithelium, PR: 

photoreceptors, INL: inner nuclear layer, IPL: inner plexiform layer, GCL: 

ganglion cell layer. Scale bar=50um. 



80 

: ' *.' ' ' INL 

i N O S j ipi. 

A 20 fmol PAF G C L 

, B 

: ' *.' ' ' INL 

i N O S j ipi. 

A 20 fmol PAF G C L B PAF+L-NIO 

C PAF+L-NIL D Control 

Figure 3.8. Micrographs of retinas labelled for iNOS antibody (A&B) to show 

iNOS expression by macrophages, microglia, or Muller glia. Retinas were 

treated with a single injection of A) 20fmol PAF, B) 20fmol PAF + 300nmol L-

NIO, C) 20fmol PAF + 300nmol L-NIL, D) vehicle alone (1% BSA/PBS). RPE: 

retinal pigment epithelium, PR: photoreceptors, INL: inner nuclear layer, IPL: 

inner plexiform layer, GCL: ganglion cell layer. Scale bar=50um. 
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Figure 3.9. Micrographs of retinas labelled for NADPH-diaphorase activity to 

indicate the presence of nitric oxide synthase. Retinas were treated with a 

single injection of A) 20fmol PAF, B) 20fmol PAF + 300nmol L-NIO, C) 

20fmol PAF + 300nmol L-NIL, D) vehicle alone (1% BSA/PBS). RPE: retinal 

pigment epithelium, PR: photoreceptors, INL: inner nuclear layer, IPL: inner 

plexiform layer, GCL: ganglion cell layer. Scale bar=50um. 



Figure 3.10. Micrographs of choroids labelled for NADPH-diaphorase. 

Chicks were treated with either 20fmol PAF (A&B) or vehicle alone (C). Solid 

arrowheads (A) indicate nerve bundles, open arrowheads (B) indicate 

longitudinal blood vessels, arrows (C) indicate red blood cells. RPE: retinal 

pigment epithelium. Scale bar=50um. 
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CHAPTER 4 

RESULTS - Part 2 

NITRIC OXIDE TOXICITY 

Unless otherwise stated, all results were obtained by sampling treated eyes 

7 days (P14) after a single injection of the agent being tested. The results stated 

below are representative of all chicks within each treatment group (N=6 per group). 

Because of space limitations, only refraction and wet weight figures are shown, 

with axial length figures omitted. 

I. SNP at intermediate doses is toxic to RPE and photoreceptors 

In all of the treatment groups, the control, goggled, saline-injected (left) eyes 

grew excessively large (~750mg) and gave a negative (-7D) refraction. In the 

contralateral vehicle-injected (right) eyes of all treated chicks, the wet weight was 

around 650mg and gave an apparently hyperopic refraction of about +7D. After 

correction for small-eye retinoscopy artefact (Glickstein and Millodot, 1970), control 

eyes were approximately emmetropic and form-deprived eyes about - 1 4 D myopic. 

All saline-injected eyes were healthy, and their retinas appeared normal. 

A. Effect of SNP on Eye Growth and Refraction: 

Moderate doses of S N P (~4-40nmol/injection) induce elevations of c G M P in 

retinal neurons in the chick (Gudgeon et al., 2002). At these doses, S N P had no 

effect on eye growth and did not prevent form-deprivation myopia, as reported 

previously by Gudgeon (1999). However, at concentrations > 200nmol per single 

injection (ED 5 0=100nmol) or> 100nmol/injection for multiple injections on 

alternating days, S N P reduced the induced-myopic refraction and increases in wet 



weight (Fig. 4.1) and axial length (data not shown) in a dose-dependent fashion. 

200 and 100nmol S N P yielded initial concentrations of approximately 1 .OmM and 

0.50mM, respectively, in the vitreous. The highest dose, 1000nmol S N P , caused a 

drastic reduction in the size, length, and weight of the treated eye and caused the 

retina to scar. The resulting eye was very hyperopic, as implied by Fig. 4.1 A. 

B. Appearance of SNP-treated Eyes in the Microscope: 

Examination of eyes treated with 200nmol S N P under a dissecting 

microscope showed a marked reduction in pigmentation behind the retina. The 

inside surface of the posterior eye cup appeared greyish and grainy rather than 

dark and uniform as in the untreated eye. 

Sections of 200nmol SNP-treated retinas stained with Toluidine Blue (Fig. 

4.2) showed an abundance of leukocytes in the choroid. Granulocytes or 

macrophages, identified by their large cell bodies and deep Toluidine Blue 

staining, were seen to be invading the outer retina (not illustrated in figures). In 

retinas treated with 200nmol S N P (single injection) or 150nmol (multiple 

injections), there was significant damage to the R P E and outer retina. The R P E 

was perforated and irregular, with rounding-up and clumping of individual R P E 

cells and migration of small clusters of R P E cells into the photoreceptor layer. In 

the outer nuclear layer (ONL), both rods and cones were damaged. 

Photoreceptors were unevenly dispersed throughout the ONL, and their outer 

segments appeared jagged and separated from the R P E . Oil droplets from the 

photoreceptors were scattered in depth within the photoreceptor layer. Damage to 

the outer retina was detectable as soon as one day after injection of S N P . Damage 
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caused by these doses of S N P appeared mainly to be restricted to the outer retina, 

because the inner nuclear layer, inner plexiform layer, and ganglion cell layer all 

appeared normal in the SNP-treated eyes. 

C. Time-Course of Histological Changes in SNP-Treated Eyes: 

Retinas treated with a single optimal dose of 200nmol S N P on P7 were 

assessed histologically with Toluidine Blue over a period of 7 days (Fig. 4.2). 2 

hours after the single injection of S N P , photoreceptors were disrupted and the 

structural integrity of the cells, especially the inner and outer segments, was lost 

(Fig. 4.2A). Surprisingly, the R P E appeared normal and intact, as did the rest of 

the retina. Both the treated and control retinas are thinner than 7-day (P14) retinas, 

likely because the younger chick eyes were smaller and the retina was still 

growing. 

One day after S N P injection, damage was most obvious in the degenerating 

R P E (Fig. 4.2C). There were large gaps in the normally intact R P E layer, with R P E 

cells clumping together to form large pigmented masses. At this time, the 

photoreceptors did not appear as disrupted as they had appeared two hours after 

S N P injection. 

3 and 7 days after injection of S N P , both the R P E and photoreceptors were 

significantly damaged (Fig. 4.2E.G). Retinal thickness was reduced by 

approximately 1/3 in treated eyes compared with untreated retinas. Damage was 

confined to the outer retina, and the inner retina, including the inner nuclear layer 

and ganglion cell layer, remained unaffected. Maximal immune activity appeared to 

occur at 3 days after S N P injection, because at this time numerous dark-stained 



granulocytes and macrophages were invading the inner portion of the choroid 

(observed, but not clearly illustrated in figures). 

D. Immunohistochemistry of SNP-Treated Eyes: 

To localize and characterize damage to specific retinal cells, SNP-treated 

retinas and the contralateral untreated retinas were labelled with antibodies 

against rhodopsin and calbindin at day P14 (ie., 7 days after treatment). Retinas 

treated with a single injection of 200nmol S N P showed signs of photoreceptor 

damage and perforations in the R P E . Rod outer segments were immunoreactive 

for rhodopsin in both control and treated retinas, but labelled outer segments were 

less numerous and often distorted in the treated retinas (Fig. 4.3A). Antibody to 

calbindin labelled cones and some amacrine cells (Fig. 4.3B). Labelled rods and 

cones appeared distorted and scattered in the > 200nmol SNP-treated retinas, but 

normal and uniformly distributed in the control retinas, whereas calbindin-

immunoreactive amacrine cells appeared the same in treated and control retinas. 

200nmol SNP-treated retinas were immunoreactive for L E P 100, a marker of 

phagocytic activity, in the choroid, R P E , and photoreceptor layer (Fig. 4.3C). 

Untreated retinas were not immunoreactive for L E P 100. 

II. Is the Toxicity of SNP Due to Nitric Oxide? 

A. Effect of NaCN: 

Doses of N a C N equivalent to the maximum dose of cyanide that could be 

derived from S N P (5x S N P moles), ie., 0, 150, 500, 1500, or5000nmol N a C N per 

injection, did not affect the refraction, growth, or integrity of the treated eyes (Fig. 

4.4). FDM was not prevented, and the retinas were not damaged, up to 1500nmol 



N a C N per injection. Immunohistochemical labelling of retinas with antibodies to 

rhodopsin and calbindin showed that photoreceptors were intact in both the N a C N -

treated and untreated retinas (Fig. 4.5A,B). When 5000nmol NaCN was injected, 

5/6 chicks died within one hour of treatment, but the retina in the treated eye of the 

surviving chick was apparently unaffected. 

B. Effect of SNAP: 

When 0, 300, 500, 700 or 1000 nmol of the NO-donor S N A P was injected, 

only >700nmol S N A P (single injection) damaged the retina in a way similar to a 

single 300nmol dose of S N P (ED 5 0=600nmol). The eyes of these damaged retinas 

were smaller than untreated goggled eyes, and FDM was prevented (Fig. 4.6). 

Retinas treated with 0 and 300nmol S N A P were not damaged and were myopic 

and larger than the contralateral control eyes. Eyes treated with 1000nmol S N A P 

were shorter and smaller than 700 nmol SNAP-treated eyes, showing a dose-

dependent response to S N A P . At these higher doses, photoreceptors were 

irregularly scattered throughout the photoreceptor layer, and segments of the R P E 

had deteriorated (Fig.4.7A,B). 

C. Effect of NAP: 

NAP is a close analogue to S N A P that does not release nitric oxide. None 

of the injected doses of N A P had any effect on FDM or retinal/RPE damage (Fig. 

4.8). At all doses, the treated eyes grew large and myopic, similar to the 

50%DMSO/saline-injected control group. lOOOnmol N A P caused slight but 

statistically insignificant decreases in myopia and eye weight. Histologically, these 

retinas were normal (data not shown). 
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D. Effect of SIN-1: 

At relatively higher doses, this NO-donor also prevented excessive eye 

growth and damaged the outer retina (ED 5 0=250nmol). 24nmol SIN-1 per injection 

did not affect the eye or FDM. At 242nmol SIN-1, photoreceptors and R P E were 

damaged and FDM was prevented. 2420nmol SIN-1 also prevented eye growth 

and damaged the outer retina, but the effects were not as great as those at 

242nmol (Fig. 4.9). However, the effects of these two doses are equivalent 

statistically. Retinas treated with SIN-1 were not as severely damaged as those 

treated with doses of S N P or S N A P that had comparable effects on refraction and 

eye size. The R P E was mostly intact with very few perforations, although most of 

the photoreceptors were detached from the R P E (data not shown). 

III. SNP and cGMP 

The experimental results described above showed that NO-donors such as 

S N P , S N A P , and SIN-1 damage photoreceptors and R P E by releasing NO. NO 

can act through several mechanisms. In the experiments described in this section, 

we tested whether these damaging effects were due to accumulation of c G M P in 

the retina by injecting agents that either increase or decrease c G M P levels. 

A. Effect of IBMX: 

Cyclic guanosine 3',5'-monophosphate (cGMP) is degraded to G M P by 

certain isoforms of the enzyme phosphodiesterase (PDE). Lolley et al. (1977) 

reported that concentrations > 10 uM IBMX were sufficient to increase c G M P 

within photoreceptors and disorganize outer segments. We found that at 

concentrations of 2, 20, or 200nmol (10LIM-1 mM in the vitreous) IBMX per 
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injection, the PDE-inhibitor was unable to prevent FDM when injected alone and 

did not alter S N P damage when injected simultaneously with 200nmol S N P . 

Goggled eyes treated with IBMX grew excessively long and the retinas were not 

damaged (Fig. 4.10) by the imposed increase in c G M P levels. In other words, 

IBMX alone had no effect on eye growth or retinal integrity. 

B. Effect of ODQ: 

Nitric oxide can activate guanylyl cyclase to synthesize c G M P . 30nM O D Q , 

a guanylyl cyclase inhibitor, has been reported to effectively lower c G M P 

concentrations (Hirota et al., 2001). ODQ was co-injected at concentrations of 

0.02, 0.2, 2, or 20nmol (0.1u.M-0.1mM per injection) with 200nmol S N P . At all 

doses, ODQ was unable to prevent retinal toxicity caused by the S N P . Retinal 

damage was still seen in the R P E and photoreceptor layer, and the inner retinal 

layers appeared normal. O D Q alone had no effect on the excessive eye growth 

and myopia caused by the goggle (Fig. 4.11) and caused no retinal damage. 

C. Effect of 8-Br-cGMP: 

Cyclic guanosine monophosphate (cGMP) is an intracellular second 

messenger of nitric oxide. Zhang and Paterson (2001) reported that 1 mM 8-Br-

c G M P , a cell-permeable c G M P analogue, mimicked the effects of smooth muscle 

contraction by 300uJVI-1 mM S N P . 

Intravitreal administration of 2, 20, 200, or 1000nmol (10u.M-5mM in the 

vitreous) 8-Br -cGMP was unable to simulate the effects of S N P . No retinal damage 

was observed in any of the treatment groups, and FDM was still induced in the 

treated goggled eyes (Fig. 4.12). The injected doses should have covered the 



physiological, as well as the higher and potentially pathological, range of c G M P -

agonist levels in the retina. Uchida et al. (2001) found that 3 mM 8-Br-cGMP 

inhibited light responses of photoreceptors in the lamprey pineal gland. Although it 

is not known how much c G M P is normally in the chick retina, Xenopus retinas 

have been reported to contain 100 fmoles of endogenous c G M P (Lolley et al., 

1977). 

IV. Does SNP Cause Damage by Forming Peroxynitrite? 

We tested whether S N P damaged the retina by forming peroxynitrite from 

nitric oxide. Peroxynitrite can nitrate proteins on tyrosine residues, impairing their 

function. Nitrotyrosine is therefore a well-known indicator of peroxynitrite-formation. 

A. Effect of SNP: 

Immunohistochemistry- Retinas treated with damaging doses of S N P 

showed positive nitrotyrosine labelling in the photoreceptors, R P E , choroid, and 

some amacrine cells of the inner nuclear layer (Fig. 4.13). In the R P E , labelling for 

nitrotyrosine surrounded individual dysplastic R P E cells, and appeared to label 

basal cytoplasm of those cells. Photoreceptors were mostly labelled on their outer 

segments. Untreated retinas showed minor background labelling throughout the 

retina, without dense labelling in the outer retina. A positive control for nitrotyrosine 

was performed by incubating untreated retinal sections with peroxynitrite and 

labelling for nitrotyrosine. There was abundant labelling for nitrotyrosine in all 

regions of the retina (not illustrated). Negative-control experiments using degraded 

peroxynitrite or incubating peroxynitrite-treated slides with only secondary antibody 

showed no labelling. 
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B. Effect of SOD: 

Peroxynitrite is formed by reaction of NO with naturally occurring 

superoxides. The supply of superoxides is controlled in part by superoxide 

dismutase (SOD), which scavenges superoxide radicals and converts them to 

hydrogen peroxide. Therefore, if superoxide has to cross the extracellular space to 

reach NO, exogenous S O D would be expected to prevent peroxynitrite formation 

and the damage that it would cause. However, 15000 enzyme units/mL of S O D co-

injected with 200nmol S N P did not prevent S N P toxicity. Retinas treated with S O D 

and S N P showed damage in the outer retina, typical of that caused by S N P alone. 

S O D by itself did not prevent FDM and caused no retinal pathology (Fig. 4.14). 

C. Effect of DETC: 

A superoxide dismutase (SOD) inhibitor, DETC, was administered in an 

attempt to prevent S O D from scavenging free radicals in the eye and converting 

them to hydrogen peroxide. This should allow peroxynitrite to form from 

endogenous NO and superoxide radicals. 200 or 2000nmol DETC per injection did 

not prevent FDM when administered alone (Fig. 4.15). No damage was observed 

in the treated retina or R P E . Co-injection of 2000nmol D E T C with 200nmol S N P 

did not alter the destructive effects of S N P (data not shown). 

V. Does SNP Cause Damage by Lipid Peroxidation? 

Malondialdehyde and 4-hydroxy-2-nonenal are common by-products of lipid 

peroxidation. We tested whether injection of S N P increased levels of these 

aldehydes in the chick retina, and in which locations. 

A. Effect of SNP: 



92 

Immunohistochemistry- Significant labelling for lipid peroxidation products 

was observed in the outer retina after treatment with 200 nmol S N P . 

Immunoreactive 4-hyroxy-2-nonenal (HNE) (Fig. 4.16A) and malondialdehyde 

(MDA) (Fig. 4.16B) were localized to the outer segments of photoreceptors and 

R P E . Minor labelling for HNE was also seen in inner segments of the 

photoreceptors and the inner nuclear layer. Saline-treated control retinas showed 

no labelling for either MDA or HNE. A negative control experiment using retinas 

incubated with only secondary antibody ruled out non-specific labelling of lipids by 

the fluorophore. 

B. SNP and antioxidants: 

If induction of free radicals is necessary for SNP-induced retinal damage, 

then damage should be reduced or prevented by a free-radical scavenger. We 

used two well-known scavengers, uric acid and glutathione, to test this hypothesis. 

1. Effect of uric acid- Co-injection of 5.94, 59.4, or 594nmol uric acid, a free-

radical scavenger, with 200nmol S N P prevented some of the damaging effects due 

to S N P alone. Whereas S N P completely prevented F D M , co-injection of 200nmol 

S N P with 5.94-594nmol uric acid only partially prevented FDM (Fig. 4.17). 

5.94nmol uric acid counteracted the anti-myopic action of S N P most strongly. 

Injection of uric acid along with 200nmol S N P rescued approximately 20-40% of 

myopic eye growth measured by refractions. All doses of uric acid appeared to 

diminish equally the effect of S N P on wet weight. Although there was still damage 

to photoreceptors and R P E in the co-injected eyes, damage was not as severe as 
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in retinas treated with S N P alone (results not illustrated). As a control, injection of 

594nmol uric acid alone had no effect on FDM or retinal histology. 

2. Effect of reduced glutathione- Co-injection of 0.02, 2, 20, or 200nmol 

reduced-glutathione, together with 200nmol S N P , had no effect on the retinal 

toxicity and inhibition of FDM caused by S N P . Treatment with glutathione alone did 

not damage retinas or influence the development of FDM (data not shown). 

VI. Does SNP Cause Damage Secondarily by Stimulating an Immune  

Response? 

A. Effect of dexamethasone: 

S N P clearly damages cells in retina and R P E at high doses. Proteins and 

other substances released from damaged cells, which normally are not presented 

to the immune system, could trigger both rapid and delayed immune responses. 

Inflammation is known to generate cytotoxic substances, including nitric oxide and 

tumor necrosis factor. It is therefore possible that some or all of the damage 

observed was due to an immune response, rather than a direct toxic effect of NO. 

To test for this, the anti-inflammatory corticosteroid dexamethasone at 19.3 or 

193nmol was co-injected with 200nmol S N P either intravitreally or intraperitoneal^, 

simultaneously with intraocular S N P , and again 1, 3, and 5 days after the initial 

S N P injection. Dexamethasone did not significantly inhibit the effects of S N P on 

F D M , or SNP-induced damage to photoreceptors and R P E , in any of the treatment 

groups (Fig. 4.18). 193nmol dexamethasone by itself, whether administered via the 

vitreous or peritoneum, had no effect on FDM or retinal histology (data not shown). 

B. Immunohistochemical assessment of inflammation: 
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Retinas treated with 200nmol S N P were immunoreactive for iNOS most 

strongly 3 days after injection (Fig. 4.19A). Cells labelled for iNOS were 

photoreceptors, Müller cells, presumed macrophages in the choroid, and a few 

microglia in the amacrine cell layer. T A P 1 , an immunohistochemical marker for 

dendritic cells, was found in cells in the choroid 7 days after treatment (Fig. 4.19B), 

whereas choroids in untreated eyes displayed only minor labelling. Treatment with 

dexamethasone abolished SNP-induced iNOS immunoreactivity (data not shown), 

showing that effective immunosuppressive doses had been delivered to the 

choroid. 

VII. Does SNP Stimulate Endogenous NO-Production by Inducing Increased  

NOS-Expression? 

Retinas were labelled for NADPH-diaphorase to localize nitric oxide 

synthase (all isoforms) within the chick retina, and to assess changes in NOS 

expression after treatment with a damaging dose of S N P (Fig. 4.20). 

In untreated retinas, NADPH-diaphorase activity was localized to R P E cells, 

photoreceptors, amacrine cells, efferent target cells, efferent fibres, ganglion cells, 

and innervation of vascular smooth muscle in the choroid (Fig. 4.20B). N A D P H -

diaphorase activity in 200nmol-treated retinas was similar to that in untreated 

retinas, except for much more pronounced labelling in the R P E (Fig. 4.20A). 



95 

0-

Q 5 

c 
— k. 
® t í 
c *i> o ta 

-5 
"O c 
c . 2 
fi ti 
§ I -10-

•15-

*** 

B 
^ _ 200 
" O) 
i £ 

• J= 100H o o C ' 
2! ™ 
«= ¿ 0 
I s 
1.5» o a> 
S 5 -100 

H T 

*** 
*** 

0 30 100 300 1000 

nmol SNP per 20uL injection 

I *** 

*** 

0 30 100 300 1000 

nmol SNP per 20uL injection 

Figure 4.1. The effects of a single intravitreal injection of different doses of S N P on 

the growth and development of form-deprivation myopia in goggled chick eyes (A, 

refractive error; B, wet weight), expressed as the mean difference between 

measurements in the form-deprived/drug-treated eye and the contralateral/ 

ungoggled/vehicle-injected eye. Doses are given as the amount (moles) of drug 

injected into the vitreal chamber of the eye. N=6; error bars = standard deviation. 

Statistical significance vs. 0-dose control (unpaired, 2-tailed Kruskal-Wallis followed 

by Dunn's post test), *p<0.05, **p<0.01, ***p<0001. 



Figure 4.2. Micrographs of retinas stained with 0.1% Toluidine Blue, 

indicating histological damage. Ch: choroid, RPE: retinal pigment 

epithelium, PR: photoreceptors, INL: inner nuclear layer, IPL: inner 

plexiform layer, GCL-ganglion cell layer. Scale bar=50um. 
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SNP 

Figure 4.3. Micrographs showing the immunohistochemical labelling of chick 

retina for photoreceptor and neuronal markers, and markers indicating 

retinal damage, illustrating damage in retina and RPE due to a single 

intravitreal injection of 200nmol SNP vs. saline control at P7, and sacrificed 

7 days after injection. Retinas were labelled for A) rhodopsin to show rods, 

B) calbindin to show cones, and C) LEP 100 to show phagocytic activity. 

Untreated retina: top, treated retina: bottom. Ch: choroid, PR: 

photoreceptors, RPE: retinal pigment epithelium INL: inner nuclear layer, 

GCL: ganglion cell layer. Calibration bar = 50|im. 
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Figure 4.4. The effects of a single intravitreal injection of different doses of 

NaCN on the growth and refraction of form-deprived chick eyes. (A, refractive 

error; B, wet weight). Details as for Fig. 1. 
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Figure 4.5. Micrographs showing the immunohistochemical labelling of chick 

retina treated with a single intravitreal injection of 1500nmol NaCN vs. saline 

control, and sacrificed 7 days after injection. Retinas were labelled for A) 

rhodopsin, and B) calbindin. Untreated retina: top, treated retina: bottom. RPE: 

retinal pigment epithelium, PR: photoreceptors, INL: inner nuclear layer, IPL: 

inner plexiform layer, Calibration bar = 50um. 
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of S N A P on the growth and refraction of form-deprived chick eyes. (A, 

refractive error; B, wet weight). Details as for Fig. 1. 
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SNAP 

Figure 4.7. Micrographs showing the immunohistochemical labelling of chick 

retina treated with a single intravitreal injection of 700nmol SNAP vs. 50% 

DMSO/saline control, and sacrificed 7 days after injection. Retinas were labelled 

for A) rhodopsin, and B) calbindin. Untreated retina: top, treated retina: bottom. 

RPE: retinal pigment epithelium, PR: photoreceptors, INL: inner nuclear layer, 

IPL: inner plexiform layer. Calibration bar = 50um. 
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of N A P on the growth and refraction of form-deprived chick eyes. (A, 

refractive error; B, wet weight). Details as for Fig. 1. 



103 

S 5 

8 o-c ¿ 
0) (S 

-5 
"D C 
c . 2 
11-10 

•15-

X 
*** 

0 24 242 2420 
nmol SIN-1 per 20uL injection 

B 

I I 
c x 

0 "S 100 

1 is 

I S 50 

i l 

X 
T 

*** 

X 
0 24 242 2420 

nmol SIN-1 per 20uL injection 

Figure 4.9. The effects of a single intravitreal injection of different 

doses of SIN-1 on the growth and refraction of form-deprived chick 

eyes. (A, refractive error; B, wet weight). Details as for Fig. 1. 
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Figure 4.10. The effects of a single intravitreal injection of different doses of 

IBMX on the growth and refraction of form-deprived chick eyes. (A, refractive 

error; B, wet weight). Statistical significance vs. Onmol IBMX (or Onmol 

IBMX+100nmol SNP) . Details as for Fig. 1. 
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O D Q with 200nmol S N P on the growth and refraction of form-deprived chick 
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compared versus 200nmol S N P . Statistical significance vs. Onmol ODQ+ 

200nmol S N P . Details as for Fig. 1. 
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Figure 4.13. Micrographs showing the immunohistochemical labelling of 

chick retina for tyrosine nitration (3 days after SNP injection), indicating the 

consequences of peroxynitrite formation in retina and RPE due to a single 

intravitreal injection of 200nmol SNP vs. saline control, and sacrificed 3 days 

after injection. Retinas are labelled with antibodies to nitrotyrosine to show 

peroxynitrite damage (3 days after SNP injection). Untreated retina: top, 

treated retina-bottom. RPE: retinal pigment epithelium, PR: photoreceptors, 

INL: inner nuclear layer, IPL: inner plexiform layer. Calibration bar = 50nm. 
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Figure 4.14. The effects of a single intravitreal co-injection of different doses of 

SOD with 200nmol SNP on the growth and refraction of form-deprived chick 
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Details as for Fig. 1. 
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Figure 4.15. The effects of a single intravitreal injection of different doses of 

D E T C , a superoxide dismutase inhibitor, on the growth and refraction of form-

deprived chick eyes. (A, refractive error; B, wet weight). Statistical significance 

vs. 0-dose control or Onmol DETC+200nmol S N P . Details as for Fig. 1. 
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Figure 4.16. Micrographs showing the immunohistochemical labelling of chick 

retina for lipid peroxidation, illustrating damage in retina and RPE due to a 

single intravitreal injection of 200nmol SNP vs. saline control, and sacrificed 3 

days after injection. Retinas are labelled with antibodies to lipid peroxidation by

products 4-hydroxy-2-nonenal (HNE) (A) and malondialdehyde (MDA) (B). 

Untreated retina: top, treated retina: bottom. Ch: choroid, RPE: retinal pigment 

epithelium, PR: photoreceptors, INL: inner nuclear layer, IPL: inner plexiform 

layer. Calibration bar = 50um. 
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Figure 4.17. The effects of a single intravitreal co-injection of different doses 

of uric acid with 200nmol S N P on the growth and refraction of form-deprived 

chick eyes. (A, refractive error; B, wet weight). Treated eyes are statistically 

compared versus Onmol uric acid+200nmol S N P . Details as for Fig. 1. 
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Figure 4.18. The effects of a single intravitreal co-injection of different doses of 

dexamethasone with 200nmol S N P on the growth and refraction of form-

deprived chick eyes. (A, refractive error; B, wet weight). Treated eyes are 

compared statistically versus 200nmol SNP+0nmol dexamethasone. Details as 

for Fig. 1. 



113 

SNP 

A iNOS 

untreated 

B P i * r 

Figure 4.19. Micrographs showing the immunohistochemical labelling of chick 

retina for inflammation, showing an inflammatory response in retina, RPE and 

choroid due to a single intravitreal injection of 200nmol SNP vs. saline control, 

and sacrificed 3 days after injection. Retinas are labelled with antibodies to 

iNOS to show expression of iNOS in macrophages and microglia (A), and 

TAP1 to show dendritic cells (B). Untreated retina: top, treated retina: bottom. 

Ch: choroid, PR: photoreceptors, INL: inner nuclear layer, IPL: inner plexiform 

layer. Calibration bar = 50um. 
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Figure 4.20. Micrographs of retinas labelled for NADPH-diaphorase activity 

to indicate the presence of nitric oxide synthase. Retinas were treated with a 

single injection of A) 200nmol SNP or B) saline alone. Ch: choroid, RPE: 

retinal pigment epithelium, INL: inner nuclear layer, IPL: inner plexiform 

layer, GCL: ganglion cell layer. Scale bar=50um. 
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CHAPTER 5 

DISCUSSION - Part 1 

PLATLET-ACTIVATING FACTOR-INDUCED UVEITIS 

I. The chicken eve is a useful model to study experimental uveitis 

In our present study, we attempted to develop a reliable model of uveitis in 

the neonatal chick using platelet-activating factor (PAF), a phospholipid known to 

mediate inflammation, as the uveitis-inducing agent. The chick is an attractive 

model to study uveitis because its large eyes facilitate intraocular injections, chick 

retinas are fully mature at hatching, chicks are inexpensive and readily available, 

and they are easy to handle experimentally. 

II. PAF as an effective inducer of inflammation in the chick eye. 

A previous attempt to induce uveitis in the chicken using uveal extracts 

produced inflammation only in the anterior segment (Wight, 1968). Attempts in our 

laboratory to induce uveitis with bacterial endotoxins, bovine outer segments, or 

chick uvea homogenate were unsuccessful (data not shown). Even supplemental 

injection of Freund's adjuvant, which is known to cause severe inflammation in 

chickens (Wanke et al., 1996), caused little or no inflammatory response in the 

eye. It should be noted that different strains of chickens are capable of significantly 

different immune responses (Zekarias et al., 2000), and most of the studies on 

avian immunology have not used White Leghorn chicks, as we have used in our 

studies. Wight also used adult chickens in his anterior uveitis studies (1968), while 

we have used newly-hatched chicks. 
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The avian retina is devoid of intraretinal blood vessels (King-Smith, 1981) 

and the R P E and Bruch's membrane are physical barriers between the retina and 

circulatory system. We reason that once injected intravitreally, these ineffective 

uveitis agents were unable to cross the blood-brain barrier and trigger an 

inflammatory reaction. Surprisingly, we found that systemic injections of endotoxin 

or retinal antigen also were unable to evoke inflammation. It is possible that our 

concentrations of endotoxin and retinal antigen were not high enough to stimulate 

a systemic immune reaction significant enough to reach the eye. We also reason 

that our injection site (intraperitoneum) may have not been suitable, as these 

agents may not have reached a major vessel of the circulatory system. Or, the 

chick immune system may not have interpreted the retinal antigens as foreign. 

However, we discovered P A F to be an effective inducer of inflammation in the 

chick eye. 

A . The ch ick ocular immune sys tem: 

The eye has a number of particularly unusual immunological features. The 

relative avascularity of the cornea, vitreous, lens, and retina (in chick, except for 

the choroid and pectén) and the physiological blood-aqueous, blood-retinal, and 

potential blood-vitreous barriers normally isolate the eye from the general immune 

system. The uveal tract can retain immunocompetent cells from a previous 

inflammatory reaction (or from elsewhere), and then mount a localized response 

when stimulated either as part of a generalized systemic response, or locally by a 

specific antigen. Damage to the blood-ocular barriers will result in the passage of 

antigens and cells into the eye or into the systemic circulation. The avascularity of 
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the vitreous can then discourage their removal, conceivably stimulating and 

prolonging the inflammatory reaction. 

B. Platelet-activating factor: 

Platelet-activating factor is an ether lipid that has inflammation-inducing 

properties (Prescott et al., 2000) and can easily diffuse through cell membranes. It 

has the potential to activate and attract neutrophils (Shaw et al., 1981), induce the 

release of cytokines (Poubelle et al., 1991), and increase vascular permeability 

(Stock et al., 1990). P A F has been shown to activate leukocytes, such as 

monocytes, by indirectly signalling translocation of NF-K(3 to the nucleus, where it 

alters gene expression (Weyrich et al., 1995). Stimulation with thrombin and other 

inflammatory mediators can induce regulated synthesis of P A F by endothelial cells 

(Prescott et al., 1984). Other possible sources of P A F include endothelial cells, 

neurons, microglia, macrophages, and neutrophils (Hostettler and Carlson, 2002). 

P A F has also been shown to be produced in the chick retina (Bussolino et al., 

1986), likely by ganglion or Müller cells (Bussolino et al., 1988). Previous studies 

have reported that P A F may play a role in ocular inflammation (Rosenbaum et al., 

1991). Rosenbaum et al. (1999) showed that intravitreal injection of P A F or its 

analogs was capable of inducing retinitis in rats or rabbits. In the current study we 

showed that 20fmol P A F caused an inflammatory response in the chick eye, 

leading to damage to the photoreceptors and R P E . This is consistent with 

evidence from Rosenbaum et al. (1999) showing retinitis but a lack of anterior 

segment inflammation in response to intravitreal injection of 100u.g (approximately 

190nmoles) P A F in both rats and rabbits. In our studies, PAF-induced 
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inflammation appears to cause an acute form of posterior chorioretinitis, because 

when PAF-treated eyes were examined at times later than 3 days, most of the 

inflammation had subsided and some of the retinal damage had been repaired 

(data not shown). We also showed that high doses of P A F (1uM) completely 

destroyed the retina, likely because micromolar P A F concentrations can disrupt 

the lipid bilayer of cell membranes because of its 'detergent'-like structure (Sawyer 

and Anderson, 1989). 

C. How does P A F stimulate the immune system to damage the chick retina? 

Human anterior uveitis is usually associated with a wide variety of systemic 

conditions/diseases (ie., ankylosing spondylitis, urethritis, bowel disease), where 

an initially extraocular immune event later becomes targeted on the eye. Posterior 

uveitis in humans is an example of an organ-specific disease mediated by T cells 

and macrophages by the expression of MHC class II to antigens to one or more 

specific antigens derived from the retina (Spalton et al., 1998). This MHC/antigen 

complex on antigen-presenting cells can then activate T helper cells. 

Because of our lack of tests that might identify the specific immune 

responses of the chick after P A F injection, it can only be speculated how the cell-

mediated and humoral immunity play a role. 

There are at least two possible explanations why the outer retina was 

selectively or locally damaged. One suggests a generalized inflammatory reaction 

induced by P A F in the choroid, while the second supposes a retinal antigen-

specific immune response directed towards R P E cells and photoreceptors. 

1) P A F indiscriminately recruits inflammatory cells to the choroid: 
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This hypothesis proposes innate immune mechanisms as the main cause of 

inflammatory damage by platelet-activating factor (PAF). When P A F was injected 

into the vitreous, it may have caused a small amount of local damage to retinal 

cells that released inflammation-inducing substances such as kinins, 

prostaglandins, or leukotrienes into adjacent tissues. Immediately after the 

damage, blood vessels in the choroid dilated and became more permeable. 

Choriocapillaris are fenestrated vessels, whose walls contain pores that allow even 

very large molecules but not formed elements of the blood (prohibiting platelets 

and erythrocytes, but allowing proteins) to pass through. These inflammatory 

mediators in turn recruited macrophages and heterophils to the choroid by 

chemotaxis. At the choroid, inflammatory signals were produced that induced the 

synthesis and activation of adhesive proteins on the lumenal surface of the 

epithelium. As leukocytes rolled past the primed vascular endothelium, P-selectin 

bound to and slowed the passing leukocytes. Selectins mediate the initial 

interactions between circulating leukocytes and the endothelium (Patel et al., 

2002). This interaction stimulated the leukocytes to produce integrin receptors (ie. 

LFA-1), which then bound with intracellular adhesion molecules on the surface of 

the endothelium. Once the cells adhered to the endothelium, the leukocytes 

migrated through the vessel wall by the process of diapedesis (or extravasation). 

There was a massive influx of inflammatory cells into the choroid that docked on 

the endothelium, migrated through the vessel wall, and released mediators (ie. 

superoxide anion, hypochlorite anion, hydrogen peroxide, nitric oxide) that locally 

damaged tissue. These mediators also recruited more leukocytes such as 
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monocytes and granulocytes and induced swelling of the retina and blood vessels 

by histamine release. The complement system may have played a role in 

enhancing the local immune response. Since R P E and photoreceptors are the 

cells closest to the site of entry of leukocytes into the retina, they were most 

vulnerable to the inflammatory response. After a few days, the inflammatory 

response settled down, and the collection of dead phagocytes and fluid built up as 

exudates in the vitreous. The heat, swelling, pain, and photophobia induced by the 

inflammatory response impaired the chick's vision and caused the chick to keep its 

eyelid shut as much as possible. 

2) PAF stimulates APCs to mount a lymphocyte-mediated immune response 

against the outer retina: 

According to this hypothesis, the adaptive immune system was the leading 

cause of damage induced by P A F . Once P A F was injected into the vitreous, it 

diffused through the retina and reacted with P A F receptors on tissue-resident 

antigen-presenting cells (APCs) in the choroid such as macrophages and dendritic 

cells. These A P C s along with a costimulator (ie. IL-1 or IL-2) then activated T 

lymphocytes, likely of subtype 1 (Druet et al., 1996), to release inflammatory 

mediators such interferon or tumor necrosis factor-B. The antigen-presenting cells 

also coincidentally processed the host's retinal antigens (ie. proteins from shed 

photoreceptor outer segments) as foreign, thus mounting a lymphocyte-mediated 

immune response against the outer retina. The retinal proteins were in the same 

vicinity as the excess P A F , so is possible that the A P C s interpreted the high levels 

of P A F as a threat by an invading pathogen, and therefore began to phagocytose 
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and process photoreceptor and R P E proteins in order to present these antigens to 

helper T cells and mount a strike against these 'dangerous' retinal cells by 

macrophages and heterophils. B cells may have also been triggered to produce 

autoantibodies against these host proteins. One mechanism by which 

autoantibodies are produced is by epitope-spreading or presentation of cryptic 

epitopes. This occurs when the immune system is confronted with antigenic 

epitopes of a self antigen to which it has not been tolerized, either because of 

enhanced presentation of an epitope that is usually presented in too small an 

amount to signal lymphoid cells or by presentation of an epitope that is not 

normally processed and presented (Zandman-Goddard and Diamond, 1999). 

These antibodies could have enhanced the local inflammatory response directed 

toward the retina and choroid. 

It is plausible that aspects of both of these mechanisms were at least 

partially involved in the inflammation and retinal damage associated with PAF. 

Although we did not determine the cellular interactions of P A F in this inflammatory 

response, there are numerous roles P A F may have played in initiating and 

prolonging inflammation in the chick eye (for a review, see Camussi et al., 1990). 

P A F may have promoted (O'Flaherty et al., 1981) the aggregation, chemotaxis, 

granule secretion, and oxygen radical generation of polymorphonuclear 

heterophils, eosinophils (Wardlaw et al., 1986), and monocytes (Yasaka et al., 

1982). Prostaglandins and leukotrienes often contribute to the development of 

PAF-induced inflammatory reactions, and may have acted synergistically with P A F 

(McGivern and Basran, 1984; Chilton et al., 1982). It is possible that P A F primed 
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heterophils in the choroid to damage local vascular endothelium (Vercellotti et al., 

1988), thereby 'flagging' other inflammatory cells to the eye. 

HI. L-NIO and L-NIL prevent PAF-induced damage in the chick retina. 

Previous studies have implicated NOS in uveitis-induced retinal damage. A 

pharmacological study showed that the general NOS-inhibitor NG-nitro-L-arginine 

methyl ester (L-NAME) reduced damage to the retina and R P E in Lewis rat eyes 

treated with uveitis-inducing agents (Goureau et al., 1995). Mandai et al. (1996) 

showed that NG-nitro L-arginine (L-NNA), a NOS-inhibitor thought to be effective 

against both constitutive forms of NOS, suppressed symptoms of uveitis in 

endotoxin-treated rats. 

Our co-injection studies of L-NIO or L-NIL along with P A F confirm and 

extend these indications that N O S mediates uveitis-induced damage to the retina. 

Once injected, these NOS inhibitors were taken up into cells by an amino acid 

transport system (Baydoun and Mann, 1994). We sought to determine whether 

nitric oxide plays a role in retinal damage in chicks injected with P A F . Our results 

showed with c G M P immunohistochemistry that nitric oxide activity was 

upregulated after an intravitreal dose of >20fmol PAF . L-NIO (Mulligan et al., 

1992; Wellard et al., 1995) and L-NIL (Moore et al., 1994; Faraci et al., 1996) are 

known to be nitric oxide synthase (NOS) inhibitors in vivo and in vitro. When either 

of these agents was co-injected with PAF , retinal damage was significantly 

reduced. There was little noticeable damage to photoreceptors and R P E , and the 

inner layers of the retina remained normal. 

A. Cyclic GMP immunoreactivity: 
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One effective way to determine the activity of nitric oxide synthase in vivo is 

to measure c G M P production. N O S produces NO, which stimulates soluble 

guanylyl cyclase to synthesize c G M P , which in turn can be detected and localized 

by immunohistochemistry. 20fmol P A F increased cGMP-immunoreactivity in the 

chick retina, especially in photoreceptors and amacrine cells. cGMP-labell ing was 

decreased in retinas co-treated with 300nmol L-NIO and 20fmol PAF . This would 

imply that NO-production and therefore NOS-activity was increased in 

photoreceptors and amacrine cells. We reason that L-NIO acted on N O S enzymes 

in the chick retina/RPE/choroid and prevented (or limited) NO production. 

However, co-injection of 300nmol L-NIO along with high doses of P A F (20pmol) 

appeared to result in cGMP-induction in only a small percentage of 

photoreceptors; there was no cGMP-labell ing in retinas treated with 20pmol P A F 

alone. It is plausible that 20pmol P A F completely abolished N O S activity in 

photoreceptors, whereas addition of L-NIO with P A F spared a few (1-2%) 

photoreceptors (data not shown). It may be that L-NIO did not completely inhibit 

the indirect upregulation of N O S by P A F , and that these cGMP-label led 

photoreceptors were less susceptible to moderate nitric oxide levels. 

Cyclic GMP-labell ing was not affected in retinas co-treated with 300nmol L-

NIL and 20fmol PAF ; they appeared similar to those retinas treated with 20fmol 

P A F alone. It is likely that L-NIL only inhibited extra-retinal iNOS, and did not 

suppress the N O S enzymes, predominantly nNOS, within the retina; this allowed 

for increased c G M P production due to the P A F administration. 
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IV. Which NOS isoform mediates uveitis-induced retinal damage? 

In order to determine which N O S isoform mediated the PAF-induced toxicity 

in our studies, we needed to understand the actions of L-NIO and L-NIL in the 

chick. 

A. NADPH-diaphorase histochemistry: 

As described previously, NADPH-diaphorase (NADPHd) can be chemically 

localized to identify NOS enzymes within tissue. However, this test cannot 

determine the functional activities of the N O S enzymes producing nitric oxide. We 

looked at retinas treated with PAF , P A F co-injected with either L-NIO or L-NIL, or 

vehicle alone. PAF-treated retinas showed more NADPHd labelling in choroidal 

blood vessels and nerve fibres, photoreceptor ellipsoids and outer segments, and 

ganglion cells than untreated retinas. The increased N A D P H diaphorase labelling 

in photoreceptors is noteworthy, as the majority of PAF-induced retinal damage 

occurred in these cells. This finding implicates photoreceptor nNOS as the agent 

responsible for the observed outer retinal damage. Retinas that were co-injected 

with P A F and L-NIO or L-NIL showed similar labelling to that in the control retina. 

These results imply that certain NOS-containing cells were induced by P A F to 

upregulate their expression of N O S ; that is, P A F treatment induced increased 

synthesis of N O S in ganglion cells, photoreceptors, and choroidal nerves. The 

induced N O S was likely nNOS, since it was located in neurons and no 

immunoreactive iNOS was detected in these cells. Endothelial cells of the blood 

vessels may also have upregulated e N O S expression, and leukocytes in the 

choroidal vasculature were likely activated to synthesize iNOS. These results 
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suggest that nitric oxide synthesis can be upregulated in nNOS and e N O S -

containing cells, not only by altering intracellular calcium concentrations, but also 

by upregulating the transcription and translation of these enzymes. Since iNOS is 

not constitutively expressed, its regulation likely can only be modified at the 

translational level. 

B. Inducible N O S immunoreact iv i ty: 

During an inflammatory response, activation of macrophages and Müller 

glial cells induces expression of iNOS, leading to increased production of NO. 

Injection of 20fmol P A F caused iNOS-immunoreactivity to appear in the choroid, 

probably by recruitment of activated macrophages to choroid nearest the site of 

P A F administration. iNOS labelling was lower in retinas co-injected with L-NIL, 

which suggests that L-NIL played a role in decreasing iNOS expression in cells. L-

NIL is an L-arginine analogue that does not directly prevent iNOS expression, but 

competes with L-arginine as substrate for the induced iNOS and thereby inhibits 

NO production. NO is known to recruit and prolong the lifetimes of inflammatory 

cells. From our results we reason that iNOS-labelling was reduced because three 

days after injection of L-NIL (and PAF), the inhibition of iNOS decreased activation 

and recruitment of iNOS-containing leukocytes. These unusual results are 

supported by findings by Connor et al. (1995) who showed that L-NIL was capable 

of both suppressing the production of NO by NOS as well as reducing the 

expression of iNOS in inflamed tissues. Concurrent with our results, L-NIL may 

inhibit only the inducible form of NOS, iNOS (Moore et al., 1994). 
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Because of the importance of constitutive forms of NOS in normal 

physiology, selective inhibition of the inducible form could be useful for the 

prevention and treatment of diseases mediated by nitric oxide (Marietta, 1994). 

However, a study using knock-out mice showed that experimental autoimmune 

uveitis and the associated damage were practically unaffected by the absence of 

iNOS (Silver et al., 1999), implying that either e N O S or nNOS is the agent of 

uveitis-induced damage. 

L-NIO has been reported to be an inhibitor of all three isoforms of NOS: 

e N O S (Rees et al., 1990), nNOS (Dick and Lefebvre, 1997) and ¡NOS (Moneada 

et al., 1997). Compared to other L-arginine analogues, L-NIO is considered to be a 

relatively irreversible inhibitor of NOS (McCall et al., 1991). Retinas co-treated with 

300nmol L-NIO and 20fmol P A F retained iNOS-labelling. These results likely imply 

that L-NIO preferentially inhibits the two constitutive NOS isoforms (eNOS and 

nNOS) without affecting iNOS. 

Endothelial N O S (eNOS) is a nitric oxide-producing enzyme found in 

vascular endothelium in the choroid. Under normal physiological condition, e N O S 

releases nitric oxide to regulate blood pressure and blood vessel diameter. 

However, once stimulated by Ca 27calmodulin-dependent mechanisms, eNOS can 

produce large quantities of nitric oxide (NO). This excess NO can damage organs 

and tissue, leading to cell death. 

Neuronal N O S (nNOS), found in retinal and choroidal neurons (Fisher & 

Steli, 1999) acts in a similar fashion, and may increase NO production in response 

to P A F administration, due to intracellular increases in calcium. From our results 
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we reason that L-NIO inhibited nNOS and possibly eNOS activity. Although not 

normally considered as major inflammatory mediators, these two constitutive 

isoforms are likely equally as capable as iNOS to release toxic levels of NO if 

sufficiently highly expressed and stimulated, leading to cell damage. 

C. The results of L-NIO and L-NIL are difficult to interpret: 

We have based our hypotheses on the concept that L-NIO is a potent non

selective inhibitor of N O S and L-NIL is a relatively selective inhibitor of iNOS 

(McCartney-Francis et al., 2 0 0 1 ) . However, it should be noted that the N O S 

isoform-selectivity of these two NOS-inhibitors is controversial. Mandai et al. 

( 1 9 9 6 ) , and McCal l et al., ( 1 9 9 1 ) found that L-NIO was a relatively selective and 

irreversible inhibitor of iNOS, while Connor et al. ( 1 9 9 5 ) showed that the IC5o was 

IOO^IM for L-NIL to inhibit constitutive NOS, which is about 3 0 fold less than the 

concentration we used. Results from Wolff et al. ( 1 9 9 8 ) demonstrated that L-NIO 

and L-NIL were equally effective inhibitors of iNOS. These discrepancies are likely 

because of differences in the concentrations and experimental systems that were 

used to determine relative selectivity of the N O S inhibitors. Some NOS-inhibitors 

can differentially inhibit the unidirectional L-arginine transporter into endothelial 

cells, affecting L-arginine uptake (Bogle et al., 1 9 9 2 ) . This could greatly affect 

differences in potency and activity of NOS-inhibitors between broken or whole-cell 

preparations in vitro. Although our histochemical and immunohistochemical results 

implicate specific N O S isoforms as mediators of PAF-induced toxicity, we cannot 

be certain exactly how our NOS inhibitors acted. 
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Since both L-NIO and L-NIL reduced damage caused by PAF , it is difficult 

to determine which N O S isoform is the critical enzyme responsible for retinal 

destruction. From our results with NADPHd histochemistry and immunoreactivity 

for iNOS, we cannot conclude which N O S isoform plays the most significant role in 

damaging the retina during PAF-induced retinitis. We propose that upregulation of 

NO from any of the three isoforms, with a slight emphasis on the upregulation of 

nNOS in photoreceptors, is sufficient to destroy cells within the chick retina. 

V . Nitric oxide as a neurotoxin in the chick retina. 

When P A F was injected into the chick eye, it likely diffused through the 

vitreous and reached all layers of the retina, as well as the R P E and choroid. We 

reason that P A F elicited a local inflammatory response by recruiting leukocytes to 

release inflammatory mediators within the choroidal blood vessels. Once the 

immune system has been triggered, NO synthesis by constitutive forms of N O S 

might be upregulated in endothelial, glial, and neurons by inflammatory mediators 

released by leukocytes. Macrophages and microglia also may have been recruited 

to express inducible NOS and consequently release large amounts of NO without 

further activation. P A F has been reported to activate the release of oxygen radicals 

directly (Bazan, 1998). Szabo et al. (1993) showed that the induction of nitric oxide 

production was mediated by PAF, and that antagonists of the P A F receptor 

blocked the induction of nitric oxide synthase and hypotension. Excess NO from 

any of these sources then would have diffused to adjacent cells, inflicting damage 

(see Fig. 5.1 for a summary). Although we showed that P A F increased c G M P 

immunoreactivity in the chick retina, this does not imply that excess c G M P was the 
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source of toxicity. It simply implies that P A F increases NO production in the retina, 

likely at pathogenic concentrations. Nitric oxide has been shown to damage 

photoreceptors and R P E in the chick, by means of sodium nitroprusside, a nitric 

oxide donor (Gudgeon et al., 2002; Baird and Steli, 2002), probably by 

peroxidation of photoreceptor lipids and nitration of proteins by the potent oxidant 

peroxynitrite (Baird & Steli, 2002), or by decreasing phagocytosis of photoreceptor 

outer segments by R P E cells (Becquet et al., 1994). Therefore it is reasonable to 

conclude that when P A F was injected into the chick eye, it stimulated one or more 

of the N O S isoforms to release nitric oxide. NO in turn damaged the 

photoreceptors and R P E , which then signalled the immune system to release more 

inflammatory mediators, furthering the response. Both L-NIO and L-NIL were able 

to enter cells and inhibit PAF-induced NO-formation, preventing NO-induced 

damage. 

V . Does platelet-activating factor induce retinal damage directly? 

As mentioned previously, P A F has been shown to be toxic in the brain 

(Kornecki and Ehrlich, 1988). P A F can induce an increase in intracellular free C a 2 + , 

which can lead to cellular excitotoxicity, by activating transcription of apoptotic 

genes. Therefore, we had to consider the possibility that P A F may directly bind to 

P A F receptors on neurons and glial cells and damage these cells, without the 

assistance of nitric oxide. Once P A F was injected into the vitreous, it likely 

diffused in all directions, including towards the lens and nerve fiber layer. In order 

to reach the circulatory system in the choroid, P A F had to either diffuse through 

the pectén or ciliary body and iris, or cross all layers of the retina, and possibly 
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came in contact with many neurons and glial cells. However, retinal damage was 

only observed in R P E cells and photoreceptors located in the distal portion of the 

retina adjacent to the choroid. These observations implicate inflammatory cells, 

and the substances they release, as the mediators of retinal damage. Another 

argument against P A F being the direct cause of toxicity is that the NOS inhibitors 

L-NIO and L-NIL prevented most of the damage observed, without preventing the 

actions of P A F . Therefore, we reason that a small portion of retinal damage may 

have been caused directly by P A F that stimulated a local immune response, but 

most of the damage likely occurred by the increased production of nitric oxide. 

These studies indicate that nitric oxide, produced by one or more of the 

three isoforms of N O S expressed in the chick eye, is responsible in large part for 

PAF-induced damage in the chick retina. We have shown that PAF-induced uveitis 

in the chicken reliably damages photoreceptors and R P E by NOS/NO-dependent 

mechanisms. PAF-induced uveitis in chicks may be a useful model for further 

studies on the pathogenesis of uveitis and the utility of NOS-inhibitors in 

preventing uveitis-induced retinal damage. 
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Figure 5.1. A diagram of the retina and choroid illustrating PAF-induced uveitis and 
retinal damage by excessive nitric oxide release. Once PAF is injected into the vitreous, it 
diffuses through the retina where it recruits inflammatory cells in the choroid. 
Macrophages express iNOS to release nitric oxide, whereas other leukocytes such as 
monocytes and neutrophils release mediators such as cytokines IL-1 and IL-6, interferon-
Y and chemokines to activate eNOS and nNOS in endothelial cells and neurons, 
respectively. This NO released damages photoreceptors and RPE, possibly by lipid 
peroxidation and peroxynitrite formation. RBC: red blood cell, APC: antigen-presenting 
cell, PAF-R: platelet-activating factor receptor, TNF: tumor necrosis factor, EC: 
endothelial cell, iNOS: inducible nitric oxide synthase, eNOS: endothelial NOS, nNOS: 
neuronal NOS, NO: nitric oxide, RPE: retinal pigment epithelium, INL: inner nuclear layer, 
IPL: inner plexiform layer, GCL: ganglion cell layer, NFL: nerve fiber layer. 
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CHAPTER 6 

DISCUSSION - Part 2 

NITRIC OXIDE TOXICITY 

Previous studies from our laboratory have shown that sodium nitroprusside 

(SNP), a nitric oxide donor that also releases cyanide, damages the 

photoreceptors and R P E of the chick retina (Gudeon et al., 2002), but without 

identifying the mechanisms responsible for toxicity. The aim of the present study 

was to determine how nitric oxide donors, specifically S N P , damage the outer 

retina of the chick. We sought to determine whether nitric oxide was the agent 

responsible for retinal toxicity and to elucidate mechanisms responsible for this 

damage. We considered mechanisms normally associated with nitric oxide, 

including c G M P elevation, peroxynitrite formation, lipid peroxidation, and 

inflammation. 

I. SNP damage to the retina is due to release of nitric oxide. 

The first goal of these studies was to determine whether nitric oxide was the 

main cause of retinal damage due to S N P . Nitric oxide donors such as S N P , 

S N A P , and SIN-1 have been shown to be toxic to the retina in rabbits (200nmol 

S N A P per injection, Oku et al., 1997); mice (0.5mM SIN-1, Goureau et al., 1999); 

and chicks (100nmol S N P per injection, multiple injections, Gudgeon et al., 2002). 

We have shown that single injections of nitric oxide donors also act in a dose-

dependent fashion, but that higher doses are required. 

S N P is stable in aqueous solution and reacts with reducing agents such as 

glutathione (Mortensen, 1964) and thiols (Bates et al., 1991) in vivo to release 



nitric oxide and cyanide within minutes after administration. Both S N P and S N A P 

damaged the photoreceptors and R P E , and prevented FDM. In contrast, cyanide 

(NaCN), and NAP, a control for S N A P that is almost structurally identical but does 

not release NO, were not destructive and did not prevent FDM. These data 

indicate that nitric oxide released by reduction of S N P is the causative agent of 

retinal damage. 

II. NO donors S N P , S N A P , and SIN-1 have different efficacies in the chick  

retina. 

Our studies indicate that S N P and SIN-1 prevent FDM and damage 

photoreceptors and R P E at lower doses than S N A P . We found that the E D 5 0 was 

approximately 100nmol per injection for S N P , 250nmol per injection for SIN-1, and 

600nmol per injection for S N A P . The requirement for a higher dose of S N A P than 

S N P was likely because S N A P , a hydrophobic molecule, had to be dissolved in 

50% DMSO which is a free-radical scavenger (Panganamala et al., 1976) and 

likely inactivated some of the NO (and its oxidation products) released by 

hydrolysis of S N P . S N A P may have also spontaneously released NO in solution 

pre-injection, which would have lowered the total NO presented to the tissues. 

Although the amount of S N P , SIN-1, or S N A P injected into the chick eye 

appears quite high, it is uncertain what concentration actually reaches the retina or 

what concentrations of NO are produced locally in the tissue. Feelisch et al. (1989) 

found that 1mM SIN-1 released nitric oxide at a maximum rate of 2.39p.M per 

minute. Surprisingly, Southam and Garthwaite (1991) found that S N A P (EC 5 o~ 

50^iM) has a much higher efficacy than S N P and SIN-1 in rat cerebellar slices. A 
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study reported by Hirota et al. (2001) found that 0.1 mM S N A P only released 285 

nM nitric oxide. This would imply that an intravitreal injection of 700nmol S N A P 

(3.5mM in vitreous) releases 1 OOJLXM nitric oxide, approximately 100 times the 

physiological concentration of NO. 

HI. Nitric oxide donors preferentially affect RPE and photoreceptors. 

When high doses of the nitric oxide donors used here were injected into the 

chick eye, damage was observed in both the photoreceptor layer and R P E . It is not 

clear whether these layers degenerated independently of one another, or whether 

damage primarily to one of them caused the other to deteriorate. Our time-related 

studies imply that photoreceptors were initially destroyed directly by NO (Fig. 4.1). 

A few days after SNP-injection, damage to R P E was much more prominent than 

photoreceptor damage. It is possible that photoreceptors were damaged first, 

leading to the impairment of R P E structure and function, which further exacerbated 

photoreceptor damage. 

We considered several possible explanations why NO-donor damage at 

these doses was confined to the photoreceptor layer and R P E . During oxidative 

stress, expression of nuclear transcription factors that promote apoptosis 

increases in R P E cells (Gui-Feng et al., 2001). When the NO-donors were injected 

into the vitreous chamber, they likely diffused into all adjacent tissues, including 

the lens, ciliary body, iris, and inner retina, and from there through the retina to 

photoreceptors and R P E where damage was observed. It is possible that these 

drugs entered the choroid via the ciliary body, where they were then redistributed 

to the fundus by circulation. S N P requires a reducing agent capable of donating an 
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electron to release first cyanide, then nitric oxide. Reducing agents, such as 

glutathione, thiols, hemoproteins, and ascorbate, are found in most biological 

t issues, and "the non-specific nature and widespread presence of these reducing 

agents is sufficient to give the appearance that NO release [from SNP] is 

spontaneous" (Bates et al., 1991). Kowaluk et al. (1992) showed that, in addition to 

being degraded chemically, S N P was readily metabolized to NO in predominantly 

membrane-associated subfractions of a smooth muscle cell. This would imply that 

NO can released from S N P by enzymatic action as well. It is possible that reducing 

agents or NO-releasing enzymes are more abundant in the photoreceptor layer 

and/or R P E than the inner retina, and therefore that nitric oxide is released from 

S N P preferentially adjacent to or within these cells. Since nitric oxide is degraded 

rapidly, it is unlikely to diffuse far enough to damage more proximal layers of the 

retina. In contrast, Bogdan (2001) argued that the activity of NO is not restricted to 

the site of its production. S-nitrosothiols, S-nitrosylated proteins, and nitrosyl-metal 

complexes can act as long-distance N-carriers (Gaston and Stamler, 1999), which 

can liberate NO either spontaneously or after cleavage by enzymes at sites far 

from their source (Henson et al., 1999). This would imply that NO released from 

NO-donors such as S N P could act on all cells of the retina, regardless of where it 

was released. 

However, damage due to S N A P and SIN-1, which spontaneously release 

NO, also was limited to the outer retina and R P E . This suggests that 

photoreceptors and R P E are more vulnerable to NO-dependent toxic insults than 

the inner retina. Photoreceptors are very active metabolically, as they constantly 



136 

require A T P , renew outer segments, and release glutamate, along with numerous 

other cellular activities. They also have (in their outer segments) protein and lipid 

concentrations that may be among the highest for nucleated cells. Therefore, it 

seems likely that photoreceptor cells are more sensitive to nitric oxide than 

amacrine, bipolar, horizontal, and ganglion cells. Becquet et al. (1994) found that 

nitric oxide decreases the rate of phagocytosis of photoreceptor outer segments by 

bovine R P E cells. Excess NO would thus lead to a buildup of discarded outer 

segments between the photoreceptors and R P E , eventually damaging the retinal 

and R P E tissue. While we observed a large amount of dark-stained debris 

between photoreceptors and R P E in our Toluidine Blue sections, we could not 

discern whether these masses were R P E cells, macrophages, or shed outer 

segments. Similar events occur in the R C S rat, a model for retinal degeneration in 

which R P E cells are unable to phagocytize outer segments (Edwards and 

Szamier, 1977). This would explain why photoreceptors and/or R P E are 

susceptible to damage by NO-donors such as S N P . 

Studies have shown that antioxidants (ie. reducing agents) are localized 

predominantly to the outer segments of photoreceptors and R P E . The antioxidants 

taurine, retinaldehyde, and reduced glutathione have been found concentrated in 

bovine rod outer segments (Keys and Zimmerman, 1999), and superoxide 

dismutase is present in human R P E (Frank et al., 1999). Schütte and Werner 

(1998) found that in the rat retina, glutathione was mainly concentrated in the 

Müller glial cells, but was transferred to retinal ganglion cells during oxidative 

stress. Little is known about the distribution and function of antioxidants in chick 
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retinal cells in vivo. Previous studies have shown that exogenous antioxidants 

such as glutathione peroxidase protect axotomized ganglion cells in the embryonic 

chick retina (Castagne and Clarke, 2000), and incubation of chick retinal cells with 

the antioxidants vitamin E, melatonin, and reduced glutathione prevented lipid 

peroxidation (Agostinho et al., 1997). Wiechmann and Craft (1993) showed that 

melatonin is synthesized in photoreceptors in the chick retina. Paradoxically, it is 

likely that although the outer layers of the chick retina are well protected with 

antioxidants, it is also these substances that act as reducing agents to facilitate the 

release of NO from S N P and other NO donors and thereby cause retinal damage. 

IV. SNP-induced retinal damage is not due to cyanide. 

Cyanide is a potent toxin that can kill cells by interfering with the electron 

transport chain of cellular respiration in mitochondria (Jones et al., 1984). When 

the chick eyes were injected with doses of NaCN, molar-equivalent to the 

maximum 5 per mole that could be derived from S N P (Rochelle et al., 1994), the 

retinas were not damaged. Another study consistent with these results showed 

that in rat hippocampal slices, S N P induced damage that differed from that 

produced by cyanide (Izumi et al., 1993). However, at the highest dose of N a C N , 

5/6 chicks died. Therefore, the retina is somehow able to protect itself from the 

blockade of aerobic respiration. Studies suggest that substances in the chick retina 

such as brain derived-neurotrophic factor (BDNF), nerve growth factor (NGF), or 

ciliary neurotrophic factor (CNTF) may protect it from harmful agents (Ferreira et 

al., 1998), possibly by stabilizing [Ca 2 +}¡ homeostasis and upregulating oxidant 

homeostasis (Mattson et al., 1993; Mattson et al., 1995). The receptors for many of 
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these growth factors and neurotrophic factors have been shown to be expressed in 

the neural retina and surrounding retinal pigment epithelium (Puro, 1995). Westley 

et al (1983) suggested there is a sulfane sulfur pool in vivo in tissues and blood 

that converts CN" to the much less toxic thiocyanate, but this pool has only a 

limited capacity to antagonize CN" toxicity after acute exposure to CN" itself or C N -

releasing compounds such as nitroprusside. Another possible explanation for this 

resistance to CN" is that the metabolism of the chick retina is mainly anaerobic, 

and therefore insensitive to the disruption of normal cellular respiration by CN" (Hsu 

and Molday, 1991). This may be an adaptation to the absence of intraretinal blood 

vessels in birds (Ruggiero and Sheffield, 1998). 

V . Nitric oxide-induced damage is not cGMP-mediated. 

The next goal of this study was to elucidate how nitric oxide damages 

photoreceptors and R P E . The first mechanism considered was the accumulation of 

c G M P . Previous studies have shown that nitric oxide stimulates soluble guanylyl 

cyclase to produce c G M P (Arnold et al., 1977), and excessive accumulation of 

c G M P due to decreased phosphodiesterase (PDE) activity in the raf mutant mouse 

is accompanied by photoreceptor cell damage (Farber and Lolley, 1974). In the 

present experiments, the pharmacological agents ODQ, which decreases c G M P 

production by inhibiting guanylyl cyclase, and 8-Br-cGMP and IBMX, which both 

emulate or induce an increase in c G M P levels, had no effect on the retina, whether 

co-injected with S N P (ODQ) or injected alone (8-Br-cGMP and IBMX). These are 

surprising findings because a study done by Wei et al. (1998) found that 8-Br-

c G M P was an effective agonist of rod photoreceptor cGMP-gated cation channel. 
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Gudgeon et al. (2002) showed that IBMX increased c G M P immunoreactivity in 

neurons in the chick retina. It has been reported that the E C 5 0 of SIN-1, another 

NO-donor, was 1.23uM to activate guanylyl cyclase partially purified from rat liver 

(Noack and Feel isch, 1989). Therefore, SNP-induced damage to the retina is not 

mediated by excessive c G M P production, even though S N P injection significantly 

increases c G M P production in the retina even at much lower doses than used here 

(4-40nmol per injection) (Gudgeon et al., 2002). 

V I . Peroxynitrite is formed in the retina from exogenous SNP. 

The SNP- induced retinal damage appears to be due at least in part to the 

production of peroxynitrite (ONOO"). Peroxynitrite has been shown to nitrate 

tyrosine residues in proteins, leading to impairment of protein function 

(Armirmansour et al., 1999). Nitric oxide released from S N P may have reacted with 

superoxides formed by R P E cells during photoreceptor outer segment 

phagocytosis (Dorey et al., 1989). Rao and Wu (2000) found that the 

photoreceptor layer was immunoreactive for nitrotyrosine in rabbits with 

experimental autoimmune uveitis. The induction of nitrotyrosine immunoreactivity 

in SNP-treated retinas supports the hypothesis that damage induced by S N P is 

due to production of ONOO". Evidence from Wu et al. (1997) also showed that 

peroxynitrite was present in photoreceptors during uveitis-associated damage. The 

D E T C (superoxide dismutase inhibitor) and superoxide dismutase (SOD) 

experiments reported here did not support this hypothesis, but these results are 

not conclusive. D E T C is unstable in vivo (Johansson, 1992), and therefore may not 

have been available to perform its intended action of inhibiting S O D in the retina. 
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Although it has been previously stated that superoxide production occurs at the 

cell surface (Gritz et al., 1991), we reason that the majority of peroxynitrite 

production from S N P occurs intracellular^ where the reducing agents required to 

release NO from S N P are located. This could explain why exogenous SOD, a 

large protein that is unlikely to penetrate into cells, was ineffective. In contrast, 

another study shows that S O D enhances nitrotyrosine production, rather than 

suppressing it (Ischiropoulos et al., 1992). The mechanism appears to involve an 

initial reaction of peroxynitrite with the active copper site on C u , Zn-SOD to form an 

intermediate with the reactivity of nitronium ion ( N 0 2 + ) , which then nitrates tyrosine 

on a second molecule of superoxide dismutase. This intermediate is also capable 

of nitrating a wide range of phenolics including tyrosine residues of other proteins 

(Beckman et al., 1992). 

VII. Nitric oxide from SNP causes lipid peroxidation in the outer retina. 

Lipid peroxidation in the retina occurs as a result of nitric oxide injection. 

Studies show that NO and other free radicals, including peroxynitrite, can 

peroxidize lipids and thereby damage cells (Armirmansour et al., 1999). Outer 

segments of photoreceptors contain a high concentration of docosahexanoic acid, 

which is very susceptible to lipid peroxidation (Witting, 1965). We found that 

immunolabelling of SNP-treated retinas with antibodies to the lipid peroxidation 

markers HNE and MDA was highest three days after injection, indicating that lipid 

peroxidation accompanies SNP-induced damage. It is reasonable, though not 

conclusive, that lipid peroxidation may account for at least some of the S N P -

induced damage. 
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VIH. Glutathione and uric acid are not highly effective in preventing SNP- 

induced damage. 

Reduced glutathione (GSH) and uric acid are known to be free-radical 

scavengers (Regoli and Winston, 1999); therefore we expected retinal damage to 

be prevented when either one was co-injected with 200nmol S N P . Our results did 

not support this hypothesis, however. While uric acid managed to prevent partially 

the damage caused by S N P , even the highest concentrations of reduced 

glutathione failed to prevent SNP-induced retinal damage. It is not known whether 

these free-radical scavengers managed to reach their intended targets, the 

photoreceptors and R P E , or even more specifically, the interiors of these cells 

where lipid peroxides were being formed. However, it has been shown that 

glutathione can be transported into R P E cells (Kannan et al., 2001) or Müller glial 

cells (Kannan et al., 1999) via a sodium-dependent G S H transporter. Most of the 

research studying the antioxidant actions of these two scavengers has been done 

in cell-free systems, using a total oxidant-scavenging capacity (TOSC) assay 

(Winston et al., 1998). Regoli and Winston (1999) showed that uric acid and 

glutathione have different capacities to scavenge oxidants. Glutathione was found 

to be best at scavenging peroxyl and hydroxyl radicals, whereas uric acid was 

more efficient at scavenging peroxynitrite and nitric oxide. Our data therefore could 

imply that peroxyl and hydroxyl radicals are not as important as peroxynitrite and 

nitric oxide for inducing retinal toxicity in the chick; or that intravitreal G S H is taken 

up or metabolized rapidly enough not to reach the photoreceptors and R P E where 

it is needed. 
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IX. Nitric oxide-induced damage is not dependent on a secondary immune  

response. 

Nitric oxide is a significant component of the inflammatory response (Steuhr 

and Marietta, 1985; Heneka and Feinstein, 2001), during which it is released from 

macrophages and other leukocytes. Inflammation can be caused by tissue injury, 

foreign organisms such as bacteria or viruses, introduction of complex foreign 

molecules, or autoimmunity. Once released, NO and other free radicals can 

stimulate the recruitment of a large cascade of cytokines, chemokines, and 

leukocytes, sustaining and amplifying the local inflammatory response (Whitcup 

and Nussenblatt, 1997). Although inflammation is intended for destroying 

pathogens and promoting healing, it can sometimes lead to destruction of healthy 

cells. In uveitis, which is also known as intraocular inflammation, there is choroidal 

and retinal infiltration by inflammatory cells along with destruction of the 

photoreceptor layer of the retina (Whitcup and Nussenblatt, 1997). Glucocorticoids 

suppress the immune response by binding with their nuclear receptors in 

leukocytes and regulating transcription of genes such as N F K B involved in the 

inflammatory process (Barnes and Adcock, 1993). Dexamethasone is a common 

anti-inflammatory steroid (Graham and Peyman, 1974) which is known to inhibit 

the expression of iNOS (Radomski et al., 1990). Whether injected intraperitoneally 

or intraocularly, dexamethasone should have inhibited activation and recruitment 

of polymorphonuclear leukocytes, which are a major source of nitric oxide and 

oxygen radicals (Rodenas et al., 1995). Our dexamethasone studies suggest that 

no inflammatory cell recruitment or activation is required for SNP-induced 
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destruction of R P E and photoreceptors. When the corticosteroid was coinjected 

with toxic levels of S N P , it was unable to prevent the photoreceptor and R P E 

damage, while dexamethasone itself suppressed the immune response in the eye. 

We can conclude that the damage to retina and R P E is caused directly by NO 

derived from the exogenous S N P , and not by a secondary immune response. 

Some reports have found that excessive nitric oxide, either endogenous or 

exogenous, actually suppresses the immune response by inhibiting neutrophil 

adhesion to vascular endothelium (Kubes et al., 1991), inhibiting intracellular 

adhesion molecules (Takahashi et al., 1996), or preventing T lymphocyte 

proliferation (Kosonen et al., 1997). 

X . Nitric ox ide and uveit is. 

Posterior uveitis is a blinding inflammatory disorder of unknown cause in 

which the immune system attacks the retina, R P E , and surrounding tissue. During 

the inflammatory cascade, leukocytes release a variety of messengers including 

cytokines, chemokines, and nitric oxide. When activated, iNOS can be expressed 

by R P E cells, leading to an increased concentration of nitric oxide in nearby tissue 

(Faure et al., 1999). Goureau et al. (1995) showed that during endotoxin-induced 

uveitis in rats, there was an increase of nitric oxide production by R P E cells, and 

that the severity of uveitis was reduced by a NOS-inhibitor. Previous studies by 

Rao and Wu (2000) showed that in a rat experimental model of uveitis, 

photoreceptors and R P E were damaged in a way similar to that seen in our 

present S N P study. Another study showed that certain NOS-inhibitors such as N G -

nitro L-arginine (L-NNA) suppressed retinal damage in eyes afflicted with uveitis 
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(Mandai et al., 1996). It is possible that the damage caused by uveitis may due in 

part to the release of nitric oxide by R P E cells, vascular endothelial cells, and/or 

choroidal macrophages. Surprisingly, a study using iNOS-knockout mice showed 

that uveitis accompanied by damage to retina and R P E can still develop in eyes 

lacking the iNOS enzyme (Silver et al., 1999). Further studies are needed to 

elucidate which N O S isoform is responsible for uveitis-induced retinal damage. 

These studies indicate that nitric oxide is the agent responsible for the 

photoreceptor and R P E damage seen in SNP-treated eyes. SNP-derived nitric 

oxide most likely acts at least in part by peroxidizing photoreceptor membrane 

lipids and nitrating tyrosine residues by peroxynitrite formation, leading to cell 

death. It is quite likely that NO-induced damage involves multiple cellular 

mechanisms, each of which is capable of inducing (or at least contributing to) 

photoreceptor and R P E degeneration. Destruction of R P E may be either primary 

or secondary to photoreceptor damage. 
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Future Directions: 

The results of these studies have provided insight into how nitric oxide 

damages the retina, in a complex pathological condition (uveitis) and by injection 

of a nitric oxide donor (sodium nitroprusside). 

We have shown that platelet-activating factor (PAF), induces posterior 

chorioretinitis in the chick retina. Rather than inducing uveitis by means of retinal 

antigen autoimmunity, P A F likely causes a local but non-specific inflammatory 

response near the chick retina. Further research is necessary to investigate the 

specific actions of platelet-activating factor that lead to inflammation, and localizing 

the P A F receptors in the retina. These studies would include taking a closer look at 

the effects of P A F on the anterior chamber of the eye, and analyzing the subtypes 

of leukocytes that play a major role in PAF-induced uveitis. This could be done 

using a histological stain such as Wright's stain, which would help to identify 

particular types of white blood cells such as eosinophils (Sturkie, 1986). A 

biochemical assay could be performed to determine upregulation of specific 

cytokines and/or chemokines. A P A F antagonist such as BN 52021 (gingkolide B) 

could be co-administered with P A F in attempt to prevent the inflammatory 

response. W e would also explore the specific mechanisms of retinal damage 

associated with uveitis, as we did with SNP-injections. It would also be helpful to 

inject P A F along with dexamethasone, an anti-inflammatory agent, to assess 

whether uveitis is completely suppressed. 

While these studies have shown that certain NOS inhibitors can reduce the 

retinal damage associated with PAF-induced uveitis, many questions still remain 
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regarding the specific actions of L-NIO and L-NIL. It remains unclear which N O S 

isoform is the preferred target of L-NIO and L-NIL. An important future task for 

these studies is to obtain and use accurate N O S antibodies that specifically 

localize either nNOS, eNOS, or iNOS in the chick eye. We have yet to find an 

e N O S antibody that reliably works in the chick. 

We have used chicks to develop a model of uveitis. They are an attractive 

model because of the large eye size, and accessibility and handling of the animals. 

Since most of the published literature on uveitis deals with rodents or rabbits, it 

would be useful to develop a model of uveitis in mice. From this we could explore 

the effects of knocking out specific N O S genes on the development of 

experimentally-induced uveitis. These strains of mice are commercially available 

from Jackson Labs, and have been documented by Huang (1999) and used by 

Silver and colleagues (1999). 

Since Silver et al. (1999) has shown evidence that iNOS-knockout mice are 

still able to develop uveitis and the associated damage, we would want to 

investigate the onset and progression of uveitis in nNOS- and particularly e N O S -

knockout mice, or mice that have both nNOS and e N O S genes 'knocked out'. 

We have convincingly showed that S N P damages the chick retina by nitric 

oxide release, and this damage is caused by peroxynitrite formation and lipid 

peroxidation, not excessive c G M P synthesis. Further studies could be done to 

elucidate other mechanisms of damage, such as the involvement of IKB, regulation 

of apoptotic transcription factors, or poly ADP-r ibose polymerase (PARP) 

activation. It would be useful to determine whether our S N P model of NO toxicity 
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involves S-nitrosylation of proteins, by means of a S-nitrosylation protein assay 

(Jaffrey et al., 2001). We also need to investigate whether SNP-induced toxicity 

activates a necrotic or apoptotic pathway. It would also be beneficial to investigate 

the retinal damage using electron microscopy, which could provide further 

information on where and how nitric oxide damage actually occurs. 
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CONCLUSIONS: 

1) Platelet-activating factor (PAF) induces inflammation in the chick eye, 

leading to damage of photoreceptors and R P E . 

2) L-NIO and L-NIL, nitric oxide synthase inhibitors, suppress the retinal 

damage caused by PAF . 

3) Any of the three N O S isoforms (nNOS, eNOS, iNOS) are capable of 

releasing enough nitric oxide to destroy the outer retina. 

4) Sodium nitroprusside damages photoreceptors and R P E by releasing NO 

probably in or near these cells. 

5) SNP-induced damage involves lipid peroxidation of photoreceptors and 

peroxynitrite formation, leading to cellular dysfunction and death. 

6) SNP-induced damage is not due to excessive production of c G M P . 

7) Although S N P elicits an immune response, this is not necessary for the 

SNP-induced retinal damage. 

In summary, the results reported here demonstrate that nitric oxide is a very 

diverse and potentially destructive molecule that can induce cell death during 

pathogenetic conditions. We have also shown that regulation of nitric oxide 

synthesis within the eye may be a useful therapy for preventing or suppressing 

retinal degeneration as seen in many human diseases such as uveitis. Models 

such as platelet-activating factor-induced uveitis are valuable tools for 

understanding pathological cellular mechanisms that can lead to blindness. 
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