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i 
Introduction 

, I 
Diabetic retinopathy i~ a major sight-thr~atening disease and is the leading cause 

of blindness among workingjaged Americans, kecting approximately 10 to 12 million 

persons (Wu, 1995). Although retinal vascula~e is particularly vulnerable to damage in 

diabetes, other retina~ cells aie at risk. Very rJcently, Barber et al. (1998) documented 
. : ~ . i 

increased apoptosis of neilral/ retinal cells in eJp~riinental diabetes in rats and diabetes 
. .· ' . .. ! I 

mellitus in humans. Notably, :retinal ganglion c¥s (RGCs) were found to be at particular . 

risk. Ganglion cell death ! in -diabetic retinJpathy is thought to be- mediated via 
. : . , I . -

overstimulation of N-methyl~D-aspartate {NMJPA) receptors by glutamate. crR1 is a 
-- : I -

nonopiate and nonphencyclidine~binding site tJlat ·has numerous pharmacological and 
I • l . ·. ~. 

physiological functions. In some studies, agonists for crR1 have been shown to afford 
r . I - . 

neuroprotection against overs~imulation of the f'JMDA receptor. The purpose of these 

. I · I 
studies was to evaluate the potential use of crR ligands, particularly those that bind 

I I 

specifically to crR1, as neuroprotective agen~s in the treatment of RGC apoptosis . 

. I -
characteristic of diabetic retiriopathy. A detailed description of the retina, followed by 

I I . 

information about diabetes l and the mechan~srris thought to be involved in the 
· i I 

pathogenesis of diabetic retini>pathy, particularly the apoptotic death of RGCs associated 
' I I 

with diabetic retinopathy, is pJovided below. I 

1 

I 

I 

I 



·The retina I· 
I 
I 

• I 

2 

The wall of the eyeball is composed of tllree tunica; the innermost tunic being the 

l t' (F' 1) Th . I h .. 11 . 1 d h . re Ina Igure . e retina, a p otosensitlve, mutt- ayere structure, spans t e postenor 

two-thirds of the eye. The re~ is the site of phltochemical transduction. Light triggers 

~erve impulses that are transnhtted along visual ~athways to the brain for higher cortical 

processing. The outer surfac~ of the retina ·is iJ contact with Bruch's membrane of the 

i h 'd hil h . ~ . . I . h h . b d T 1 c oroi , w e t e Inner sur1.~ce Is In contact jit t e vitreous o y. wo vascu ar 

sourc~s, the choriocapillaris and the central retibal artery nourish the retina. The RPE 

and the photoreceptor cells · fll'e nourished by the choriocapillaris, which is supplied 
I 

primarily by the posterior cili~ arteries. The itfuer retina, on the other hand, is supplied 

by the central retinal artery, ~hich is the first Jranch of the ophthalmic artery (rev. by 

Snell and Lemp, 1998). ThJe are several spJialized areas of the retina. The macula 

lutea,. an area in the cent~r of; the posterior retinl which measures 5 mm in diameter in 

humans, is one such area (Fi~e 2). In the cJter of the macula, the retina narrows so 

that only cones are present. bus narrowed reJon is referred to as the fovea centralis. 

The specialized arrangement Jf the retinallayej within the fovea permits greater access 

: I . 
of incoming light to the photoreceptor cells. This accounts for the fovea being described 

. I ' I . 
as the area of best visual acuity (rev. by Snell and Lemp, 1998). . 

. . i I 

As shown in figure 3Al the retina consist~ of an outer, pigmented layer, the retinal 

pigmented epithelium (RPE~, and an inner, 

1

neurosensory layer, the neural· retina 

·Histologically, the retina can be subdivided int~ ten layers based upon the distinct cell 

types present in eac~. The layers of the retina stabng at the choroidal edge and passing 

I 
I 
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I I 
I I 
I I 

Figure 1. . The eyel The wall of t/1e eye is composed of three layers; the sclera 
I i 

- I , . 

(outermost layer), th~ choroid, and thel innermost layer being the retina. The retina, a 
i 
i 

photosensitive, multi~layered structure, : spans the posterior two-thirds of the eye. The 
i ' i 

. I 

retina is where photochemical- transdul;tion ·occurs so that nerve impulses are created 
' ! i ' 

and transmitted along visual pathwa~s to the brain for higher cortical processing. 

(Image taken from Williams et al., 1995)l 
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Figure 1 
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Figure 2. A horizontal section through the eyeball. This illustration depicts the eye in 

horizontal section. There are several specialized areas of the retina. The macula lutea, 

an area in the center of the posterior retina, which measures 5 mm in diameter in 

humans, is one such area. (NIH Publication No. 96-3252). 
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Retinal blood vessels 

Lens 

Figure 2 
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Figure 3. Layers of the mammalian retina. (A) Hematoxylin and eosin-stainedsection 

of mouse retina in which the 10 histological layers can be identified (400x). (B) 

Schematic diagram of the retina depicting the 10 layers of the retina and the 

arrangement of the cell types within them (Holger, 1995). 
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toward the vitreous are as follows: (1) RPE, photoreceptor outer (2a) and inner (2b) 

segments, (3) outer limiting membrane, (4) outer nuclear layer, (5) outer plexiform layer, 

(6) inner nuclear layer, (7) inner plexiform layer, (8) ganglion cell layer, (9) nerve fiber 

layer, and (10) inner limiting membrane .(rev. by Burkitt et al., 1993). A schematic 

. diagram depicting the ten layers of the retina and the organization of the cell types within 

each is provided in figure 3B (Holger, 1995). 

The outermost layer of retina, the RPE, consists of a single layer of simple low 

cuboidal epithelium. The basal surface of RPE cells are characterized by considerable 

infolding. They rest on a basement membrane, w~ich forms Bruch's membrane of the 

choroid. The apical surface of these cells possess multiple microvilli that interdigitate 

with the outer segments of the photoreceptor cells. Adjacent RPE cell membranes are 

bound together in the basolateral regions by tight junctions and in the apical regions by 

gap junctions. The junctional complexes between the membranes of adjacent RPE cells 

form the outer blood-retinal barrier between the retina and the choroidal vasculature. 

This guards the special ionic environment of the retina and helps prevent the entry of 

potentially damaging molecules into the immunologically sequestered compartment of 

the eye's interior. RPE cells carry out a number of other functions vital to vision. They 

play ~ active role in the turnover of rod and cone outer segments, which are continually 

shed and renewed. The shed segments are phagocytosed within the RPE cell. The RPE 

also serves as an anti-reflection device, preventing light from bouncing back into the 

photoreceptor cell layer with a consequent loss of image sharpness. RPE cells are 

actively involved in the transport of ions and are believed to secrete growth factors 
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(Burkitt et aL, 1993;,Williams eta~., 1995)~_ In addition, they have been demonstrated to 
. . ~ . - . . . ' 

play a vital role in the vectorial transport of essential nutrients such as folate (Chancy et 

al., 2000). Thus, -the _ RPE has a key role in nourishing -the layers of_ the retina 

immediately above it. The RPE is also important for the sto:rage and release of vitamin 

A, a phenomenon necessary for the production of the photoreceptive pigments rhodopsin 

(synthesized by the rods) and iodopsin (synthesized by the cones) (rev. by Snell and 

Lemp, 1998). 

The neural retina 1s composed of neurons of three functional types: (1) 

photoreceptor (rod and cone) cells, (2) integrating neurons (bipolar, horizontal, amacrine 

cells) and (3) a uniform layer of multipolar neurons located in the innermost aspect of the 

retina, the retinal ganglion cells (RGCs) (Burkitt et al., 1993; Williams et al., 1995). The 

arrangement of the remainder of the retina is necessary to receive and convert light into 

neuronal impulses and transmit them to the brain. / . .,-···-

After light passes through the cornea and lens, it passes through the inner layers 

of the retina to the photoreceptor cells. Photoreceptor cells are of two ·types: 1) rods, 

which are responsible for vision in dim lightr(scotopic vision) and 2) cones, which are 

adapted -for vision in bright light (photopic vision) and have ·the ability to resolve fine 

detail~ and color vision. It is estimated that there are approximately 110 to 125 million 

rods and 6.3 to 6.8 million cones in the human retina (Osterberg, 1935). Photoreceptor 

cells consist of three main parts: the nuclei (found in the outer nuclear layer), t~e inn.er 

segments, and the outer segments. It is the discs of the rod and cone cell outer segments 

that contain ,rhodopsin and iodopsin, respectively. ·They also contain various other 

. ' 

I 
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proteins within the cytosol that participate in significant amplification of the light signal. 

It is within the outer segments of the photoreceptor cells that a portion of the visual cycle 

is completed. Light striking the photoreceptor cells stimulates rhodopsin molecules and 

hyperpolarizes the plasma membrane, which, in tum, initiates signaling cascades and 

produces a .n.euronal signal (rev. by Berman, 1991, rev. by Yarfitz and Hurley, 1994). 

Rod and cone cells make synaptic· contacts with bipolar cells, horizontal cells, as well as 

with other rod and cone cells. These synaptic contacts facilitate the transmission of the 

neuronal signal to the brain. The synaptic region between the photoreceptor cells and the 

cells of the inner nuclear layer is referred to as the outer plexiform layer (rev. by Snell 

and Lemp, 1998). 

The inner nuclear layer of the retina is comprised of four different cell types: 

three types of neuronal cells as well as one glial cell type. Bipolar cells, the predominant 

cell type, are the first order neurons in the visual pathway. These radial neuronal cells 

possess a single axon that synapses with amacrine, horizontal, RGCs, or other bipolar 

cells. One or more dendrites · of the bipolar cells pass outward to synapse with the 

photoreceptor cell terminals. B!polai ·cells have been divided' into several types on the 

basis of their synaptic connections. Rod bipolar cells connect several rod cells to one ·or 

more RGCs. Flat or diffuse bipolar cells connect many cone cells with many RGCs. 

Midget bipolar cells connect a single cone cell with.a sing~e midget RGC (Williams et al., 

1995). 

Amacrine cells are another neuronal cell type found within the inner nuclear 

layer. A small population of amacrine cells can also be found interspersed throughout the 
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ganglion cell layer. These "displaced" amacrine cells comprise ....... 32% of the neurons in 

the ganglion cell layer (Yaney. et al., 1981; Masland, 1988). Amacrine cells are 

stimulated by bipolar cells and have long processes that synapse with the axons of 

adjacent bipolar cells and the dendrites of the· RGCs. Amacrine cells are believed to 

serve as modulators 'of photoreceptor signals. The nuclei of amacrine and horizontal cells 

are present in the inner nuclear layer, yet their processes extend outside the inner nuclear 

layer to make up the inner and outer plexiform layers (rev. by Snell and Lemp, 1998; 

Williams et al., 1995). 

Horizontal cells are multipolar neuronal cells that synapse with the photoreceptor 

and bipolar cells. They respond to neurotransmitters liberated by the rods and cones 

following excitation by ljgh~. They are believed to. release the inhibitory transmitter 
. . . . . 

. . 
. . . . ~ . '. ' . . . 

gamma aminobutyric acid (GABA). GABA serves to inhibit the activity of bipolar cells 

some distance away, thus sharpening contrast and increasing spatial resolution. 

Horizontal cells are also thought to play a role in the integration of visual . stimuli 

(Williams et al., 1995). 

A fourth cell type present in the inner· nuclear layer is the Muller cell. Muller 

cells are radially oriented glial ~ells, which span almost the entire thiclmess of the neural 

retina. Their nuclei lie within the inner nuclear layer, and send off a single thick fiber 

which gives off complex lateral branches. These branches form basket-like calyces 

around the cell bodies of the different retinal cell types. ·Other processes of the Muller · 

cells make extensive contacts with the walls of blood capillaries. Toward the outer 

surface of the neural retina, there exists a row of zonula adherens between the 
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photo~eceptor cells and the radial processes of the Muller cells. This junctional complex · 

forms a microscopically dense-staining line ·referred to as the outer limiting membrane. 

At the vitreous surface of the neural retina, the Muller cells have expanded terminations 

covered by a basement membrane, . which together form the inner limiting membrane. 

Muller cells are thought to play an important role in supporting 'the neurons of the retina. 

In fact, they are thought to protect neurons from various neurologic insults due to the fact 

that they also play a pivotal role in the uptake of neurotransmitter substances such as 

glutamate, for example. Under normal circumstances, Muller cells aid in the removal of 

excess glutamate from the extracellular space by producing glutamine synthetase, the 

enzyme necessary for the reaction that converts glutamate into glutamine to occur 

(Mitzutani et al., 1998; Kawasaki et al., 2000). In addition, Muller cells are important 

for electrical insulation of receptors and neurons. While Muller cells are by far the 

predominant glial cell type within the retina, other glial-like cells called retinal astrocytes, 

perivascular glial celts and microglial cells have also been described (Sarthy and Ripps, 

2001). 

Retinal ganglion cells 

RGCs are the second order neurons in the visual pathway. The cell bodies of the 

RGCs, located within the ganglion cell layer, vary from. 10 to 30 J..lm in diameter and 
I . 

have a large nucleus. In humans, the cell bodies of the RGCs exist in a single row in 

most of the retina, · but become progressively more numerous a~ the macula 1s 

. . 

approached. In the area of the macula, they are ranked in about 10 rows diminishing 
01 



14 

again towards the fovea, from which they are almost completely absent (Williams et al., 

· 1995). In mouse retina, however, the cell bodies of the RGCs form a single stratum 

throughout the entire retina, with little variation. RGCs are multipolar neurons. They are 

the only projection ·:neurons in the retina, and represent th~ ·final common pathway 

neurons of the retina (Cellerino et al., 2000). 

RGCs are of two basic types: midget RGCs and the much larger parasol cells. 

Midget RGCs synapse with a single cone bipolar cell and as a result become active (or 

inactive) when a single cone cell is illuminated. Midget RGCs mediate high-resolution 

images as well as color. In the human central retina, these form about 80 to 95% of all 

RGCs. Parasol RGCs are much larger and make up only about 5-15% of all RGCs in the 

central retina. They receive inputs from diffuse cone bipolars, rod bipolars and amacrine 

cells. Because of this arrangement, parasol RGCs have extensive receptive fields 

gathering signals from many photoreceptors. Parasol RGCs are also phasic, adapting 

rapidly to sustained stimuli therefore signaling changes of illumination (Williams et al., 

1995). 

At the inner surface of the retina, . RGC axons make a 90-degree tum, and 

aggregate to form the nerve fiber' layer. The optic nerve is formed by the convergence of 

RGC axons _(Figure 4). The optic disc, a region in the posterior retina approximately 3 

mm to the medial side of the macula in the human .eye, is the site where the fibers of the 

optic nerve exit the eye by piercing the sclera. The optic disc is a very important retinal 

landmark. There is a complete absence of rods and cones at the optic disc; therefore, it is 

insensitive to light. For this reason, the optic disc is commonly referred to as the "blind 
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Figure 4. Arrangement of RGCs within the mammalian retina. (A) Hematoxylin and 

eosin stained cryosection of normal mouse retina (400x). Retinal/ayers are labeled as 

follows: RPE, retinal pigmented epithelium, ONL, outernuclear layer, INL, inner nuclear 

layer; RGC, retinal ganglion eel/layer. (B) Schematic representation ofthe convergence 

of RGC axons within the nerve fiber layer as they make a 90-degree turn at the inner 

retinal surface to form the optic nerve. 
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spot" (rev. by Burkitt et al., 1993). Upon exiting the eye at the op"tic disc, RGC axons 

contained within the optic nerve project to the brain's primary visual centers located in 

the midbrain and thalamus .. Although the pattern of projection varies between species; in 

most mammals, the vast majority ofRGCs project to the superior colliculus and pretectal 

nuclei, with : fewer collaterals traveling to the geniculate nucleus in the thalamus 

(Cellerino et al., 2000). Interestingly, double labeling experiments in the rat indicate that 

in this particular species some RGCs send axons bilaterally to the superior colliculi and 

lateral geniculate nuclei on both sides of the brain (Kondo et al., 1993). RGC dendrites 

are v~able i~ number and branching pattern and ·usually emerge opposite the ax~n. The 

dendrites of RGCs are connected synaptically with the processes of bipolar and amacrine 

neurons in the inner plexiform layer (Williams et al., 1995). 

RGCs serve as the "converging endpoint" of all visual stimuli processed by the 

retina (Wassle and Boycott, 1991 ). They receive excitatory (glutamatergic) and 

inhibitory inp~t from bipolar, amacrine and other RGCs via chemical synapses (Sucher et 

al., 1997). Due to the vast amount of input received by RGCs, they, like most other CNS 

neurons, expr~ss a wide variety of neurotransmitter receptors and voltage-gated ion 

channels. Those receptors and ion channels, which regulate the intracellular calcium 

concentration [Ca2+]i of the cell, have been demonstrated to be of major importance not 

only for the physiologic function of RGCs but also for the pathophysiological changes 

that influence cell viability (Lipton and Kat~r, 1989; Sucher et al., 1997; Stout et al., 

1998; Cellerino:et al., 2000). Loss ofRGCs is. a hallmark ofmanyneurologic and 
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ophthalmic diseases including glaucoma, retinal ischemia due to central artery occlusion, 

anterior ischemic optic neuropathy, and diabetic retinopathy (Sucher et al., 1997). 

Diabetes and retinopathy 

Diabetes mellitus is a group of genetically and ·environmentally determined 

disorders characterized by a deficiency of or insensitivity to the action of insulin. There 

~e two types of diabetes. Type I diabetes, also called insulin-dependent diabetes 

' 
{IDDM), identifies those patients who cannot survive without insulin treatment. Type I 

di~betes is an early-onset disorder, typically setting in around the ages of 10-15 years. 

This form of diabetes is most commonly due to an autoimmune destruction of the beta 

cells of the pancreas (Pickup and Williams, 1997). Non-insulin dependent diabetes 

(NIDDM), type IT diabetes, is a multifactorial disorder affecting 80 ·to 90 percent of the 

diabetic population. NIDDM may, be the result of vafiable combinations of insulin 

resi~tarice arid insulin deficiency (Pickup and Williams, 1997). .. 

Diabetes is known to affect many organs of the body including the kidney, 

cardiovascular system, and the eye. The ocular 'complications associated with diabetes 

are collectively khow~ as ~'diabetic eye disease.". Diab~tic eye disease includes cataract, 

glaucoma, ,and diabetic retinopathy. All of these disorders may yield severe visual 

impairment, and if untreated, ultimately result in loss of vision (Nlli Publication #96-

3252, 2000); however, retinopathy occurs most commonly and is by far the most sight-

threatening of the disorders. It is the leading cause of blindness among working-aged 

persons (aged 20-7 4 years) in the United States. In fact, diabetic retinopathy affects over 
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90 percent of persons with diabetes and progresses to legal blindness in 5 percent (Wu, 

1995). All persons with diabetes are at risk of developing retinopathy. However, the 

incidence of retinopathy is strongly correlated with the type of diabetes and duration of 

the disease. Results of clinical trials such as the Diabetes Control and Complications 

Trial (DCCT) suggest that type I diabetics are more susceptible to retinopathy than type 

II patients. Eighty percent of diabetic patients with IDDiv{ will have retinopathy after 

some ten years of suffering with diabetes. By twenty years, approximately 100 percent 

are affected (Klein, 1984). 

The vascular . features of diabetes and long-term retinopathy have been studied 

extensively and are well documented {Table 1) .. "Retinal mi~rovascular dysfunction in 

diabetes is characterized clinically by hemorrhages, microaneurysm, cotton-wool spots, 

lipid exudates, macular edema, capillary occlusion, and ultimately, neovascularization. 

Because the onset of diabetes, particularly type I diabetes, is usually acute, it is nearly 
. . 

impossible to note precisely the duration or onset of retinopathy until the initial lesions 

characteristic of the disease are first observed (Wu, 1995; Frank, 1995). 

The extent to which the eye is affected by diabetic retinopathy can be classified 

using a five-stage system of classification. The system is dependent upon the clinical 

manifestations of the disease that are present at the time of diagnosis (Donnelly et al., 

2000). This fiv~-stage system of classification is outlined in Table II. Stage I of the 

disease is called background or non-proliferative retinopathy and is characterized by the 

presence of microaneurysms, small blot hemorrhages, and exudates. The macula is 



Table lA.: Vascular- complications of diabetes 

Microvascular 

Retinopathy 
Nephropathy 
Neuropathy 

·Macrovascular 

Ischemic heart disease 
Stroke · 
Peripheral vascular disease 

Adapted from: (Donnelly eta/., 2000). 

Table lB. Vascular complications of diabetic 
retinopathy · 

Key Features 

Microaneurysms 

Retinal hemorrhages 

Retinal l.ipid exudates 

Cotton-wool spots 

Capillary nonperfusion 

Macular: edema 

Neovascularization 

Associated Features 

Vitreous hemorrhage 

Retinal detachment 

Neovascular glaucoma 

Premature cataract 

Cranial nerve palsies 

Adapted from: (Benson, 1999). 

20 
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Table II. Classifi9ation and.features of diabetic retinopathy 

Grade 

I. Background 
retinopathy 

II. Background with 
macu lopathy-

Ill. Preproliferative 
retinopathy 

IV. Proliferative 
retinopathy 

V. Advanced 
diabetic eye disease 

Examination features 

Microaneurysms 
Small blot hemorrhages 
Hard exudates 
Not affecting macula 

. Leakage in macular region 
Capillary occlusion 
Hard exudates 

Cotton wool spots 
Venous abnormalities 
Large blot hemorrhages 
I ntraretinal microvascular 

. Abnormalities (IRMA) 

New vessels on disc or 
elsewhere on retina 

Extensive fibrovascular 
proliferation 
Retinal detachment 
Vitreous hemorrhage 
Thrombotic glaucoma 

Symptoms 

None 

Central visual 
loss (such as . 
reading difficulty) 

None 

None, but 
complications 
cause visual loss 

Severe visual loss 
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Table Ill. Diabetes Affects All Retinal Cell Types 

Cell Type 

Vascular 

Glial 

Microglial 

Neurons 

Characteristics 

Altered tight junctions; endothelial cell and 
pericyte death . 

Altered contacts with vessels; release 
inflammatory mediators; impaired glutamate 
metabolism 

Increased number; release inflammatory 
mediators · 

Death of ganglion cells, inner nucl_ear layer; 
axonal atrophy 

Clinicians are most familiar with the vascular component of diabetic retinopathy as it is 
most easily detectable ophthalmoscopically. However, the retina is composed of four 
major classes of cells (vascular, glial; microglial, and neurons) and each is affected by 
diabetes (rev. by Gardner et al., 2002). · · 
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·usually not affected at this stage.· The best-known clinical feature of non-proliferative 

dia~eti~reti;nopathy is microangiopathy. Microaneurysms (locali~ed capillary dilations) 

are usually the first vi~ual signs of the disorder detectable with a hand-held 

ophthalmoscope. Microangiopathy becomes apparent in patients with Type I and Type II 

diabetes after about 10 to 15 years of disease onset (Lorenzi and Gerhardinger, 2001). 

Microaneurysms are believed to represent the first in a series of lesions of increasing 

severity (Donnelly, 2000). While, such lesions may be associated with <?ther illnesses 

(i.e., systemic hypertension, AIDS), they tend to occur most commonly with diabetes 

(Frank, 1995). Data obtained by tryptic digestion of diabetic retinas sh9w that while 

some microaneulysms are filled with clotted blood, others appear hypercellular. This 

suggests that. the endothelial cells have begun proliferating in efforts to initiate new 

vessel growth (Donnelly, 2000). Thus, it is thought that in some instances 

microaneurysm formation in diabetic retinopathy may in actuality represent attempts at 

revascularizing ischemic areas of the retina. 

Retinal hemorrhages are another key feature of retinopathy detectable early in the 

pathogenesis of -diabetic retinopathy. Hemorrhages become increasingly common as the 

number and severity of microaneurysms increase. Hemorrhages tend to occur when the 

wall of a capillary or microaneurysm is weakened so severely that it ruptures giving rise 

to a leakage of blood into the inner layers of the. retina. If the leakage of fluid into the 

r~tina is extremely severe, lipids may begin to accumulate (Benson, 1999). Thus, retinal 

lipid exudates, defined as waxy deposits in the retina, are anoth~r characterizing lesion 
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associated .with increasing severity of diabetic retinopathy (Donnelly et al., 2000). 

Stage II diabetic retinopathy, also referred to as background retinopathy with 

maculopathy, is characterized by the presence of exudates accompanied by capillary 

occlusion and leakage in the macular region. Macular edema is the most common cause 

of visual impairinent in diabetic individuals. Macular edema, classified as swelling of the. 

neural retina within the macular region, is caused by the breakdown of the blood-retinal 

barrier (BRB) within this region, with subsequent leakage of fluid components of the 

blood into the intercellular spaces of the ,:retina. Macular edema is commonly observed 

clinically at retinopathy stages prior to those involving vascular proliferation. Though 

macular edema accounts for the greatest number of diabetic individuals with visual loss, 

by definition it cannot cause total blindness because it involves· only the macula and the 

peripheral field of vision is always spared (Frank, 1995). Patients with stage II 

retinopathy often demonstrate signs of central visual loss such as difficulty reading even 

when wearing reading glasses. 

Stage ill retinopathy is characterized by the presence of cotton-wool spots, large 

blot hemorrhages, and intraretinal microvascular· abnormalities (IRMA) (Donnelly et al., 

2000). This stage in disease progression is called pre-proliferative retinopathy. It is so 

named because while alterations in retinal vasculature are of increasing severity at this 

particular stage, as of yet, there is still no evidence of new vessel formation. Diabetic 

' . 
microangiopathy becomes sight-threatening when it leads to macular edema and/or 

retinal ischemia with subsequent upregulated new vessel formation (Engerman and Kern, 
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1995; Engerman, 1989). Indeed, neovascularization and macular edema are the most 

severe, vision-threatening manifestations of diabetic retinopathy. 

Diabetic individuals whose retinopathy has progressed to include 

neovascularization have reached a severe stage of the disease referred to as proliferative 

diabetic retinopathy (PDR) or stage IV retinopathy (Frank, 1995; Donnelly et al., 2000). 

In normal retina, the cells of the retina scarcely proliferate during adult life. Any retinal 

vascular cellular proliferation in the adult eye is therefore abnormal. New vessel growth, 

like microaneurysm formation, is thought to be an attempt at revascularizing ischemic 

areas of the retina (Donnelly et al., 2000,). The angiogenic processes involved in PDR 

are thought to be stimulated by breakdown of the vessel wall which rele~se vario~s 

growth-promoting factors (ex; laminin fragments), and by fibronectin derived from the 
. . - . 

circulation. , Retinal. cells and leukocytes also produce- angiogenic factors locally such as 

vascular ·endothelial growth factor (VEGF), fibroblast growth factor (FGF), and 

transforming growth factor ~ (TGF-~) (~rank,. 1995; Donnelly et al., 2000). The 

angiogenic process, which induced by diabetes, often results in the formation of vessels 
' - -

which are very leaky, allowing blood and plasma to escape the vascular compartment and 

contact cells in surrounding tissues thereby altering their phenotype. The fragility of the 

new vessels can be readily understood because of the fact that they demonstrate a 

profound loss of the barrier function of normal retinal vessels, as demonstrated by 

fluorescein angiography (Wu, . 1995). The bleeding associated with new vessels 

commonly causes vitreous hemorrhages and visual impairment. Because new vessels 

often grow into the vitreous, retinal detachment is another major complication associated 
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with neovascularization. When diabetic retinopathy has progressed to include retinal 

detachment due to extensive fibrovascular proliferation, the disease is classified as stage 

V or advanced diabetic eye disease. Stage V retinopathy is also ·characterized by 

thrombotic glaucoma and vitr~ous hemorrhage. At this stage in disease progression, 

severe and often irreversible visual loss has occurred (Donnelly et al., 2000). 

Clinical features of diabetic retinopathy (i.e., microaneurysms, hemorrhages, lipid 

exudates, neovascularization) are often not detectable until after some 5-10 years of 

diabetes, however, functional . changes in the retinal vasculature can be detected very 

early _after diabetes onset. There is strong evidence that retinal blood flow is increased 

very early in diabetes, even before the onset of diabetic retinopathy. The reason for this 

increase in retinal· perfusion is thought to be coupled to the cellular and intercellular 

alterations induced by glucose-and to endothelial cell dysfunction (rev. by Schmetterer 

and Woltz, 1999; rev. by Ghirlanda et al., 1997). 

Increased vascular permeability is a common feature known to occur early in the 

pathogenesis of diabetic retinopathy. This. increase in vascular permeability is thought to 

be due primarily to compromised BRB properties. The inner BRB is composed of tight 

junctions between the retinal·vascular endothelial cells, whereas the junctional complexes 

between the RPE cells form the outer BRB. Clinical studies with differential fluorometry 

strongly suggest that the inner BRB rather than the outer BRB contributes primarily to 

the increase in vascular permeability early in diabetes (Antonetti et al., 1998). Although 

BRB breakdown is. a known hallmark of diabetic retinopathy, the molecular changes 

responsible for this pathology are unclear. 
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BRB breakdown and the subsequent increase in retinal vascular permeability 

associated with diabetes. are believed to result from a combination of several factors. 

VEGF is postulated to be one such factor. VEGF is a very potent vasopermeability factor 

believed to be operative in the pathogenesis of diabetic BRB breakdown. Many cell 

types within the eye produce VEGF, including RPE cells, retinal capillary pericytes, 

endothelial cells, Muller cells, and RGCs (Aiello et al., 1995; Simorre-Pinatel et al., 

1994; Adamis et al., 1993; Duh and Aiello, 1999). Retinal VEGF levels have been 

demonstrated to be elevated very early in the pathogenesis of diabetic retinopathy in 

human patients as well as animal models of diabetes (Quam et al., 2001; Joussen et al., 

2002; Joussen et al., 2001; Duh and Aiello,· ·1999; Anto~etti et al., 1998). Histamine, 

another potent permeabilizing agent, has also been demonstrated to increase in the retina 

during diabetes (Antonetti et al.; 1998). In addition to upregulation of vasoactive agents 

like histamine and VEGF, increased vascular permeability during diabetes may also be 

mediated in part by in vivo reduction of tight junction protein content. Occludin is a 65 

kDa tight junction protein whose expression ~as been demonstrated to be specific for 

vascular endothelial cells with strong barrier properties. Recent studies demonstrate the 

existence of a strong correlation between the expression of occludin and altered BRB 

properties. In fact, it has been found that occludin expression is reduced during the first 

few weeks of streptozotocin (STZ)-induced diabetes in rats. This reduction in occludin is 

closely correlated with an increased permeability to serum albumin (Antonetti et al., 

1998; Barber et al., 2000). 
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Recent evidence suggests that the retinal glia may also play an important role in 

BRB br~akdown and the resultant increa~e in vascular permeability associated with 

diabetic retinopathy, as diabetes affects these cells as well. The glial cells and blood 

vessels of the retina are in close opposition and 'are likely to communicate directly with 

each other. Mitzutani and colleagues (1998) suggest that the increase in vascular 

permeability associated with diabetic retinopathy may be due to effects of diabetes that 

alter the neural components of the retina giving rise to a breakdown in the interactions 

between neurons, glia and endothelial cells. Muller cells, the predominant glial cell t)rpe 

in retina, produce factors capable. of modulating blood flow, vascular permeability, and 

cell survival. For example, these cells are capable of releasing VEGF. Given that Muller 

cell processes surround all blood vessels in the retina, it is highly plausible that these cells 

play a role in BRB maintenance and therefore in the pathogenesis ·of diabetic retinal 

microangiopathy (Mit~utani et al., . 1998). Conversely, in vivo tight junction pro~ein 

expression il) increased ·by factors secreted ·from astrocrtes, which is thought to be a 

mechanism by which the BRB is normally maintained in vivo. Therefore, retinal glial 

cells play a major role in the maintenance of BRB properties, in that the degree of 

· vascular permeability and thus BRB function depends on· factors released by the glial 

cells of the retina. Thus, alterations in retinal glia may be ·an additional mechanism by 

which diabetes compromises th~ ·BRB resultit~g in a comcomitant increase in vascular 

permeability. Whether the production of VEGF by RGCs contributes to breakdown of 

BRB is not known. 



29 

Because va~cular abnormalities such as hemorrhages, inicroaneurysms, exudates . 

and neovascularization are among the first to be detected ophthalmoscopically, there is a 

general assumption that diabetic retinopathy is solely a microvascular abnormality. In 

fact, Benson (1999) defines diabetic retinopathy as "progressive dysfunction of the retinal 

vasculature caused by chronic hyperglycemia." Recent data, however, show clearly that 

diabetes affects a~l major retinal cell types (Table IIi) (rev. by Gardner et al., 2002). 

Thus, while the. vascular changes associated with diabetic retinopathy play an important 

Tole in the pathogenesis of the disease, the balance of the changes which occur between 

macroglial, and microglial cells, neurons, and vascular cells must be considered as a 

whole. Present day management of diabetic retinopathy targets vascular alterations in the 

retina (Wolter~ 1961; Frank, 1995; Wu, .1995), l;>ut as mentioned earlier, these yascular 

changes are often a late-onset manifestation of the disease in humans (Klein et al., 1995; 

Lorenzi et al., 2001) and in rat models of diabetes (Engerman and Kern, 1995; 

Bloodworth, 1962). Unlike these late-onset vascular changes, degenerative processes 

begin in the neural retina shortly after the onset of diabetes. Loss of color (Daley e~ al., 

1987; Roy et al., 1986) and contr~st (Sokol et al., 1985; Hirsh and Puklin, 1982) 

·sensitivity are early signs of neural retinal dysfunction in humans that occur within two 

years of the onset of diabetes. Electroretinogram (ERG) data obtained in diabetic patients 

suggest that. abnormalities in the· ganglion and ·inner retinal cell layers occur within the 

first year of diabetes onset (Ghirlanda et al., 1997; Parisi et al., 1997; Gardner et al., 

2002). Alterations of the b-wave of the ERG, which reflects Muller cell changes, also 

occur after only a few years of the onset of diabetes in human patients (Coupland, 1987) 
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and within two weeks in rats (Sakai et al., 1995). Studies using the focal ERG (FERG), 

which allows for direct assessment of RGC function, demonstrated alterations in RGC 

function in IDDM patients prior to any clinically observable signs of vascular 

abnormalities (Ghirlanda et al., 1991). At 3-year follow-up, DiLeo et al. (1994) showed 

further significant impairment of RGC function in some of the same patients, even 

though there was still no evidence of clinically detectable· retinopathy. While diabetic 

retinopathy has by tradition been characterized as a disease affecting primarily the retinal 

vasculature, it is now recognized that diabetic retinopathy is an ocular manifestation of 

diabetes with characteristic neural as well as vascular components. 

RGC death in diabetic retinopathy 

RGCs are particularly vulnerable in diabetic retinopathy and die by apoptosis 

within the first 2 years of disease onset. Very recently, Barber and co-workers (1998) 

documented increased apoptosis of neural retinal cells in experimental diabetes in rats 

and diabetes mellitus in humans. At particular risk were RGCs, which demonstrated a 

10% decrease in cell number in STZ-induced diabetic rats compared with controls. There 

is evidence that RGC death in diabetic retinopathy occurs via glutamate-mediated 

toxicity (Leith et al., 1998). Within 3 months of the onset of diabetes in the STZ-induced 

rat model of diabetes, levels of glutamate increase significantly. Studies of undiluted 

vitreous samples from diabetic and non-dia~etic patients who, had undergone pars plana 

vitrectomy revealed glutamate levels that were 2.5 times greater in diabetic patients 
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(Ambati et al., 1997). Pathological activation of receptors for glutamate is implicated in 

the etiology of a variety of neurological diseases including hypoxic-ischemic brain injury, 

Huntington's disease, Parkinson's disease and HN-associated dementia (Sucher et al., 

1997; Lipton and Rosenberg, 1994 ). The toxic effects of glutamate on the retina, 

particularly the RGCs, are well established (Lucas and Newhouse, 1957; Olney, 1969; 

Hansson, 1970; Lund-Karlsen and Fonnum, 1976; Vorwerk et al., 1996; Sisk and 

Kuwahara, 1985; Sucher et al., 1997). Lucas and Newhouse (1957) were the first to 

report. the toxic effects of glutamate on the mammalian eye. These authors found that 
\ 

subcutaneous injection of glutamate into young mice led to severe destruction of the 

inner retinal layers, most notably in the ganglion cell layer. Using ultrastructural 

techniques, Olney (1969, 1982) demonstrated similar glutamate-induced retinal toxicity 

in neon~tal mice, and coined the term "excitotoxicity'' to describe these lesions. Sisk and 

Kuwahara (1985) added to the growing wealth of knowledge about the toxic effects of 

glutamate in retina by conducting a study in which they injected glutamate intravitreally 

into adult albino rats and noted a subsequent degeneration of the inner nuclear and 

. ganglion cell layers. These classical studies. demonstrated that acute administration of 

intravitreal glutamate is severely toxic to the inner layers of the retina. The effect of 

chronic elevation in vitreal glutamate on the retina had not been explored until recently 

(Samy·et al., 1994; Vorwerk et al., 1996). Vorwerk and colleagues (1996} injected one 

eye of adult rats with glutamate (1 f.ll of a 5 mM solution) every 5 days for three months, 

elevating vitreal glutamate to ,...., 30 JlM, compared to, a bas~line of ,....,5 JlM in the control 
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eye (contralateral eye injected with vehicle control). Histologic analysis of retinal 

sections prepared from these eyes demonstrated a significant reduction in the total 

number of RGCs in eyes exposed to chronic glutamate treatment. Thus, they found that 

chronic elevation of vitreal glutamate is deleterious to the RGC layer. It was also found 

in a later study, that chronic administration of glutamate ·results in a histologic pattern 

similar to that seen with an acute bolus of intravitreal glutamate (rev. by Sucher et al., 

1997). These studies were very important and laid the foundation for more recent studies 

of glutamate toxicity in retina, particularly i~s affects on RGCs. 

The toxic effects of glutamate on RGCs have been d_emonstrated also in vitro. To 

investigate glutamate toxicity in RGCs under well controlled and defined conditions, 

short-term in vitro culture of freshly dissociated RGCs was developed (Leifer et al., 

1984; Han, Aizenman and Lipton, 1988). Using such RGC cultures, it has been 

-demonstrated that glutamate, NMDA, kainate, endogenous glutamate, or a glutamate-like 

toxin kill RGCs in a .Ca2+ -dependent manner. Recently, a stable rat ganglion cell line 

(RGC-5) was developed by Krishnamoorthy et al., 2001. ·Retinal cells were isolated from 

postnatal day 1 (PN1) rats and transformed ~ith the 'tf2 E1A virus. To isolate RGCs, 

-single cell clones were chosen at random from the transformed cells. To definitively 

designate a particular clone as being a putative RGC clone, the expression of several 

known cellular markers including Thy-1 (a marker for RGCs ), glial fibrillary acidic 

protein (GFAP, a positive marker for Muller cells), HPC-1/syntaxin (a marker for 

amacrine cells), 8A 1 (a marker for horizontal and RGCs) and neurotrophins, was 

evaluated using RT -PCR (revers~ transcriptase-polymerase chain reaction), 
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immunoblotting and immunocytochemical techniques. One clone, designated RGC-5, 

• was found to be positive for expression of Thy-1, Bm-3C, neuritin, NMDA receptor, 

GABA-B receptor, and synaptophysin expression and negative for GFAP, HPC-1, and 

8A1. It was demonstrated· that· upon ·differentiation with succinyl c~ncanavalin A 

(sConA), RGC-5 cells became sensitive to glutamate toxicity, which could be reversed by 

MK801, a selective NMDArtagonist (Krishnamoorthy et al.~ 2001). The RGC-5 cells 

mimic many of the charilct~stics ofRGCs. · . . · 

It is believed that !Lutamate neurotoxicity to RGCs is caused by excessive 
I'\ 

stimulation of receptors for r
1

xcitatory amino acids predominan~ly tlllough theN-methyl-

r: 
. D-aspartate (NMDA) subyt~e of glutamate receptor (rev. by Sucher et al., 1997). The 

NMDA receptor has uniqJl physiological and pathophysiolOgical roles and several 

. iii 
modulatory sites on the NMii)A receptor channel complex have been elucidated. Figure 5 

i!\ 

depicts the structure of theJ~A receptor. It is a ligand-gated ion channel requiring 

. 1 .. b li . 1 dl . .c: h 1 . I stmu taneous actlvatlon y o agomsts, g utamate an g yctne, ~or c anne opemng. on 
II\ . 

passage also requires depol#zation, because magnesium directly blocks the ion channel 
i!\ . . 

in a voltage-dependent mann;er. The NMDA channel has been shown to be permeable to 
. li\ 

2+ + 1i . ' 2+ . 1 Ca , as well as Na and ~!\. The substantial entry of Ca through NMDA channe s 

leads to important physiol~bcitl changes in cell function (Dingledine et a!., 1999). 

Indeed, NMDA-receptor-mJ~ated toxicity in RGCs is dependent on th~ influx of 

extracellular calcium (Ca2+). The increase in intracellular Ca2+ acts as second messenger 

that sets in motion the cascade leading to eventual cell death. Several recent studies have 

. demonstrated that.glutamate-ind1,1ced RGC death occurs via an apoptotic mechanism 
I 
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Figure 5. The NMDA, receptor. The NMDA receptor is a ligand-gated ion channel 

requiring simultaneous activation by two agonists, glutamate anrf, glycine, for channel 

opening. Ion passage also requires depolarization, because magnesium (Mg2+) directly 

blocks the ion channel in a voltage-dependent manner. The NMDA receptor channel has 

. 2+ + Tfi been demonstrated to be permeable to Ca , as well as Na and A . 
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(Barber et al., 1998; Moore et al., 2001). It is postulated that glutamate-induced RGC 

apoptosis in diabetes occurs via a pathway simil~ to that by which selective elimination 

of RGCs occurs during development of the mammalian retina. Figure 6 illustrates a 

simplified view of RGC apoptosis during development. In brief, transcription of the 

immediat~-early gene c-Jun, and upregulation ofBax are triggered following a death 

signal,. · eg. increased Ca2+ influx via NMDA receptors. In the · presence of 

unphosphorylated Bad bound to Bcl-xL, Bax is translocated to the mitochondrial 

membrane to form pores throl;igh which cytochrome c can be released. Cytoplasmic 

cytochrome c together with pro-caspase 9 and Apaf-1, in·the presence of dATP, form the 

apoptosome. Fo~ation of the apoptosome activates caspase 9, which in tum actiyates 

caspase 3, which cleaves cytoskeletal proteins, ultimately resulting in apoptotic RGC 

death. Apoptosis of RGCs during development can be prevented by the addition of 

growth factors such as BDNF, and insulin-like growth factor-1. These growth factors are 

responsible for initiating th~ onset of survival pathways such as the Akt survival pathway. 
I 

i 

(Celleriono et al., 2009). i 

Glutamate (an excitatory amino acid) is the principal neurotransmitter in the 

retina, and the one most used by RGCs (Figure· 7). It is thought to mediate synaptic 

transmission at photoreceptor/bipolar cell synapses and at bipolar/ganglion cell synapses, 
I 

acting through activation o~ glutamate receptors (Sucher et al., 1997). Glutamate is the 
0 i ' 

I 
I 

primary excitotoxin that a9tivates the NMDA receptor and diabetes is associated with 
! 

elevated levels of glutamat¢ in the vitreous body (Ambati et al., 1997). Glutamate· further 
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Figure 6. Schematic overview of apoptotic pathways in RGCs. Following a death 

signal, among· others, Ca2
+ infl~x, transcription .of the immediate-early gene c-Jun, and 

upregulation of Bax protein are triggered. In· the presence of unphosphorylated Bad 

bound to Bcl-XL, Bax is translocated to the mitochondrial membrane to form pores 

through which cytochrome c can be· released. Cytoplasmic cytochrome c, together with 

procaspase 9 and Apaf-1, in the presence of dATP, forms the apoptosome. This results in 

activation of caspase 9, which can then activate procaspase 3 to active caspase 3. This 

effector caspase will then cleave cytoskeletal proteins; among other substrates, resulting 

in apoptotic cell death. Growth factors such as BDNF and insulin-like growth factor-1 

activate various cascades that result in the phosphorylation of Bad. Phosphorylated Bad is 

bound to 14-3-3 proteins and thereby apoptosis is prevented. While the scheme is a 

general one that might be applicable to many degenerating cell types, most ofthe steps 

mentioned have now al~o been demonstrated actually to be involved in degeneration of 

RGCs. (Cellerino, Bahr & Isenman, 2000). 



death 
signal 

- ! 
/ca2+ 
~ ;:Jun 

\+ 

growth factor 
neurotrophin 

\.@)receptor 
II .__ 

pl~ 
+ alternative <:ell 

Aid survival palh.ways 

----1' -;---_..!~~1~ 

! 
. subs~rate cleava~e 

cytQskeletal disruption 
i . 

DNA fragmentation 

apoptosis 

----~· survival 

Apaf-1 

Apaf-3 (pro-caspase 9) 

apoptosome 

· activated caspase 9 
(ini~ator caspase) 

pro-caspase 3 

activated caspase 3 
(effector caspase) 

38 

Figure 6 



39 

Figure 7. Structure of glutamate. Glutamate (Glu) is the primary neurotransmitter in 

retina. Glutamate is characterized by the presence of an acidic side chain, shown here in 

red. This side chain is nearly always negatively charged at physiological pH (Stryer, 

1995) .. 
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stimulates its own release in a positive feedback loop by its interaction with non-NMDA 

receptor subtypes. Ca2
+ -induced Ca2+ release and further influx of Ca2+ through voltage

gated Ca2
+ channels after glutamate-induced depolarization also contribute to glutamate 

toxicity (Lipton and Rosenberg, 1994). The intracellular glutamate concentration in brain 

tissue is - 10 mM (Kvamme et al., 1998), which is several fold greater than the 

extracelluar concentration due to the activity of excitatory amino acid transporters 

(EAA Ts ). EAA Ts use the energy derived from the sodium gradient present across cell 

membranes to do the "concentrative work" of transporting glutamate from the 

extracellular environment.: Extracellular glutamate concentrations ~etween 2-5 J.!M have 

been shown to produce substantial excitotoxic damage to neurons in intact tissue (Choi, 

I 

1985; Rosenberg et al., 1992). Because ambient concentrations of glutamate are often 

close to those that have been shown to elicit neurotoxic effects, strict regulation of 

extracellular glutamate concentrations is essential for normal neurologic function. Glial 

cells are thought to protect neurons from various neurologic insults. There are three main 

groups of gHal cells in vertebrate retina. They are (1) microglial, (2) astrocytes and (3) 

Muller cells. All of these glial cell types make contact with RGCs, but the most 

extensive glial contact is with Muller cells, whose processes surround ganglion ·cell 

bodies and dendrites. While Muller glia have been postulated to have many functions, 
I 
I 

including structUral and nutritional roles, they are especially noted for their role in the 
' . 

removal of ions and neprotransmitters from the extrac~llular space. Urider normal 

co~ditions, glutamate levels in the retina are kept in check by . the enzyme glutamine 

synthetase, which converts glutamate. to· glutamine. Glutamine synthetase is produced by 
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retinal Muller cells. Recent studies have shown that Muller cells are affected early in 

experimental and human diabetes and that the expression of glutamine synthetase by 

these cells is decreased (Mitzutani et al., 1998). To date, several glutamate transporters 

have been cloned including L-glutamate/L-aspartate transporter (GLAST), GLT-1, 

EAAC 1, and EAA T 4 (Storck et al., 1992; Gegalashvili et al., 1996; Pines et al., 1992; 

Kanai and Hediger, 1992; Fairman et al., 1995). GLAST, the primary glutamate 

transporter expressed by retinal astrocytes and Muller cells, has been postulated to 

contribute to the clearance of glutamate and the protection of RGCs from glutamate 

neurotoxicity (Kawasaki et al., 2000). Under hyperglycemic conditions such as diabetes 

the functions of Muller glia may become altered leading to altered glutamate transport 

properties by GLAST (Li and Puro, 2002). Diabetes-induced alterations in Muller glia 

are likely to contribute to elevation of glutamate levels in diabetic retina. 

Homocysteine toxicity and diabetes 

An additional factor that is associated with diabetes and that stimulates the 

NMDA receptor is increased levels of homocysteine (Figure SA), termed 

hyperhomocysteinemia. Homocysteine, an excitatory amino acid, is a homolog of 

cysteine- produced by the demethylation of methionine (Figure 8B). 

Hyperhomocysteinemia is associated with decreased levels of folate and vitamin B12, 
I . 

vitamins that occupy keY: positions in the remethylation and turnover of homocysteine 

derived from S~adenosylinethionine (SAM), a major methyl donor in CNS (Ubbink, 
I 
j 

1997). The normal concentration of homocysteine in plasma is 5 J.LM, but it may attain 
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Figure 8. Structure of ~o~ocysteine a11d the activated methyl cycle. Panel A shows the 

structure of homocyst?ine, while panel B illustrates the activated methyl cycle. 

Homocysteine is a homolog of cysteine produced by demethylation of methionine during 

the methyl cycle (Stryer,· 1995). 

·.I 
i 
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levels of >200 J.!M in hyperhomocysteinemia (Malinow 1990; Stabler et al., 1988). It 

has been reported that insulin-dependent diabetic patients having the lowest age of 

diabetes onset and the poorest metabolic control are the most prone to a rapid increase in 

plasma homocysteine (Hultberg et al., 1997). Indeed, hyperhomocysteinemia is 

considered by some to be an independent risk factor in the development of diabetic 

retinopathy (Neugebauer et al., 1997; Vaccaro et al., 1997; Hofman et al., 1998). On the 

other hand, there are others who refute the link between elevated levels of· plasma 

homocysteine in IDDM and subsequent development of retinopathy, and argue instead 

that increased levels of plasma homocysteine are associated with nephropathy, but not 

retinopathy (Hultberg et al., 1991; Agardh et al., 1987). 

Excess levels of homocysteine induce neuronal cell death via stimulation of 

NMDA receptors (Kim and Pae, 1996; Lipton et al., 1997). The excitotoxic effects of 

homocysteine have been demonstrated in cultured neuronal cells (Kim. and Pae, 1996; 

Lipton et al., 1997; Kim, 1999; P'Emilja and Lipton, 1999) and in whole animals 
. . ' 

(Blennow etal., 1979; Kubova et al.,. 1995,; ·Mares. et al., 1997; Allen et al., 1986). Kim 

and rae (1996) demonstrated that in primary culture. of cere~ellar granule cells, 

homocysteine (>300 J.!M; 16-22h) induced neuronal cell death in a· concentration-

dependent manner. This neurotoxic·· -damage appeared to be due in part to prolonged 

activation of th~· NMDA receptor, as it was partla.lly b~ocked by several NMDA receptor 

antagonists. In the whole animal studies, homocysteine administered at very high 

dosages (millimolar rapge) induced seizures in rats .. Excessive levels of homocysteine, 

such as occurs in hyperhomocysteinemia, have also been shown to stimulate 
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phospholipid production, activation of protein kinase C (PKC) and induce c-fos and c-

myb; molecules thought to be involved in the apoptotic cell death cycle (Dalton et al., 

1997). In the retina, it has been shown that L-homocysteic acid selectively activates 

NMDA receptors of rat RGCs (Zhang and Lipton, 1992), however, it has not been 

reported whether high levels ofhomocysteine can trigger death ofRGCs. 

Thus, the diabetes-associated RGC death is caused by the activation of' the 

NMDA receptor and this activation is triggered by elevated levels of glutamate and 

possibly homocysteine. Therapeutic intervention strategies targeted at blocking NMDA 

receptor stimulation could prevent RGC death and may delay the other manifestations of 

diabetic retinopathy. 

Sigma receptor ligands 

Sigma receptors (crRs) were discovered in 1976 and were originally thought to 

be opiate receptors (Martinet al., 1976). More recent studies have shown that they are 

nonopiate and nonphencyclidirie binding sites (Mobeius et al., 1997). crRs consist of 

several subtypes . that are · distinguishable by biochemical and pharmacological means 

(Quirion et al., 1992). Among these, the type 1 sigma receptor (crR1) is best 

characterized. Ha~er and colleagues (1996) originally cloned the eDNA encoding crR1 

from guinea pig liver. More recently, members of the Ganapathy laboratory cloned crR1 

eDNA from human, mouse, and rat (Kekuda et al., 1996; Prasad et al., 1998; Seth et al., 

1997; Seth et al., 1998; G~apathy et al., 1999). The crR eDNA predicts a protein of223 
I 

amino acids with a single putative tramsmembrane domain (Kekuda et al., 1996). 
I ' 
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,Ntitperous studies have. demonstrated robust neuroprotectiv~ properties of a group 

ofligands specific for crRl. The neuroprotective effects of crR ligands are. thought to be 

due to their ability to block the activation of the NMDA receptor by glutamate (Monnet 

et al., 1992; Bowen et al., .19.88; Lohner and Lipton,- 1990). crR1 is thought to mediate 
. ~ ' . . ' 

the immuno-suppressant, antipsychotic and neuroprotective effects elicited by cr ligands 

such as pentazocine, haloperidol and ditolyguanidine (Itzhak, 1994). crR1 ligands 

exhibit a wide variety of actions in the central nervous system. They also prevent the 

neuronal death associated with glutamate cytotoxicity both in vitro (Lysko and 

Feuerstein, 1990; Lysko et al., 1992; DeCoster et al., 1995; Lockhart et al., 1995; Senda 

e~ al., 1998; Sinor et al., 2000; Nishikawa et al., 2000) and in vivo (Contreras et al., 1992; 

-Lysko et al., 1992; O'Neill et al., 1995; Takahashi et al., 1995, 1996). 

{+)-Pentazocine, a prototype crR1 agonist, was synthesized in 1962 by the late 

Sydney Archer as part of an effort· to develop analgesics with little or no pain (Chaki et 

al., 1998; Bidlack et al., 2000). Today, pentazocine is used clinically for the treatment of 

moderate to severe pain (Zacny et al., i 998). Pentazocine is well known for its analgesic 

effects. as well as for its therapeutic use in the treatment of withdrawal symptoms 

commonly _experienced by habitual drug abusers. Recent studies show that activation of 

crR1 receptors by agonists such as (+)-pentazocine inhibits hypoxia/hypoglycemia-

induced neurotoxicity in rat primary neuronal cultures (Zacny et al., 1998). ( + )-

Pentazocine induces cr r~ceptor-mediated neuroprotection against glutamate toxicity in 
I 

rat primary neuronal cultW-es (DeCoster et aL, 1995), as well as regulation ofNMDA-
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induced [3H] dopamine release from rat hippocampal slices through cr-1 binding sites 

(Chaki et al., 1998). Whi~e chronic, prolonged use of (+)-pentazocine may elicit 

detrimental effects in vivo (Jain et al., 1999; Sinsawaiwong and Phanthumchinda, 1998), 

acute and repeated adm~nistration of crR agonists, particularly (+)-pentazocine, is 

beneficial (Ukai et al., 1998). 

Haloperidol is a mixed crR1 agonist, having affinity for crR1 (Walker et al., 1990; 

Vilner et al., 1995), crR2 (Nishikawa et al., 2000) and dopamine type 2 receptors (Creese 

et al., 1976). Haloperidol is use~ widely as an antipsychotic. It is useful in the 

treatment of neurocognitive disorders such as schizophrenia (Reyes et al., 2002; Green et 

al., 2002). Haloperidol exhibits a wide variety of actions in the central nervous system .. 

It confers neuroprotective ·effects against glutamate-mediated cytotoxicity in vitro (Sinor 

et al., 2000; DeCoster et al., 1995; Nishikawa et al., 2000) and in vivo (Reyes et al., 

2002). In addition, haloperidol prevents the neuronal cell death associated with NMDA 

and hypoxia-mediated neurotoxicity in vitro (Lockhart et al., 1995). 

Immunolocalization studies revealed that crR is localized in the endoplasmic 

reticulum and nuclear envelope (Hayashi and Su, 2001; Jbilo· et al., 1997), while the 

NMDA receptor is a plasma membrane-bound receptor (rev. by Scatton, 1993). The 

exact mechanism by which these two receptors interact to confer neuroprotection has not 

been elucidated. ·various anti-excitotoxic mechanisms for crR1 ligands have been 

postulated including inhibition of ischemia-induced glutamate release (Lohner and 

Lipton, 1990; Lockhart et al., 1995), attenuation of postsynaptic glutamate-evoked Ca2
+ 

influx (De Coster et. al., 1995; Klette et al., 1~95), depressed neuronal responsivity to 
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NMDA re.ceptor stimulation (Bhardwaj et al., 1998; Carteret al., 1988; Yamamoto et al., 

1995), and reduced nitric oxide production (Goyagi et al., 2001). Substantiating evidence 

suggests that the neuroprotective effects of crR ligands may be related primarily to their 

affinity for the NMDA receptor complex and not to any selective action at ·the crR 

·binding site (Lockhart et al., 1995). Many crR1 ligands (i.e., (+)-N-allylnormetazocine, 

also called (+)-SKF10,047), have affinity for the PCP binding site of the NMDA receptor 

channel complex in addition to crRs (Largent et al., 1986). Other ligands, particularly 

haloperidol, interact with the glycine coagonist (GlyB) site of the NMDA receptor 

channel complex (Whittemore et al., 1997). Thus, it is thought that the neuroprotective 

effects conferred by some ·crR ligands ·~ay be due to direct,.or indirect effects on NMDA 

receptor activity rather than to interaction with crR1· binding sites. Alternately, it is 
. . ' .. · . 

possible that the neuroprotectiv~ effects of crR ligands may be due to direct interaction 

with crR1 sites. According to this theory, binding of a a-site ligand to the cr receptor may 

~ - . 

prompt the. bound .ligand/receptor complex to translocate from the ER to the plasma 

membrane whereby it can then associate with or modulate the activity of membrane 

bound receptors such as the NMDA receptor. Ankryin, a cytoskeletal adapator protein 

that controls important cellular functions, including Ca2+ efflux at inositol 1 ,4,5-

triphosphate receptors (IP3R) on the ER, may play an important role in this process 

(Hayashi and Su, 2001). !Ankyrin transiocates from the ER along microtubules, playing 
I 

an important role in vesic~e transport (De Matteis and Morrow, 1998). As demonstrated 
! 

by Hayashi and Su (2001)j crR1 represent unique one-transmembrane proteins that not 
. ! 
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only anchor ankyrins to tl?-e· ER membrane, but also modulate the· function of ankyrin at 

the IP3R on the ER in an apparent agonist-antagonist fashion. Thus, it is believed that 

crRs alter vesicle transport and .neurotransmitter release by affecting the dynamics of 

ankyrin. crRl agonjsts may exert such action by facilitating the vesicular transport 

processes enclosing crRl as the transmembrane cargo proteins and ankyrins as the coat or 

adaptor proteins (Hayashi_ and Su, 2001). Therefore, through complex interactions with 

ankyrins, it is speculated that up6n liga1;1d binding, the ER bound crR tran~locates to the 

plasma memhrane placing it in a location whereby it can modulat~ the activity of plasma 

membrane bound receptors such as the NMDA receptor. While it is. well established that 

aR ligands negatively affect the activity of the NMbA receptor, and numerous 

contradictory explanations. have been proposed to explain this inhibitory effect, the exact 

underlying mechanism( s) have not been elucidated. 

aR ·expression has been demonstrated in many tissues (e.g. liver, spleen, GI tract, 

adrenal gland, testis, ov~, placenta, brain and lacrimal gland (Moebius et al., 1997; 

Ferris et .al., 1991; Walker et al., 1993; Su, 1991; Schoenwald et al., 1993), however, it 

has only recently gained attention in the retina. Senda et al. (1997) used binding assays 

to demonstrate the presence of a binding sites in the bovine retina. While it was 

demonstrated that crR1 is present in neural retina, these studies did not demonstrate in 

which retinal cell type(s); crR1 was present nor did they establish unequivocally the 
! 

molecular identity of the ~eceptor. Recent studies in our lab used molecular techniques 

to address these issues anq analyze the expression pattern of crR1 in manuilalian retina 
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(Ola et al., 2001). Reverse transcription-polymerase chain reaction (RT-PCR) analysis 

amplified crRl in neural retina, RPE-choroid complex, and lens isolated from mice 

(Figure 9). A similar transcription product was amplified also in three cultured cell lines, 

rat Muller cells, rat ganglion cells and human ARPE-19 cells (Figure 1 0). In situ 

hybridization analysis revealed abundant crRl in ganglion cells, cells of the inner nuclear 

layer, inner segments of photoreceptor cells and RPE cells (Figure 11 ). Further study in 

. our lab used molecular techniques to analyze the crRl expression in RGCs cultured under 

hyperglycemic conditions. The retina was dissected from normal and STZ-induced 

diabetic mice 3, 6 and 12weeks post-onset of diabetes. crR1 was analyzed in cells using 

semiquantitative RT-PCR and in tissues by semiquantitative RT-PCR, in situ 

hybridization and Western blot analysis. The RT-PCR analysis of cultured RGCs · 

showed that crR1 mRNA is expressed under hyperglycemic conditions at levels similar to 

control cells (Fig. 12). Similarly, analysis of retinas of diabetic mice showed no 

difference in levels of mRNA encoding crR1 compared to retinas of control mice (Fig. 

13). In situ hybridization analysis of crRl .showed that expression patterns of crR1 

mRNA in the ganglion cell ~ayer were similar between diabetic and control mice (Fig. 

14). Western blot analysis suggested that levels of crR1 in retina were similar between 

diabetic and control retina~ (Fig. 15). Collectively these data suggest that RGCs may be 
i 
i . 

amenable to the neuroprot~ctive effects conferred by crRlligand treatment. 
I 
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Figure 9. RT-PCR a~alysis of uRl-specific mRNA transcript in mouse tissues. (A) 

Total RNA was isolated from mouse brain (positive control), lens, RPE-choroid and 

neural retina. RT-PCR was carried out with primers specific for mouse aRJ mRNA. As 

a negative control, the brain sample was run through the RT-PCR procedure without 

reverse transcriptase (-RT). (B) Restriction analysis of RT-PCR products. Shown here, 

the RT-PCR product from retina was gene cleaned and used for restriction analysis with 

Pstl and Styl (Restriction analysis for other tissues not shown). l)NA standards (7 5 bp 

-12.2 kbp) were run on the gel in parallel to determine the size of the RT-PCRproducts. 
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I . 
Figure 10. RT-PCR analysis of uRI-specific mRNA transcript in retinal eel/lines. (A) 

Total RNA was isolated from rat Miiller cells, rat ganglion (RGC-5) cells and human 

RPE (ARPE-i9) cells. RT-PCR was carried out with primers specific for rat uRi mRNA 

in the case. of the Muller and ganglion cells and human uRi mRNA in the case of ARPE-

i9 cells. As negative controls, the samples were run through the RT-PCR procedure 

without reverse transcrlptase (-RT). DNA standards (75 bp- i2.2 kbp) were run on the 

gel in parallel to deter~ine the size of the RT-PCR products. 
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i 
Figure 11. Distributi~n of the uRI-specific mRNA transcript in adult mouse retina as 

i 

assessed by in situ nybridization. (A) Hematoxylin and eosin stained section for 

comparison to adjacent unstained retinal sections. Several layers . of the retina are 

indicated (gc, ganglion eel/layer; in/,· inner nuclear layer; on/, outer nuclear layer; is, 

inner segment; and rpe, retinal pigment epithelium). (B) Mouse· retina probed with the 

antisense digoxigenin-l~beled uRI riboprobe showing positive reaction in ganglion cell, 

inner segment and RPE layers. ·The intense purple stain indicates a positive reaction. 

·(C) Higher magnification of inner portion of retina in panel .. HB" showing intense 
•I • 

I 
I 

labeling of inner segments and RPE layer. (D) Higher magnification of panel B. {E) 

uRI mRNA detected in! optic nerve. (F) Mouse retina probed with sense (negative 

I 

control) digoxigenin-lab~led uRI riboprobe. No specific signal is detected with the sense 

probe. (Magnifications: I A, B, F = 200x; C, D, E = 400x). 
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i 
Figure 12. Analysis of steady-state levels of mRNA for uRl and GAPDH in rat retinal 

I 

ganglion cells exposed to ~igh levels of glucose. Total RNA was isolated from RGC-5 
I 

' 

cells treated with 45 mM g(ucose or 11 mM glucose pius 34 niM mannitol (control) for 48 
! 

hat 37° C. Primer pairs: specific for rat aRl and GAPDH were used. RT-PCR was 
I 

I 

performed over a wide r~nge of PCR cycles (9-32) for both aR1 and GAPDH The 
i 

resultant PCR products were run on agarose g~ls and stained with ethidium, bromide 

solution. The number of] cycles, which were not visualized with UV exposure, were 

I 

considered to be in the lin~ar range. The linear range was analyzed by performing RT-
! ' 

i ' 

PCR in the lower range of PCR cycles (15-24) for aR1 and (9-18) for GAPDH The 
I 

i 

resultant products were ~n on a gel and then subjected to Southern hybridization with 
I . 
I 

32P-labeled eDNA probes ~pecific for aR1 and GAPDH The hybridization -signals were 
I 

! 
quantified by phosphores4ence imaging. and a graph was plotted on band intensities 

I 
versus number of cycles. [(A)_ Southern hybridization signal in linear cycles (18-24) for 

uRI. (B) Southern hy~ridization signal in linear cycles (9-15) for GAPDH. (C) 

Representative Southern htbridization signal in 45 and 11 mM glucose. (D) The relative 
, I . 

I 

I 
band intensity (aR1/GAP~H) in cells treated with high glucose relative to that in control 

I 

l 

cells. 
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Figure 13. Analysis of stlady-state levels of mRNA for uRJ and GAPDH in retina of 

control (C) and diabetic (J!) mice. Total RNA was isolated from neural retinas ofmice 
I 

at 3, 6 and 12 weeks post~onset of diabetes and in age-matched control mice. Primers 
I 

specific for mouse aR1 !and mouse GAPDH mRNA were used for RT-PCR with 
j . . 

appropriate PCR cycle nJmbers so that the product formation was within the linear 
I 

i 

range (24 cycles for aR1~ and 12 cycles for GAPDH). (A) Representative Southern 

I 
hybridization signal. (B) ;The relative band intensity (aR1/GAPDH) in diabetic retina 

relative to control retina. fhe aR1/GAPDH ratio in control retina was taken as 1. 
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Figure 14. Distribution : (Jj uRJ-specific mRNA transcript in control and diabetic 
! . ! 

mouse retina as assessed :by in situ hybridization. Cryosections of mouse retina from 

control age-rnat~hed to· diabetic mice (2, 6 and 12 . ~eeks post-onset of diabetes) were 
I , 

probed with an antisense idtgoxigenin-labeled uRJ riboprobe. The analysis showed a 

positi~e reaction (deep pufple stain) in the RGCs. A positive reaction was observed in 
I 
I 

the ganglion cells of diab~tic mice at all ages examined. (A) Two-week control, (B) 2-: 
I • 

I 

week diabetic, (C) 6-week control, (D) 6-week diabetic, (E) 12-week control, (F).12-week 
. ! 

diabetic. gel, ganglion eel{ layer; inl, inner nuclear layer (magnification 400x). 

I I 
I 

i 
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Figure 15. Western blot lanalysis of aRJ in retinas of diabetic and control mice. 

Neural retinas from normJl and diabetic mice were processed for western blot analysis 

using a polyclonal antibody against aRJ followed by antibody against {3-actin. The 

density of the bands was ~uantijied. by densitometry. (A) Immunoblot; the molecular 

sizes of the aRJ and {3-actin bands are indicated. (B) Data from densitometric scans of 

blots ( aRJ 1{3-actin). The aRJ 1{3-actin ratio in control retinas was taken as 1. 
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Hypothesis 

i 
RGC death in diabetic re,tinopathy is thought to be medi~ted by overstimulation of 

the NMDA receptor by glutar1ate. Glutamate, which is known to be elevated during 

diabetes, is the principal. neur~transmitter in the retina (Sucher et .al., 1997) and the 
i • 

pJ1mary excitotoxin that activa~es the NMDA re~eptor. Nitric oxide and homocysteine 
I 

are two other molecules that f~ed into the glutamate excitotoxic pathway and possibly 
I 

potentiate the ability of glutamate to activate the NMDA receptor via the participation of 
i 

• I 

EAATs. Activation of the NMDA receptor sets in motion a vicious cycle in which 
i 

intracellular calcium and neuro~al nitric oxide synthase (nNOS) are key players. Current 
I 

evidence suggests t?at the dia~etes-associated RGC death is caused by the activation of 

the NMDA receptor and this adtivation is triggered by elevated levels of glutamate, nitric 
I . 

oxide and possibly homocystei~e. crR ligands, especially those compounds which bind to 
I 

crRl, have been demonstrated ~o confer neuroprotection due to their ability to block the 
.1 

activation of the· :NMDA rec~ptor by glutamate. Therapeutic intervention strategies 

targeted at .blocking NMDA Feptor stimulation could prevent RGC death and may 
• ,I 

delay the other manifestations of diabetic retinopathy. Present day intervention therapies 
. I , . 

for diabetic retinopathy focl/ls on coagulation therapy for the vascular pathology 
! 

(Menchini et al. 1995), however Wolter (1961) suggested that the gradual loss of 
I . . . . . 
I . : . . . 

neurons that begins early in diabetes may be a primary pathology that gives rise to later 

onset vascular changes in dia,etic retinopathy. Given that the mechanism or :Rae death 

appears to be mediated via NMDA-receptor triggered glutamate toxicity, I reasoned 
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that crRs might afford a valuable treatment strategy for the early pathogenic 

. I 

manifestations of diabetic retin~pathy. Figul-e. 16 summarizes the events thought to be 
I . . 

involved in RGC death characte.rlstic of diab~tic retinopathy. 

. ., I • ' .. 

It is hypothesized that e~evat~d: l~v~ls of homocysteine w~ll induce RGC apoptosis 
I . . ... 

similar to that observed for glut~ate. ·It is hypothesized that crR ligands will be 

protective against glutamate-: and (possibly) homocysteine-induced RGC toxicity 
. ! • . ., 

characteristic of diabetic. retinopathy. · It is. hypothesized further that RGCs die via an 
.. I . 

apoptotic mechanism early in ~e pathogenesis of diabetes in the STZ-induced diabetic 
! 

mouse, and that the amount of RGC death will be lessened following administration of 

I 

crR ligands. To test these hypo~heses, the following specific aims were proposed: 

1. Assess the consequepces of excessive levels of homocysteine in vivo on RGC 
I 

viability. 

2. Determine whether ~GCs die by apoptosis in the streptozotocin {STZ)-
1 

induced diabetic mo~se. 
3. Deteimine whether crR is detectable and if so its cellular location in 

I 

·streptozotocin..:induded diabetic mouse retina compared to control non-
. I . 

I 

diabetic mouse retiJa using i~unohistochemical techniques. 

4. Assess the consequJnces on glutamate- or homocysteine-induced retinal 

i ' 
ganglion cell death in RGC-5 cells cultured in the presence or absence of ( + )-

. I 

MK.-801 (a selectivl antagonist of the NMDA receptor), or the cr ligands(+)-
1 . . . 

pentazocine or haloperidol. 

I 

I 
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Figure 16 



5. Assess the consequences on RGC death in STZ-induced diabetic mice 

following administra~ion of the NMDA antagonist ( + )-MK-801. 

6. Assess the consequlces on RGC death in STZ-induced diabetic mice 
I 

following adminisJtion of crR ligands. 
. i . 
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I 
Alternative hypothesis: I The proposed hypothesis predicts that crR ligands will be 

protective against glutamate- id homocysteine-induced RGC toxicity characteristic of 

diabetic retinopathy. Altetna~ly, RGCs may not be amenable to the neuroprote~tive 
I . 

effects of a ligands under conttions of.ni:urotoxicity such as occurs in diabetes. In this 
. . .. I . . . ·. ·.. . : . 

situation it is predicted that RCJC death in the STZ-induced diabetic mouse model is not 

relaied to NMDA receptor-melated toxicity .. A second alternative would be that RGC 

death characteristic of diabetic retinopathy in the STZ-induced mouse model of diabetes 

occurs via overstimulation of non-NMDA receptors rather than NMDA receptors. Data 

collected herein do not support these alternative hypotheses. 

I 



Materials 

C57BL/6 .and ICR mice! were purchased from Harlan-Sprague (Indianapolis, IN); 

Rodent anesthesia cocktail wa~ obtaine4 from Medical College o(Georgia. Lab Animal 
I 

Services (Augusta, GA); AErrane was from Baxter Pharmaceuticals (Deerfield, IL); 

! 
Urine Strip Test was from American Diagnostics (Minneapolis, MN) and Prestige Smart 

·.. l . . . ,: . 
System glucometer was from ~orne Diagnostics (Woonsocket, Rl); Tissue Tek OCT was 

I 

purChased from Miles Laboratfries (Elkhart, IN); ApopTAG in situ Apoptosis Detection 

Kit-Fluorescein was from ln~ergen (Purchase, NY); ApopTACs Kit and polyclonal 

antibody against Caspase-3 wJe purchased from R&D SYstems (Minneapolis, MN); crRl 
I 

antibody was generated in the ~Smith lab, Medical College of Georgia (Ola et al., 2002); 

I 

Anti-rabbit FITC and normal! goat serum was from Jackson ImmnnoResearch (West 

Grove, PA); Goat anti-rabbit qy3 was from Molecular Probes (Eugene, OR); Vectashield 
i 

Mounting Medium for Fluore'scence was from Vector Laboratories (Burlingame, CA); 
1 . . 

STORM Phosphorimaging srstem was from Molecular Dynamics (Sunnyvale, CA); 
I 

RGC-5 cell line was a generous gift from Dr. Neeraj Agarwal, University of North Texas 
I 

. I 
I 

Health Science Center (Fort Worth, TX); CaspACE FITC-V AD-FMK in situ marker was 

i 
from Promega (Madison, WD; DMEM:F12, DMEM, RPMI, penicillin/streptomycin, 

I 
trypsin were from Gibco-BRL (Rockville, MD); Fetal bovine ·serum was from Atlanta 

I . 

biologicals (Norcross, GA); 75 cm2 flasks, 24-well plates, Nunc Lab-Tek II CC2 chamber 

71 



72 

slides and superfrost slides were all obtained from Fisher Scientific (Fair Lawn, NJ); L-

glutamate, D,L-homocysteine, :L-homocysteine thiolactone, MK801, NBQX, nifedipine, 

(+)-pentazocine, haloperidol, ~hencyclidine hydrochloride, PBS, streptozotocin, DMSO, 
I .. , 

propidium iodide, glucose, milnnitol, succinyl concanavalin A, and all other reagents 

were purchased from Sigma (St. Louis, MO). 



·Methods. 

In vivo studies: 
I 

Animals ~ 

ICR mice (6-9 wks) ,ere used initially to estimate the volume of the mouse 

vitreous. C57BL/6 mice (3-9 wks) were used in the remainder of the study. All animals 

were maintained in. clear pljtic cages and subjected to standard light cycles (12 hr 

light/12 hr dark). Light levels ~easured from the bottom of cages ranged from 1·2 to 1·5 

foot candles (12·9-16·1 1x). ~oom temperature was 23 ± 1° C. Mice were fed Harlan's 

Teklad rodent diet #8604 (minl crude protein, 24.0 %; min. crude fat, 4.0 %; max. crude 

fiber, 4.5 %). Maintenance Ld treatment of the animals followed an experimental 
I 

protocol that has been appro~ed by the Institutionai Committee on Animal Use for 

Research and Education. 

I 

! 
I 

Effects of homocysteine on RGb viability 

. I . 
For studies of in vivo RGC apoptosis induced by homocysteine and glutamate, a 

.. · I .: . 

total of 31 animals:_were use4 ~Table.N)~· Study 1 was a pilot study to confirm that RGC 

death can be "induced by admilstration of high doses o~gl~tamate (Vorwerk et al., 1996). 

C5 7BU6 :ice (n=9) were injelted inti:avitreally with glutamate [25 ~ or 200 J1M final 

73 
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TableN. Summary of number~ of mice and compounds injected. 

Study Days Number Compound injected 
Sacrificed Of & 

Post-Injection Mice final intravitreal concentration 

1 5 3 glutamate (25 J.LM) 
5 6 glutamate (200 J.LM) 

2 5 3 homocysteine (25 J.LM) 
5 3 glutamate + homocysteine (25 J.LM each) 

3 5 3 homocysteine (7 5 J.LM) 
5 3 glutamate + homocysteine (7 5 J.LM each) 

4 5 3 · homocysteine (200 J.LM) 
5 4 glutamate + homocysteine (200 J.LM each) 
5 3· homocysteine (200 J.LM each) 

(used for EM analysis) 

! 

The final intravitreal concentration of each compound ·was calculated based on an 
assumed vitreal volume of 25. ~1 per eye. As an example, homocysteine was prepared at 
tliree stock solutions of 10 mM, 3.75 triM, andl.25 mM and the injection of0.5 J.ll into 
the vitreous gave a final intravttreal concentration of200, 75 or 25 J.LM respectively. 

I 
I ,. 
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concentration]. Animals were sacrificed 5 days post-injection. Studies 2-4 were done to 
I . 
I. 

determine whether excess levels of homocysteine damage RGCs in vivo. These studies 

used C57BIJ6 ~ice injected i~h-a~'i.treally :With various concentrations of homocysteine 

or a combination of glutamatJ and homocysteine. C57BU6 mice (n=9) were injected 

intravitreally with homocysteiAe to yield finat concentration~ of 2S J.1M, 7 5 J.1M, or 200 

J.1M respectively. The contraliteral eye was used for injectio~ of PBS and served as a 

control. In. addition, C57~U6mice (n=lO) were injected intravitreally with a 

I 
combination of glutamate and homocysteine each at the concentrations 25, 75 or 200 J.LM 

to assess the consequences t simultaneous elevation of both amino acids on RGC 

viability. Animals were sacrifiled 5 days post-injection. 

Intravitreal injections 

Prior·to intravitreal injection, animals were anesthetized with 1.0 ml kg-1 ofrodent 

anesthesia cocktail containing 100 mg mr1 ketamine HCl, 20 mg mr1 xylazine HCl, 10 

mg mr1 acepromazine. Intra\fitreal injections were performed using a 30 gauge needle 

mounted to a 10 J.1l Hamiltof[ syringe. The injections were made into the temporal 

portion of the eye at the level of the limbus. In an attempt to predict the distribution of 

injected compounds, ICR mice were injected intravitreally with 0.5 J.Ll of a blue dye 

solution (Coomassie) while vifualizing the eye with the aid of a StereoMaster dissecting 

microscope (Fisher). Intravitreal injection of this type allowed for even distribution of 

compounds throughout the vijeous. All anirilals were injected intravitreally with one of 
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the following compounds: (1) ~-glutamic acid, (2) L-homocysteine thiolactone or (3) L-
1 
I 

glutamic acid/L-homocysteine thiolactone combination. Glutamate was used as a 
. , I 

! 
I 

positive control for neurotoxicity in these experiments. L-homocysteine thiolactone was 
I 
I 

the form of homocysteine use~. The L-isomer of the compound is the active form of 
. I 

homocysteine. The retina und~r disease conditions (such as diabetes for example) could 
i 

be faced with elevation of bot~ glutamate and homocysteine; therefore, L-glutamic acid 

I 
and L-homocysteine thiolactorie were administered in combination to determine whether 

I 

there were any synergistic effebts induced by simultaneous exposure to both excitotoxins. 
. I 

I 

Since the purpose of this st~dy was to assess the consequences of excess levels of 
. ! 

homocysteine on RGC viabilit~, we tested several concentrations of homocysteine above 

I 
physiologic range, which for homocysteine is on the order of 5 J.!M (Malinow, 1990; 

Stabler et al., 1988). Final inttavitreal concentrations used were 25 f.!M, 75 f.!M, and 200 
I 
I 

f.!M; for each compound. All I compound solutions were prepared in 0.01 M phosphate 
I 

I 
buffered saline (PBS), pH 714. The left eye of each animal was injected with the 

! 

I 
compound(s), whereas the right eye was injected with 0.01 M PBS as a contralateral 

i 

control. The volume injecte~ per eye was 0.5 f.!l. There were at least three animals 
i 

injected for each of the three cpmpounds tested. 

Induction of experimental diabetes 

. Type I, or insulin deplndent diabetes (IDDM), was induced chemically in three

week-old C57BU6 mice, ac1rding to the method of Phelan et al.(1997). Mice received 

an intraperitoneal injection of75 mg ki1 streptozotocin (STZ) dissolved in sodium 
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citrate buffer (0.01 moVL, pH 4.5) on three successive days. Mice were screened for 

diabetes beginning three days ~er the first dose of STZ by testing for the presence of 

glucose in urine using the Urile Strip Test. At the time of sacrifice, the diabetic state of 
I 

the animal was confirmed by keasuring blood glucose levels via a glucometer. Fasting 

blood glucose levels >~50 lg/dl were considered to be diabetic. Insulin was not 

administered to the animals, j the purpose of this work was to study the early changes in 

the retina that. occur followinJ induction of the diabetic state. All animals (diabetic and 

controls) were weighed on a .weekly basis. The percent weight change of mice was 

calculated as the difference between the weights at STZ injection and sacrifice, divided 

by the initial weight and multiblied by 100. Statistical significance was determined using 

ANOVA and the post hoc sJtistical test was the Tukey-KramerMultiple Comparison 

Test. Animals, which appearel sick or displayed significant weight loss, were euthanized 

immediately lind. exCluded .Jm the study.: Diabetic C57BU6 and non-injected, age

matched control mi~e were jntained in our mouse colony as previously described. 

Administration· of MK801 and pentazocine 
. l . 

C57BU6 mice were lade diabetic using strejJtozotocin as described. Age

matched, non-diabetic animal1 served as controls. Upon confirmation of diabetes via 

Urinalysis, all mice were injeJed intraperitoneally with one of the following compounds 

within two days of diabetes onlet: ( 1) MK80 1, (2) haloperidol (HP) or pentazocine 
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{PTZ). The major goal ofthi~ work is to prevent RGC death in retinas of diabetic mice 

as a mo~el fo~ the RGC d1th .char~teristic of ~uman .patients with diabetes .. ~ur 
hypothesis predtcts that crR1 agontsts wtll be protective agatnst RGC death charactensttc 

. :1 ,: 

of diabetic retinopathy. RGC death in diabetes is thought to be 

niediated by overstimulatiol of. NMDA receptors, by .. glutamate; and possibly 
:1 ' 

homoc~st~ine. To .determine thether activatio~ ofNMDA r~eptors ~~ays ~ role. in RGC 

death tn the STZ-tnduced mouse model of dtabetes, STZ-tnduced dtabettc mtce were 

injected intraperitoneally with:k801; a lmown alltagonist ofNMDA receptors. For the 

purposes of this study, MK80l was administer~~ at three dosages: (1) a 3 mg kg-1 single 

bolus, (2) 0.1 mg kg-1 three times per week or (3) 1.0 mg kg-1 once weekly. Animals 

were divided into four groups~for each dosage regimen: (1) Non-diabetic mice receiving 

no MK801, (~) Non-diabetic: mice receiving MK801, (3) Diabetic mice receiving no 

MK801, (4) Diabetic mice receiving MK801. . 

Additional mice recei}ed haloperidol, a mixed crR1 agonist, or pentazocine, a 

specific agonist of the crR1 st. Animals receiving haloperidol were divided into four 
I . 

groups according to the dosa~e regimen: (1) 0.2 mg kg-I, three times per week, (2) 0.5 

mg kg-1, three times per weJ, (3) 1.0 mg kg-1 three times per week, or (4) 2.0 mg kg-1 

once weekly. The dosage regiLen for pentazocine was: (1) 0.5 mg kg-1
, three times per 

week,· or (2) 1.0 mg kg-1
, thre1 times per week. Pentazocine is a controlled substance and 

is also therefore very expens1ive to obtain. Therefore for cost-effectiveness, only two 

. dosages of pentazocine were tlsted in this study: All compound solutions were prepared 
I . 
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in a solution of 10% DMSO :in O.OlM-PBS. There were at least three animals injected 

for each of the compounds an . dosage regimens tested. 

Histologic Processing. 

As indicated in Table N, for studies of homocysteine or glutamate-induced RGC 

apoptosis, mice were killed 5: to 6 days post-injection. For studies of RGC apoptosis in 

STZ-induced diabetic mice, animals were sacrificed 2, 4, 6, -8, 10, 12 and 14 weeks post

onset of diabetes. For studit to test the efficacy of crRl agonists as neuroprotectants 

against RGC death, mice were killed '""9-1 0 weeks post-onset of diabetes. Mice were 
. l ' . 

killed by C02 asphyxiation rlo~ed immediately by cervical ~sloca~on. Eyes were 

enucleated and flash frozen 1n T1ssue-Tek OCT. A small section of lleum (used as a 

.I . 
positive control for the TUNEL assay) was removed from each mouse and fixed along 

with the eyes. 10 Jllll thick ctosections were prepared and mounted on superfrost slides, 

which have a positive chJge to facilitate adhesion. For morphometric analysis, 

cryosections were stained wiJ hematoxylin and eosin. 

Microscopic Evaluation and reasurenient Procedures 

Systematic microscoplic evaluation of retinas included scanning tissue sections for 
J i . 

evidence of .gross pathology I followed by fonrial morphometry. Morphometric analysis 
! 

included measuring: (1) thel thickness of the total retina; (2) the thickness of the outer 

I 
nuclear (photoreceptor cell) l~yer; (3) the number of rows of photoreceptor nuclei, ( 4) the 

I 

thickness of the inner nucle~ layer and ( 5) th~ number of cells in the RGC layer. The 
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number of RGCs was quantified by counting cells from the temporal ora serrata to the 
! 

nasal ora serrata. Three sectio~s were analyzed for each eye of each animal in the study. 
. I . 

All measurements were mad~ using a Zeiss WZ microscope (Carl Zeiss, ·Inc., West 
I 

Germany) equipped with a 40Jx objective, lOX eyepiece and a reticle calibrated with a 
I 

Reichert-Jung micrometer. Measurements were made 200 J..Lm from the optic nerve. 
I 

Data was analyzed by analysi~ of variance (ANOV A: factors = compound injected and 
! . 

concentration of compound) arld represent an average of a minimum of three sections per 
! . 

eye. P<O.OS was con.sidered ~ignificant. Tukey's paired comparis~n test was the post 

hoc statistical test. I 

I 
' t -

TUNEL, In Situ Detection of DNA Fragmentation 
I . 

The TUNEL assay, tedninal dUTP nick end labeling (Gavrieli et al., 1992), was 
I . . 

I 
performed using the ApopTA(] in situ.-Apoptosis Detection Kit-Fluorescein, following 

.. i 

the manufacturer's directions. i The kit is designed to hibel the free 3;0H DNA ends in 
I 

situ with chemically labeled land unlabeled nucleotides. TdT .· enzyme catalyzes the 

template-directed addition of! nucleotide· triphosphates to the 3 'OH -end of double

stranded and single-stranded b:NA. Labeled DNA fragments and bound antibody 
I 

conjugate enzymatically genJates a permanent, iD.tens~; localized signal that is easily 

detected via fluorescent ~crJcopy. Both right and left eyes from at least three animals 

of each group were analyzed. Before performing the TUNEL-FITC assay, retinas were 

fixed in 1% paraformaldehydf for 10 min. at room temperature and washed in two 

changes of PBS for 5 min. Each assay included a number of controls treated identically 
I 
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I 

i 

to the experimental tissue. For) negative-stain control, deionized water was substituted for 

the TdT enzyme in the reacfon buffer. A positive-stain control was generated by 

incubating a post-fixed specHnen in a humidified chamber for 15 minutes at room 

temperature with J Ill of. nuJlease enzyme mixed with 50 Ill nuclease buffer. The 

nuclease enzyme solution gen~rates DNA strand breaks in virtually every cell; therefore, 

I 
all cells should appear positively labeled. This control confirms that the tissue 

permeabilization and DNA la~eling are working well. Upon completion of the TUNEL 

assay, coverslips were mount~d using Vectashleld Mounting Medium for Fluorescence 

containing 1 !l~ ml"1 propidil iOdide.' TiSsues w~ viewed by epifluorescence using 

standard flUorescein excitatiJ and emission filters. Each section was systematically 

scanned for green positively fluorescent cells indicating apoptosis. To distinguish 

between structures that autofluoresced versus those that were TUNEL positive, all slides 
. . ! . .. ·... . .·. . 

were examined fir.s~ With the ~rhodamine (red) ~lter, then with the FITC (green) filter. 

Auto fluorescent structures werre visible under both· filters, whereas TUNEL-positive cells 
I 

were detectable using only thJ green filter. Positively labeled cells were counted in the 
. . I 

I 
RGC layer. Data were expressed as the number of positively labeled ganglion cells 

versus total ganglion cells frlm the ora serrata on the temporal side to the nasal ora 

serrata. Images were obtained using a Zeiss Axioplan 2 fluorescent microscope equipped 

with a Spot Camera and Spot Software version 2.2. For studies of homocysteine and/or 

glutamate-induced toxicity, statistical analysis-used analysis ofvariance to determine if 

there was a difference. in thl number of TUNEL-positive cells between control and 

compound-injected and control PBS-injected eyes at each ofthe differing concentrations 
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(Two-way ANOV A: factors = icompound-iiijected, concentration administered). Analysis 

of variance was used also. id the studies of RGC apoptosis in STZ-di~betic mice, to 

determine whether there wJ a . difference iii the number of TUNEL-positive cells 

between non-diabetic a~e-mirt1hed controls, diabetic mice with no trea~ent, and control 
. I 

or diabetic mice treated with fRl ligands. A value p<0.05 was considered significant. 

Tukey' s paired comparison tes~ was the post hoc statistical test. .. 

Caspase 3 Immunohistochemitry 

As the TUNEL assay ias been demonstrated to label cell death due to apoptosis 

as well as some forms of necrosis (Cellerino et al., 2000), a second marker, more specific 

for apoptosis, (caspase 3) w~ used. To determiiie whether the ganglion cells iii our 

studies were also positive fo, exp~ssion of caspase 3, immunohistochemical methods 

were carried out on cryosections prepared in the same manner as for TUNEL assay. 
I . 

Sections were fixed in ice-cold acetone for 5 min., washed ·with 0.01M PBS (pH 7.4) and 
. I 

blocked with 4% normal goatlserum for 90 min. They were incubated with the primary 
. i 

polyclonal antibody against cakpase 3 active at a concentration of 1 :250 overnight at 4 °C. 

Negative control sections wjre treated identically with buffer only or normal rabbit 
I 

serum. Sections were rinsed rd iiicubated for 1 hour with fluorescein isothiocyanate-

conjugated (FITC) AffiniPure goat anti-rabbit lgG at a dilution of 1:250. Sections wer~ 
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examined by epifluorescence using the Zeiss Axioplan 2 microscope and photographed 
I 

with a Spot Camera using Spo~ Software Version 2.2. 
. I 

aRJ Immunohistochemistry 

Immunohistochemical /methods were used to localize crR1 in retinas of control 
i 

and diabetic mouse eyes. cry;osections of mouse eyes were fixed with ice-cold aceto~e, 

blocked with 10% normal goJt serum and were incubated 3 hat room temperature with 
! 

the crRl specific polyclonal ~tibody at a dilution of 1 :50 followed by an overnight 

incubation at 4 °C. Incubation[ with 0.1 % normal rabbit serum or with buffer only served 

as negative controls. After nhsin~, all sections were incubated overnight at 4 °C with a 

FITC-conjugated Affinipure loat anti-rabbit IgG at a dilution of 1:100. Sections were 
I 

examined using a Zeiss Axiop~an 2 fluorescent microscope. 

In vitro studies: 
I 

Cell Culture ! 
I I. 
I 

The development of !the rat ganglion cell line (RGC-5) has been described 
I 

(Krislmamoorthy et al., 2001). RGC-5 cells were maintained at 37°C in a humidified 

chamber of 5% C02. They rere cultured in 75 cm2 flasks with Dulbecco's modified 

Eagle's medium:nutrient mixture F12 (DMEM:F12), supplemented with 10% fetal 

bovine serum (FBS), 100 ujml penicillin, and 100 J..Lg/ml streptomycin. The culture 

medium was replaced with fresh medium every other day. Upon confluency, cultures 
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were passaged by dissociation lin 0.05% ( w/v) trypsin in 0.0 1M phosphate-buffered saline 

(PBS). For studies of the iffects of high glucose levels, cells were grown in RPMI 

medium supplemented with ,ucose. Confluent cultures were exposed for 48 h to. either 

high glucose medium, which dontained 45 mM glucose or to low glucose medium which 

I 
contained 11 mM glucose plus 34 mM mannitol. Mannitol was added to control for 

;· I 
osmolar effects. 1· .· 

Homocysteine excitotoxicity inl cultured Roes 

RGC-5 cells were cultured in Nunc Lab-Tek II CC2 4 or 8-well chamber slides. 

The differentiation of RG~-5 cells was promoted · following the ·method of 
I ; 

Krishnamoorthy et al. (2001) and Seigel and Notter (1992). RGC-5 cells, which had 

been_ grown as described above, were cultured in the absence of serum· for 24 h, after 

which they were cultured in DMEM:F12 (1% FBS, 100 U/ml penicillin, 100 J.Lg/ml 

streptomycin) supplemented ,ith SO jlg/ml succinyl concanavalin A (sConA) for 7 days. 
I . 

Differentiated RGC-5 cells w~re treated with L-glutamate or D, L-homocysteine. 1 mM 
I 

I 

stock solutions ofboth comp~unds were prepared in DMEM:F12 (1% FBS, 100 U/ml 

penicillin, 100 j!g/ml streptolycin). Differentiated RGC-5 cells were cultured in the 
I 

absence of serum for 24 h f~llowed by 24 h exposure to culture medium containing 

homocysteine (0.25, 0.50, 1.0 L). Incubation of cells with L-glutamate (0.25 mM, 0.50 

mM, 1.0 mM) served :as a tositive control for induction of RGC-5 apoptosis. To 

determine whether homocysteine-induced RGC death was mediated by NMDA receptor 

activation, homocysteiny-treatld cells were incubated with the NMD A-specific 



85 

antagonist dizocilpine (MK-801). Additional homocysteine-treated cells were incubated 

I 
with NBQX, an antagonist o~ AMPA!kainite receptors or nifedipine, a known calcium 

channel blocker, to determin~ whether ROC apoptosis induced by acute exposure to . 

homocysteine or glutamate i1 mediated by stimulation of NMDA receptors alone, or 

t~ough several other receptors as well. To test the neuroprotective effects of crR1 

ligands, homocysteine-treated cells were incubated with the crR1-specific agonist ( + )-

pentazocine, or the non-selective crR1 ligand haloperidol. Differentiated RGC-5 ·cells 

. . I d were cultured 1n serum-free DMEM:F12 for 24 h. Cells were then pre-treate for 1 h 

with MK-801, (+)-pentazoc,l, or haloperidol [3 or 10 J.1M each], followed by 24 h 

exposure to culture medium c0ntaining homocysteine (0.25, 0.5 or 1.0 mM) or glutamate 

(0.25, 0.5 or 1.0 mM) in thj presence and absence of 3 or 10 .J.lM (+)-MK-801, (+)-

pentazocine, or haloperidol. 

Neutral Red Assay 

. The effect of acute yxposure to glutamate or homocysteine 01;1 RGC-5 cell 

viability was.tested followinJ the procedure of Krlshnatnoo~hy et al. (2001). RGC-5 
·.. . I. . . . 

cells were seeded on laminin-coated 24-well plates and induced to differentiate. 

Differentiated RGC-5 cells wlf ere cultured in serum-free media 24 h, then treated with 

glutamate or homocysteine (y mM) for 24 h, in the presence ap.d absence ofMK801, a 

selective antagonist of. the NMDA receptor, nifedepine (a Ca2
+ channel blocker), or 

NBQX (an antagonist of 1PAfkirinite glutamate receptors). Cytotoxicity was 

evaluated using the Neutral R1 uptake viability assay, Which was modified from that 
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reported by Borenfreund and Puemer (1985). Neutral Red Dye was added to a final 

concentration of 0.033% to ~ell culture media after the cells were treated with the 

indicated compounds. Cells Tere returned to the incubator for 2 h and. washed gently 

with a Hepes buffer (125 mM NaCl, 5 mM KCl, 1.8 mM CaCh, 2 mM MgCh, 0.5 mM 
I . . 

NaH2P02, 5 mM NaHC03, 10 mM D-glucose, 10 mM Hepes, pH 7.2). The cells were 

allowed to air dry for 20 mr. then treated with ice-cold solubilization buffer (50% 

ethanol: 1% acetic acid; 300 J.!Vwell) for 20 minutes. 100 J.!l aliquots were then 

transferred to the wells of flJbottomed 96-well plates and optical densities of samples 

were read at 570 nm. 

TUNEL Assay for in situ Deteetion of DNA fragmentation 

Apoptosis of differentted RGC-5 cells was evaluated in treated and control 

I 
cultures via TUNEL (terminal dUTP nick end labeling) analysis (Gavrieli et al., 1992) 

using the ApopTAG in siL Apoptosis Detection Kit-Fluorescein following the 

manufacturer's instructions. Prior to TUNEL analysis, treated cells were fixed in 1% 
. . . 

parafonnaldehyde .in O.OlM PBS for 5 min at ·room. temperature and washed in two 

changes of O.OlM PBS for 5 Ln each. For negative stain control, deionized water was 

substituted for the TdT enzyml in the reaction mixture. Upon completion of the TUNEL 

assay, coverslips were :inountL using. Vectashield Mounting M~dium for Fluorescence. 

Cells subjected to TUNEL rysis were viewed by epifluorescence using standard 

fluorescein excitation and emission filters. Each field was examined systematically for 

the presence of green p~sitivel~-labeled cells indicating apoptosis followed by counting 
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all RGCs in the field so that a ratio of TUNEL-positive cells to total number of cells 

could be calculated. · · 

In Situ Detection of Activated ~pases in cultured cells 

· To confirm the findings of the TUNEL assay, the CaspACE FITC-V AD-FMK in 
. I . . . . . 

situ marker was used to detect caspase activity. CaspACE FITC-V AD-FMK in situ 

I . . 
marker was added to the medium of homocysteine- and glutamate-treated cells at a final 

.I 

concentration of 10 J.LM. Cells were protected from light and re-incubated for 20 min at 

37°C in a humidified clber of 5% CO:z. Cells were then fixed in 1% 

paraformaldehyde for 5 mJ washed with PBS, and coverslips were mounted using 

V ectashield Mounting Medil for Fluorescence containing 1 11g mr 1 propidium iodide 

to label all of the cells red. Cells were viewed by epifluorescence using standard 

fluorescein excitation and emission filters.· The number of green, positively-labeled cells 
I .. 

indicating localization of activated caspases was counted . in each field and data were 

expressed as a ratio of caspasJpositive cells to total number of cells per field. 

Semiquantitative RT-PCR analysis of aRJ mRNA in RGC-5 cells e~p(Jsed to high levels 

of glutamate or homocysteine 

Confluent RGC-5 cells were cultured in medium containing 1 mM D, L

homocysteine or L-glutamatj for 24 h. Total RNA was prepared using the TRizol. 

reagent. RT-PCR was cjed out using primer pairs specific for rat crR1 and rat 

glyceraldehye-3-phospate dehtdrogenase ( GAPDH). The primers for crRl were 5 '-
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GTTTCTGACTATTGTGGC~GTGCTG-3' . . (sens~) and 5'

CAAATGCCAGGGTAGACGGAATAAC-3' · (antisense) corresponding to nucleotide 

positions 80-104 and .567-591 respe:ctively of the cloned rat crR1 eDNA (Seth et al., 

1998). RT-PCR was done ~th cycles ranging from 12 to 32,,with denaturing phase of 

30 sec at 94°C, annealing phase of 30 sec at.60.5°C and 3.p. extension of 2 min at 72°C . 
. I ·. . ·.· . . . . 

. " 

10 j..tl of the PCR products were· gel : .. electrophoresed and subjected to Southern 

. hybridization with a 32P-cDNl probe specific for rat oRl. Rat GAPDH was utilized as 
. . I . . 

an internal control. The upstream primer 5 '-TGGAGTCTACTGGCGTCTTC-3' 

(sense), and the downstream primer 5'-TCATGAGCCCTTCCACGATG-3' (antisense) 

correspond to nucleotide positions 1130-1140 and 1350-1369 respectively, in rat GAPDH 

eDNA (GenBank accession lumber: AF106860). The hybridization signals were 

quantified using STORM Phlsphorimaging System (Molecular Dynamics, Sunnyvale, 

CA) and processed using LgeQuaNT (Version 4.2a) software application. The 

I 
relationship between the intensity of the signal and the PCR cycle number. was then 

analyzed to deterniine the.lineL range for the PCR product formation. The intensities of 

the signals within the linear rjge were used for data analysis. 

Immunocytochemistry 

crRl was detect~d in differentiated RGC-5 cells exposed to homocysteine or 

glutamate by immunocytochemistry. Differentiated RGC-5 cells were serum-deprived 

for 24 h, followed by 48 'h explsure to culture medium containing 1 mM homocysteine or 

glutamate. Treated and ~ontro I RGC-5 cells were then fixed in ice-cold methanol'for 5 
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min, washed with O.OlM PBS (pH 7.4) and blocked with 10% normal goat serum for 60 

min. Cells were incubated 1th the oR~ specific po1yclonal antibody (01a et al., 2002) at 

a ~1ution of 1:250 overnight at 4°C. Negative con~! sectio~ were treated .identically 

w1th buffer only or normal grt seJ;1llll. Cells were nnsed and mcubated ovennght at 4 oc 

with a fluorescein isothiocyanate {FITC)-conjugated AffiniPure goat anti-rabbit IgG at a 

dilution of 1:100. Immunofytochemical techniques were also used to detect crR1 in 

RGC-5 cells cultured underr control and hyperglycemic conditions using the same 

methodology.· 

Image capture/Data Analysis 

. Images were obtained rsing a Zeiss Ax.·'. ioplan 2 fluoresc~t microscope equipp~d 
With a Spot Camera and Spot\ Software vers10rt 2.2. Each experunent was performed m 

triplicate or quadruplicate and the experiments were repeated two or three times. The 

results are expressed as mean l standlll'd error. To determine if there was a .difference in 

the number of TUNEL-positivl cells between compound-treated and control cells at each 

of the differing concentratio, Analysis of Variance was performed (ANOV A: factors = 

compound treatment, concen,ation). Tukey-KrartJ.er's multiple comparison test was the 

post hoc statistical test. p < 0.05 was considered significant. 



Results 

AIM 1: Aim 1 of the present study· was designed to determine whether the 

excitatory amino acid homoc1teine is toxic to RGCs and if so to determine whether the 

cells die by apoptosis. C57BL/6 mice were injected intravitreally with various dosages 

of homocysteine. Five - s~x days following the injection, eyes were examined 

systematically for evidence J RGC death. Two immunohistochemical methods in 

addition to electron microsco~ic analysis of retinal morphology were used to assess 

apoptosis. The data suggest Jat homocysteine is toxic to neurons of the ganglion cell 

layer and that the cells are dyinl via an apoptotic mechanism. . 

Glutamate toxicity 

Prior to analyzing effects of homocysteine on mouse RGCs, a pilot experiment 

was performed to confirm thj reports of others (Lucas and Newhouse, 1957; Olney, 

1969; Vorwerk, 1996; Sucher L al., 1997) that glutamate is toxic to these cells .. Mice 

were injected intravitreally WiJ either 25j.!M or 200 11M glutamate. Five days later, eyes 

were harvested for analysis. ~e tissues were subjected to the TUNEL assay. The 

detection of apoptosis was · confirmed in separate slides subjected to 

immunohistochemistry using thl antibody against activated caspase-3. Figure 17 shows 

90 
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Figure 17. Comparison of TUNEL-po$itive neurons in the ganglion cell layer in 

glutamate-injected mouL. retinas and PBS controls. The number of 1VNEL-positive 

neurons in the ganglion cell layer was determined in sections from eyes injected with 

glutamate (25 pM or 201J1Mjinal intravitreal concentration) and analyzed 5 days post

injection. *Significantly aifferentfrom PBS-injected and 25 11M glutamate-injected eyes 
. . I 

(ANOVA: F=6.23, p=0.006). Error bars represent the standard error. 
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the number of apoptotic R~s of eyes injected with either 25. or 200!J¥ glutamate. 

There was no significant difference in TUNEL positive RGCs of eyes injected with 

25f..LM glutamate compared to those injected with PBS; How~ver, .mouse eyes injected 

with ~~o J.!M glutamate demrstrated s.ignificantly more apoptotic RGCs compared to 

PBS-InJected eyes and eyes llll.Jected wlth 25 J.1M glutamate. These data confirm the 

I 
reports of others (Vorwerk e~ al., 1996; Lucas and Newhouse, 1957; Olney, 1969; 

Hansonn, 1970) that exposure of RGCs to high concentrations of glutamate leads to their 

death via an apoptotic mechaniL. These experime)lts served as a positive control for the 

induction of RGC death. Hatg confirmed that 5-day exposure to glutamate induces 

apoptosis ofRGCs, the effects of homocysteine on RGC viability were examined. 

Morphometric evaluation of retinas of homocysteine-injected eyes 
I 

Prior to examining the eyes of homocysteine-injected mice, the retinas were 

examined for evidence of gror abnormality. There was no evidence of gross retinal 

-pathology in mouse retinas injected with homocysteine or with PBS suggesting that 

neither homocysteine nor the in~ ection procedure itself causes widespread destruction of 

I 
the retina. Systematic morphbmetric examination of hematoxylin and eosin-stained 

. ( ' ' . 

retinal cryosections showed no significant differences in the thickness of mouse retinas 

injected intravitreally with homocysteine compared to the contralateral PBS-injected eye. 

The thickness of the retina was lpproximately 250 Jlffi in the case of the control eye and 

was only slightly less (---240 ~m) in homocysteine injected eyes regardless of the 

concentration injected as spown in Fig .. 18A. Similarly, Fig. 18B ·shows that the inner 



Figure 18. Morphometric analysis of retinas of· eyes injected with PBS or 

homocysteine. Mice wfre ilifected intravitrea/ly with homocysteine to yield a final 

concentration of 25 pM, 75 fJM or 200 J..LM. The contralateral eye was injected with PBS 

I . . . 
(0.01 M). Mice were ,/led 5 . days later and eyes proceSsed for cryosectioning and 

measured as described in the text. There was no statistical difference between the 

homocysteine-injected eyL and PBS controls in any of these parameters. (A) Total· 
: , I . . 

retinal thicknes~. (ANOVf F =1.53, p=0.20~. (B) Thickness ofthe inner nuclear layer 

(INL} (ANOVA: F=2.31,\ p=0.06). (C) Thzckness of the outer nuclear layer (ONL} 
. I . . 

(ANOVA: F=2.22, p=0.07J. Error bars represent the standard error. 
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nuclear laYer of control eyes ias approximately 35-40J.UI1. While it was slightly less in 

the homocysteine injected retina, the data were not significantly different. Finally, the 

thickness of the outer nucllar layer did not differ significantly between PBS and 

homocysteine injected retinas ~ig. 18C). 

While the thickness of the retina did not differ significantly between 

homocysteine- and PBS-injected retinas, there was a difference in the numbers of RGCs 

present between the two grou1s, particularly those injected with 200 f.1M hoffiocysteine. 

Retinas of eyes injected witJ PBS have a RGC layer in which the cells are packed 

together very tightly as shot in Figure 19. That is, there is typically a uniform 

distribution of cells. Except for the occasional blood vessel there is little space 

intervening ·between cells. On the other hand, the homocysteine-injected retinas 

demonstrated a very differen picture. The retina of an eye injected with 200 J.LM 

homocysteine demonstrated soLe areas of tightly packed RGCs adjacent to areas where 

only a few RGCs relitained j shown in Fig. i9B . .To determine whether there was a 

significant difference in the nLbers ofRGCs, cells were counted in sections of eyes 

from the temporal ora serrata l the nasal ora serrata. As shown in figure 20, there was 

no significant difference in njbers of RGCs in eyes injected with 25 f.1M homocysteine 

compared with PBS-injected control retinas. There was, however, a significant 

order of potency of homocysteine for RGC loss appeared to be 200 J.LM > 75 J.LM > 25 

J.LM. Retinal sections from eyes injected with 200 J.LM homocysteine displayed a 23% 
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Figure 19. Light microscopic assessment of homocysteine-induced neuronal cell loss 

in the ganglion cell layer of mouse retina. (A) Hematoxylin- and eosin-stained 

cryosection of a PBS-injected control mouse retina (Magnification 400X). 

Corresponding layers of panel A and Bare indicated by labeling between the two panels. 

(RGC: retinal ganglion cell, INL: inner nuclear layer, ONL: outer nuclear layer, RPE: 

retinal pigmented epithelium). (B) Hematoxylin and eosin-stained cryosection 

illustrating a portion of the retina from the contralateral homocysteine (200 pM)-injected 

eye (Magnification 400X). Arrows in panel B illustrate pronounced neuronal eel/loss as 

a result of homocysteine-induced neurotoxicity. 
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Figure 20. Comparison of total number of neurons in the ganglion cell layer in cross . 

sections of PBS-injected and homocysteine-injected mouse retinas. Mice received an 

intravitreal injection of PBS (0.01 M) or homocysteine (final intravitreal concentration of 

25 J.1M, 75 J.1M, 200 J.LM). Retinas were analyzed 5 days post-injection as described in the 

text. *Significantly different from control (ANOVA: F=7.56, p=0.0003). Error bars 

represent the standard error. 
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reduction in total RGC number compared to PBS retinas~ · These data represent the first 

report of a decrease in RGC number due to in vivo exposure to homocysteine. 

TUNEL analysis of homocysteine injected eyes 

To determine wh~ther the RGCs of eyes injected with homocysteine were dying 

by apoptosis tissues were subjected to TUNEL analysis. Eyes injected with 25, 75, or 

200 J.!M homocysteine or PBS were processed for detection of3'0H DNA fragmentation 

via the TUNEL-FITC assay (Gavrieli et al, 1992). A hematoxylin and eosin-stained 

section is provided for comparison to a section subjected to the TUNEL assay.(Fig. 21A). 

Figure 21B depicts fluorescent microscopic detection of TUNEL-positive RGCs from an 

eye injected with 75 f.!¥ homocysteine 5 days post-injection. It is apparent that several 

RGCs are undergoing apoptosis as indicated by the neurons labeled a bright fluorescent 

green (Fig. 21B). It is noteworthy that only select cells are positive for the TUNEL assay. 

It is characteristic of apoptosis that single cells die, rather than an entire cluster of cells at 

a given point in time., PBS-injected eyes did not show the numerous TUNEL positive 

cells (Fig. 21D). All eyes from homocysteine-injected as well as PBS-injected eyes were 

subjected to TUNEL ~ssay and the number ofTUNEL-positive cells determined for each 

section. Data were expressed as the average from the a_nalysis of a minimum of three 

·' 

sections per eye, per compound injected. There were significantly more TUNEL-positive 
I 

cells in homocysteine injected retinas than in the contraiateral PBS-injected retinas as 
' . 

shown in Figure 22. /In addition, the number ofTUNEL-positive neurons in the ganglion 
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Figure 21. Fluorescent microscopic detection of TUNEL-positive neurons in the 

ganglion cell layer. (A) Hematoxylin and eosin-stained cryosec_tion of a homocysteine-

injected (200 pM) mouse retina depicting the nuclear· layers and the RPE. (B) 

Cryosection of a reti'!a of a mouse inject¢d intravitreally with 200 pM homocysteine and 

subjected to TUNEL analysis 5 days post-injection. TUNEL-positive (green)· cells were 

present primarily in the retinal ganglion cell (RGC) layer (arrows). (C)Hematoxylin and 

eosin-stained cryose~tion of a mouse eye injected intravitreally with PBS. (D)TUNEL 
' . 

staining of the same' section as shown in panel C. Few apoptotic cells were detected in 

PBS-injected eyes (Magnification 400X). 

I. 
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Figure 22. Comparison of TUNEL-positive neurons in the ganglion cell layer of PBS

injected control . and homocysteine-injected mouse retinas. Mice received an 

intravitreal bijection of PBS (0.01 M) or homocysteine (final intravitreal concentration of 

25 f.1M, 75 f.1M, 200 f.LM). Eyes were obtained 5 days post-injection and cryosections 

were subjected to TUNEL analysis as described in the text. *Significantly different from 

PBS-injected control. (ANOVA: F=13.07, p=0.000003). Error bars represent the 

standard error. 
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cell layer was greatest in those eyes injected with 200 JlM compared to eyes injected with 

25 or 7 5 JlM homocysteine. 

Immunolocalization of activated caspase 3 in homocysteine-injected eyes 

To confirm the findings of the TUNEL assay, immunohistochemistry to detect 

activated caspase-3 was performed. This is a very reliable way to identify cells destined 

to die by apoptosis even before many of the morphological characteristics (e.g., DNA 

fragmentation) are. present (Stadelmann ·and Lassmann, 2000). Fluorescent microscopic 

evaluation of immunocryosections from homocysteine-injected eyes revealed the 

presence ··of. cells positively labeled· for activated caspase-3 expression (Figure 23). 

Figure 23B illustrates ~ immunocryo.secti.on from a mouse retina injected with 75 ~M 

homocysteine 5 days. post-injection, incubated with an antibody against activated 
; . .. ·. -· 

I 

caspase-3. Consistent with our observation- of.TUNEL-positive cells, cells positive for 

activated caspase-3 expression .were located predominantly in the RGC layer of 

homocysteine-injected retinas. Activated caspase-3 was consistently detected 1n 

homocysteine-injected eyes but was rarely present in PBS-injected eyes. Tissue sections 

in which the antibody was omitted and replaced ·with serum showed no positive reaction. 

The nuniber of casp~se-3 positive cells was significantly greater in retinas injected with 

75 or 200 J!M homocysteine than in PBS-injected retinas as shown in Figure 24. 
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Figure 23. Fluorescent microscopic immunodetection of Caspase-3 expression in 

homocysteine-injected· mouse retinas. (A) Hemato:tylin ··and eosin-stained cryosection of 

a normal mouse retina (Magnification 400X). Corresponding layers of the retina are 

indicated by the two-headed arrows between panels A and B and panels B and C. (RGC: 
. . ' 

' . 
retinal ganglion cell, INL: inner nuclear layer, ONL: outer nuclear layer, RPE_: retinal 

pigmented epithelium). (B) Immunocryosection of mouse retina injected with 75 J.LM 

homo~ysteine 5 days post-injection, incubated with antibody against activated caspase-3. 

Note the presence of positively labeled cells in the retinal ganglion cell layer (arrows) 

(Magnification 400X). (C) Immunocryosection of a PBS-injected eye 5 days post-

injection, incubated with antibody against caspase-3. Note the absence of positive 

labeling . . 
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Figure 24. Comparison of the number of caspase-3-positive neurons of the ganglion 

cell layer in PBS-injected control and homocysteine-injected mouse retinas. Mice 

received an intravitreal injection of PBS (0 .. 01 M) or homocysteine (final intravitreal 

concentration of 25 pM, 75 pM, 200 jiM) .. Eyes were obtained 5 days post-injection and 

were processed for immunohistochemical detection of caspase-3. ·.The number of 

caspase-3 positive cells was determined for representative sections of each eye injected. 

*Significantly different from PBS-injected control. (ANOVA: F=7.54, p=0.0004). Error 

bars represent the standard error. 
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Electron microscopic analysis of homocysteine-injected eyes 

Retinal sections prepared for electron microscopy were examined to determine 

whether neurons of the RGC layer exhibited ultrastructural features characteristic of 

apoptotic cell death. The neurons of the ganglion cell layer of PBS-injected retinas had a 

uniformly rounded appearance with closely packed nuclei characteristic of healthy 

neurons of the ganglion cell layer (Fig. 25A). Homocysteine-injected retinas, however, 

demonstrated evidence of apoptosis in some ganglion cells. Figure ~SB depicts a 

representative region of ganglion· cells_ (G) in a ·retina injected with 200 JlM 

homocysteine. The cells vary considerably. They no longer have a uniform rounded 

appearance, but insteaq demonstrate margination of chromatin; while the nuclear material 

of an adjacent cell appears to be markedly compact. 

Effects of combined exposure of retinas to homocysteine and glutamate 

Since gluta.rtiate may be elevated in diabetic eyes just as homocysteine is elevated, 

we asked whether .. there were any synergistic effects caused by simultane~~s intravitreal 

elevation of both of these amino acids. Cryosections from mouse eyes· injected with 

homocysteine in con;tbination with glutamate w·ere subjected to the TUNEL assay. The 

average number of TUNEL-positive RGCs in ret1nal sections from eye injected with 
. . I . . . 

I 

homocysteine in co~bination with glutamate [200 J.LM each] was compared to that of 

retinal sections fron;} eyes receiving homocysteine al~ne at 200 J.LM, the concentration at 

which homocysteine-induced RGC apoptosis was found to be greatest (Fig. 26). The 
• I 

I 
i 

number of TUNEL~positive RGCs was greater in retinal sections from eyes injected with 
I . 
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Figure 25. Electron microscopic analysis of neurons of the ganglion cell layer of PBS

injected control and homocysteine-injected mouse retina. (A) Transmission electron 

micrograph of a control mouse retina (intravitreal injection ofO.Ol M) PBS showing the 

uniformly round neurons (G) characteristic of the healthy neurons of the retinal ganglion 

cell layer (Magnification 215 OX). (B) Electron micrograph depicting a ·representative 

section of the ganglion cells (G) in a retina injected with homocysteine to yield a final 

intravitreal concentration of 200 j.1M. Note the alten~d appearance of the ganglion cells 

in this image. The arrow in panel B points to a ganglion cell demonstrating margination 

of chromatin characteristic of apoptosis. An adjacent cell appears to have the nuclear 

material markedly compact (Magnification 215 OX). 



113 

Figure 25 



114 

Figure 26. Compari~on of TUNEL-positive neurons in the ganglion cell layer of 

mouse retinas injected with a solution containing both glutamate and homocysteine or 

with homocysteine alone. Mice were injected intravitreally with a solution containing 

both glutamate and homocysteine (final intravitreal, concentration of each compound was 

200 pM) or homocysteine alone (200 pM). 5 days post-injection, eyes were processed 

for the TUNEL assay as described in the text. *Significantly different from PBS-injected 

control (ANOVA: F=l8.64, p=O.OOOOOJ). Error_ bars represent the standard error. 
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both glutamate and homocysteine than in those receiving homocysteine alone (5.0 ± 0.62, 

2.9 ± 0. 73, respectively). Thus, the number of TUNEL-positive neurons in the ganglion 

cell layer almost doubled when retinas were exposed simultaneously to high 

concentrations of both amino acids. 

AIM 2: The second aim of tlies'e stQdies was to establish that RGCs die by 

apoptosis- in the STZ-induced diabetic. mouse. C57BL/6 _mice (3 wks). were made 

diabetic using STZ. Age-matched, non-injected C57BL/6 mice were_ maintained as 

controls. Diabetic and age-matched control mice were sacrificed at varying timepoints 

post-onset of diabetes ~d eyes examined systematically for evidence of RGC death. 

Two immunohistochemical methods were used to assess apoptosis. These data suggest 
: 

that RGCs undergo apoptosis in diabetic mice in a manner similar to that observed in 

human patients with diabetic retinopathy (Barber et al., 1998). 

Induction ofexperimental diabetes 

Three-week-old C57BL/6 mice were made diabetic by injection of 75 mglkg STZ. 

(dissolved in sodium citrate buffer) for 3 consecutive days. This dosage regimen for STZ 

is based upon the m?use model that has been used ~uccessfully to study neural tube 

defects in embryos o,f diabetic mice (Phelan et al., 1997). For an initial screen, urine 

glucose levels were Jn_easured using the Urine Strip test. Of 200 mice made diabetic 

using this methodol9gy, 197 showed a positive urine strip. Prior to using mice for 
i ' 

f 

experiments, fasting plood glucose levels range between 300-575 mg/dl (mean 423 ± 34 
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mg/dl averaged over all ages examined; values >250 mg/dl are considered to be diabetic). 

Insulin was not administered to the animals, as one of the goals of this study was to study 

the e~ly changes in the retina that occur following the. induction of the diabetic state. 

Age-matched, non-injected control C57BL/6 mice were maintained as controls. The 

weight of the animals was checked weekly. While the weight of diabetic animals was 
. . 

slightly less than that of age-matched; non-injected control animals, there was no 

significant difference (p <0.05). Animals that appeared sick or displayed significant 

weight loss were excluded from study. Table V provides a summary of blood glucose 

levels and weight gain ~or age-matched, non-diabetic control and diabetic animals. The 

mice lived for approximately 14-20 weeks post-onset of diabetes. Diabetic and age-

matched control mice w.ere sacrificed at various timepoints (ranging from 1-14 wks) post

~nset of diabetes, and eres examined systematically for evidence of RGC deat~. 

Morphometric evaluation of retinas of STZ-injected mice 

Prior to subjecting eyes of diabetic mice to systematic morphometric analysis, the 

retinas were examined, for evidence of gross abnormality. There was no evidence of gross 

retinal pathology in d~abetic mouse retina up to 14 weeks post-onset of diabetes. This 
: . 

suggests that injectio~ of STZ does not .cause widespread destruction of the retina. 

Systematic morphometric examination of hematoxylin and eosin-stained retinal 
. I . 

: 

cryosections ·showed I no significant differences in the. total retinal thickness of diabetic 
I ;;. • 

I 

mouse retina comp~ed to non.:.diabetic, age-matched control retina at any of the 
! _. 

! 
I . 

timepoints post-onset of diabetes (p<0.05) (Figlire 27 A). Similarly, measurements of 
. I . 

I 
! 

I 
j 
I . 

!' 



Table V. Weight Change and Blood Glucose of Diabetic and Age
matched, Nondiabetic Control Mice 

Duration of 
Diabetes (wks) 

3 

6 

9 

12 

Treatment 
group n 

control 6 
diabetic 6 

control 6 
diabetic 6 

control 6 
diabetic 6 

control 6 
diabetic 6 

Mean weight 
±SEM (grams) 

19.14 ± 0.96 
16.74 ± 0.78 

22.29 ± 0.96 
19.62 ± 0.78 

24.62 ± 0.96 
21.46 ± 0.78 

25.66 ± 0.96 
23.32 ± 0~78 

Blood glucose 
±SEM (mg/dL) 

162.6 ± 26.8 
438.7 ± 34.6 

137.0 ± 30.0 
370.6 ± 26.8 

145.0 ± 30.0 
357.3 ± 24.5 

152.5 ± 26.8 
466.0 ± 24.5 
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Figure 27. Morphometric analysis of diabetic and age-matched, non-diabetic control 

mouse retina at various timepoints post-onset of diabetes. Diabetes was chemically 

induced in mice using streptozotocin. Age-matched, non-diabetic animals were used as 

controls. Mice were sacrificed at varying timepoints post-onset of diabetes and eyes 
. . 

processed for . cryosectioning an4. measure,d as d~scribed in the text. There was no 

statistical difference between STZ-diabetc eyes and eyes of age-matched,· non-diabetic 

controls in any of these parameters. (A) Total retinal thickness. (B) Thickness of the 

outer nuclear layer (ONL}. (C) Thickness of the inner nuclear layer (JNL). Error bars 

represent the standard error. 
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ONL thickness (Figure 27B) and INL thickness (Figure 27C) revealed no significant 

differences between age-matched, non-diabetic control and STZ-diabetic retina at any of 

the timepoints post-onset of diabetes. 

While the thickness of the retina did not differ significantly between control and 

diabetic retina, t~ere was a significant difference in the numbers of RGCs P!esent 

between the two groups, particularly those 10, J2 and 14 wks post-onset of diabetes. As 

shown in figure 28A, retinas of control eyes' have a RGC layer in wh~ch the cells are 

packed together very· tightly. That is, there is typically a uniform distribution of cells. 

Except for the occasional blood vessel there is little space intervening betw,een cells. On 

the other hand, diabetic retinas demonstrated a loss of RGCs. Figure 28A shows an 

H&E-stained section of a control retina age-matched to a retina of a mouse that had been 

diabetic for 12 weeks (Figure 28B). As the diabetes progressed in th~se mice, the 

number of RGCs decreased. Several regions of the ganglion cell layer (gel) were devoid 

o_f cells. Arrows in Fig. 28B point to regions of RGC dropout. To determine whether 

there was a significant difference in the numbers of RGCs, cells were counted in sections 

of eyes from the temporal ora serrata to the nasal ora serrata. As shown in figure 29, by 
' /• . 

10~14 weeks post-ons:et of diabetes there ·are significantly fewer (-25-30 %) RGCs in 

diabetic retinas compcU"ed to controls· (p<0.05). 
I 

,. 
I 
I. 

Electron Microscopic.' Analysis of diabetic eyes 

Retinal sectiohs were examined systematically to determine whether the neurons 
! 

I 

of the RGC layer exhibited ultrastructural features characteristic of apoptotic cell death. 
·: 

: 
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Figure 28. Light microscopic evaluation of diabetic and age-matched, non-diabetic 

control retina. (A) Hematoxylin and eosin stained cryosection of a non-diabetic, control 

mouse retina ate-matched to a retina of a mouse that had been diabetic for 12 weeks. (B) 

As shown in panel A, retinas of control eyes have a RGC layer in which the cells are 

packed together very tightly. That is, there is typically a uniform distribution of cells. 

Panel B shows a diabetic retina (12 weeks diabetic} in which several regions of the 

ganglion eel/layer (gel) were devoid of cells. Arrows in panel B point to regions of RGC 

dropout. 
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Figure 29. Comparison of total number of RGCs in cross sections of diabetic and 

control mouse retinas. Mice were· made diabetic using streptozotocin (7 5 mg/kg 

dissolved in 0.01M sodium citrate buffer, pH 7.4). Retinas were analyzed 9-10 weeks 

post-injection as described in the text. *Significantly different from control (ANOVA: 

F= 10. 77, p<O. 05 ). Error bars represent the standard error. 



5t1l 

25 

4 

125 

ffiilll confuliD~I 
~jdiabe~ic 

4I 16: 8 11Ql 11 2' 
· \~1~e1e k's: P'O~st-.o,:nse~t: of dliab~ete:s 

{ 

Figure 29 



126 

Figure 30 shows toluidine blue-stained. EPON embedded ~etinal sections of control (30A) 

and diabetic niice 4 Weeks post-onset of diabetes (30B, 30C, 30D). In panel 30B, arrows 

point to shrunken cells reminiscent ofdytng cells. Ultrastructural analysi~ of these cells 

revealed the classical morphologica1 ch~acteristics of apoptosis (including margination 

of chromatin and crenated nuclei. As is o/Pical of apoptosis, adjacent cells appeared 
. . -

normal (Figure 30) .. To perfo~ experiments to detect markers of apoptosis, additional 

eyes o(diabetic and control mice were enucleated, embedded.in OCT, and subjected to 

histologic processing. These cryosections were used to detect markers of apoptosis 

including TUNEL assay and analysis of active caspase-3. 

TUNEL analysis of diabetic eyes 

To determine whether the RGCs of eyes from diabetic animals were dying by 

apoptosis, tissues were subjected to TUNEL analysis. Eyes from mice sacrificed 2, 4, 6, 

8, 10, 12 and 14 weeks post-onset of diabetes were processed for detection of 3 'OH DNA 

fragmentation via the TUNEL assay (Gavrieli et al, 1992). The analysis of non-diabetic 

age-matched control retinas revealed very few TUNEL-positive cells in the ganglion cell 

layer (Fig. 31A). , Examination of retinas of diabetic mice showed many TUNEL 

positive RGCs, parti~ularly · in the first two weeks post-onset of diabetes (Fig. 31B, 

arrows). Quantitative analysis of these sections indicated that TUNEL-positive RGCS 

were numerous in th~ first few weeks post-onset of diabetes (an average of 2-3 cells per 

i 
100 J..lm length of retina, compared to <0.15 in normal retinas). Even at later timepoints 

. i 
! 

. I . 

post-onset of diabete~, TUNEL-positive RGCs were still observed. 
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Figure 30. Epon-embedded sections of control (A) and diabetic (B, C, D) mouse retina. 

Retinal sections were examined systematically to determine whether the neurons of the 

RGC layer exhibited ultrastructural features- characteristic of apoptotic cell death. The 

top two panels show toluidine blue-stained epon-embedded retinal sections of control (A) 

and diabetic mice 4 weeks post-onset of diabetes. (B) Panels C and D depict images 

obtained via electron microscopic analysis of diabetic retina. Note these cells 

demonstrate the classical morphological characteristics of qpoptosis, including 

margination of chromatin and crenated nuclei. 



128 

Figure 30 



129 

Figure 31. Fluorescent microscopic detection of TUNEL-positive neurons in the 

ganglion cell layer. (A) Cryosection of a non-diabetic, age-matched control mouse 

retina subjected to TUNEL analysis .. (B) Cryosection of a diabetic mouse retina, two 

weeks post-onset of diabetes, subjected to TUNEL analysis (Magnification 400x). 
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Caspase-3 Immunohistochemistry 

To confirm the findings of the TUNEL assay, we performed 

immunohistochemistry to detect caspase-3. Consistent with the observation of TUNEL-

positive cells, fluorescent microscopic evaluation of immunocryosections revealed the 

presence of cells positively labeled for activated caspase-3 predominantly in the RGC 

layer in diabetic retina. Quantification of the total number of caspase-3-positive cells in 

retinal cryosections revealed that there were significantly more (p<0.05) caspase-3-

positive RGCs in diabetic mouse retina than in retinal cryosections of age-matched, non-

diabetic controls (Figure: 32). 

AIM 3: The third aim of the present study was to determine whether crR is 

detectable and if so its cellular location in STZ-induced diabetic mouse retina compared 

to age-matched control, non-diabetic mouse retina using immunohistochemical 

techniques. crR1 expression has been demonstrated in numerous tissues including brain. 

Other members of th~ lab were in the process of analyzing crR1 expression in RGCs 

cultured under hyperglycemic conditions and in diabetic mice using semiquantitative RT-

PCR, in situ hybridization, and Western blot analysis (Ola et al, 2001, 2002). My 

contribution to the~e studies was generating the diabetic animals and using 

immunohistochemical techniques to: (1) identify in which cells of the neural retina crR1 

is localized and (2) tletermine whether crR1 continues to be detected in cells cultured 
I 

under h)rperglycemi~ conditions and RGCs · of diabetic mice. Immunohistochemical 
I 

I . 

studies detected the dR1 protein in retinal ganglion, photoreceptor, RPE cells and 
i 
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Figure 32. Comparison of the number of caspase-3-positive neurons of the ganglion 

cell layer in diabetic and age-matched, non-diabetic control mouse retinas. Mice were 

made diabetic using streptozotocin and sacrificed at varying timepoints posi-onset of 

diabetes. Eyes were harvested and processed for immunohistochemical detection of 

caspase-3. The number of caspase-3 positive cells was determined for representative 

sections of each eye injected. *Significantly different from age-matched, non-diabetic 

control. Error bars represent the standard error . . 
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surrounding the soma of cells in the inner nuclear layer. These data provide the first 

cellular localization of crR1 in neural retina. Immunohistochemical analysis of crR1 in 

diabetic eyes showed a similar pattern of crR1 protein expression between control and 

diabetic retina. In addition, analysis of cultured RGCs showed that localization of crR1 

protein is similar in RGCs cultured under hyperglycemic conditions and control RGCs. 

These studies demonstrate that crR1 protein is localized in RGCs both in vivo and in vitro. 

Furthermore, this localization remains constant under hyperglycemic conditions in vitro 

and in vivo. These data suggest that RGCs may be amenable to the neuroprotective 

effects of cr ligands under conditions of neurotoxicity such as occur in diabetes. 

· Immunolocalization of aRJ in norlflal mouse eyes 

When I joined the laboratory, other members of the lab were using molecular 

techniques to demonstrate the presence of crR1 mRNA in retina, lens .and RPE and the in 

situ hybridization analyses supported this observation (Figs. 1 0-16). To localize the crR1 

protein itself, I used a polyclonal antibody against crR1 and performed 

immunohistochemical analysis in cryosection~ of mouse eyes. Fig 33A shows the 

immunolabeling o,f crR1 in -retina at low magnification,.. crR~ was detected in cells of the 

ganglion lit.yer and surrounding soma of cells in the inner nuclear layer. crR1 was present 

also around the soma of photoreceptor cells, and in the RPE layer. A higher 

magnification of the. inner retina is shown in Fig. 33B in which intense labeling of 

ganglion cells and cells throughout the inner nuclear layer are observed. Fig. 33C shows 
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Figure 33. Fluorescent microscopic immunolocalization of uRJ in intact mouse ey~. 

Mouse cryosections were incubated with antibody against uRi followed by incubation 

with FITC-labeled secondary antibody as described in the test. (A) Immunolabeling of 

mouse retina: uRi is present in the ganglion cells (gc), around soma of cells in the inner 

nuclear layer (in/), cell bodies of photoreceptor cells (on/), and cells in the RPE.layer 

(rpe). (B) Higher magnification of panel HA" showing intense immunolabeling of 

ganglion cells (arrow) and cells_ of the inner nuclear layer. (C) Optic nerve. (D) Cornea. 

Note uRi immunolabeling of the epithelial cells (ce) of the cornea and some labeling of 

the corneal stroma (st). (E) Iris-ciliary complex. Note intense labeling of cells of the 

ciliary body (cb). (F) Lens. Note immunolabeling of cells along the equator of the lens 

(arrow). (Magnification A=200x; B,C=400x; D,E,F=lOOx). 
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the intense labeling of cells of oligodendrocytes and the external mantle of the optic 

nerve. In non-retinal tissues, crR1 was detected in corneal epithelial cells (Fig. 33D), in 

epithelial cells of the ciliary body (Fig. 33E) and in. the equatorial cells of the lens (Fig. 

33F). 

Immunohistochemical analysis of aRJ protein in diabetic and control mouse eyes 

Western blot analysis of diabetic and age-matched, non-diab~tic control mouse 

(shown i~ figure 16) retina indicated that crR1 protein is .present in neural retinas of 

diabetic mice. It did not· reveal which cells of the neural retina contained the crR1 

protein. To determine whether crR1 was present in RGCs of diabetic mice, 

immunohistochemical analysis was performed. Eyes from mice that had been diabetic 2, 

6 and 12 weeks and age-matched controls were. cryosection~d and incubated with 

antibody specific for crR1. Figure 34 shows representative immunohistochemical data of 

retinas from these mic~. Examination of photomicrographs shows that crR1 is present in 

RGCs of control mice (Fig. 33A, C, E) at all ages studied. The crR1 is present also in 

RGCs of diabetic mice (Fig. 34B, D, F). This is parti9ularly evident at 2 and 6 weeks 

post-onset of diabetes (Fig 34B, D). At 12 weeks after the onset of diabetes (Fig. 34F), 

the immunolabeling of RGCs was not as uniform as in the retinas of the control mice. 

This is likely due to the apoptotic cell death that occurs in the ganglion cells of diabetic 

retina. Nevertheless, many ganglion cells were positive for crR1. 
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Figure 34. Fluorescent microscopic immunolocalization of uRJ in intact eyes of 

diabetic and control mice. Cryosections of mouse eyes from control and age-matched 

diabetic mice that were incubated with antibody against ar 1 followed by incubation with 

FITC-labeled secondary antibody. (A) 2 week control, (B) 2 week diabetic, (C) 6 week 

control, (D) 6 week diabetic, (E) 12 week control, (F) 12 week diabetic. gel, ganglion 

eel/layer; in/, inner nuclear layer (magnification 400x) . . 
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AIM 4: The purpose of aim 4 was three-fold: (1) to determine whether acute 

exposure of RGCs to high levels of homocysteine is toxic in vitro, (2) to establish 

whether this toxicity occurs via activation of NMDA receptors, and (3) to determine 

whether crR ligands, which are neuroprotective through modulation of NMDA receptors, 

can prevent this apoptosis. Cultured rat ganglion cells (RGC-5 cells) were exposed to D, 

L- homocysteine or L-glutamate (1mM) in the presence or absence of MK-801, NBQX, 

nifedipine, (+)-PTZ, or haloperidol at varying concentrations. For detection of cell death, 

cells were subjected to the Neutral Red Assay, TUNEL assay and in situ detection of· 

activated caspases. The expression o( mRNA encoding crR1 was determined by 

semiquanti~ative RT-PCR and crR1 protein was detected i~unocytochemically. These · 

data suggest that acute exposure to 1 mM homocysteine or glutamate induces death of 

cultured RGCs, and this death is mediated via activation of NMDA receptors. Also, 

crR1-selective ligands such as PTZ may prevent this RGC death. 

Homocysteine-induced death of cultured RGCs 

To assess the consequences of acute exposure to homocysteine on cultured rat 

ganglion cells, differentiated RGC-5 cells were exposed to 1.0 mM homocysteine for 24 

h. Exposure to glutamate (1.0 mM) served as a positive control for induction of RGC-5 

death. Cells were fixed and processed for determination of apoptosis using the TUNEL 

assay. The results of the TUNEL assay were confirmed by in situ detection of activated 

caspases. Figure 35.A depicts fluorescent microscopic detection of TUNEL-positive 

RGC-5 cells in control cells and RGC-5 cells following _24 h exposure to 1.0 mM 
I 
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Figure 35. Comparison of TUNEL-positive RGC-5 cells following acute exposure to 

·homocysteine (hey) or glutamate (glu). (A) Fluorescent microscopic detection of 

TUNEL-positive RGC-5 cells following 24 h exposure to hey or glu [1.0 mM]. 

Representative images of control cultures, cells exposed to 1. 0 mM glu or 1. 0 mM hey 

(right). (Magnification 400x). (B) Fluorescent microscopic detection of caspase

positive RGC-5 cells following 24 h exposure to hey or glu [1.0 mM]. Rf!presentative 

images of control cultures, cells exposed to· 1. 0 mM glu or 1. 0 mM hey. Caspase positive 

cells are sta.ined green. · T~e nuclei of all the cells is background stained red. 

(Magnfication 630x). (C) Differentiated RGC-5 cells were exposed to hyc or glu (1.0 

mM) for 24 h. The number of TUNEL-positive cells per 100 cells counted was 

determined in representative images .of· each chamber. *Significantly different from 

control, untreated· cultures (ANOT(A: F=50.56, p<0.001). pata are mean± S.E. from 

three separate experiments. 
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glutamate or homocysteine (Magnification 400X). Similar results were obtained using 

the CaspACE marker for situ detection of activated caspases (Figure 35B). The 

percentage of TUNEL-positive RGC-5 cells per 100 cells was determined in each 

chamber (Figure 35C). RGC-5 cultures exposed to 1.0 mM homocysteine or glutamate 

demonstrated significantly more apoptotic cells compared to control cultures. TUNEL 

analysis demonstrated a significant increase· ("'6-fold) in the number of TUNEL-positive 

RGC-5 cells in cultures exposed to 1.0 mM homocysteine and a ,...,10-fold increase in cells 

exposed to glutamate. These data suggest that homocysteine, like glutamate, is toxic to 

RGC-5 cells in vitro. Having confirmed that acute (24 h) exposure to high levels of 

homocysteine induces apoptosis of RGC-5 cells, we examined the effects of treatment 

with the NMDA antagonist MK.-801 on viability of RGC-5 cells exposed to 

homocysteine. 

Homocysteine-induced RGC toxicity is mediated by NMDA receptor 

While it was demonstrated previously that homocysteine is toxic to RGCs in vivo 

(Moore et al., 2001) and .the results of the present study demonstrate that acute exposure 

to homocysteine is toxic to RGC-5 cells in vitro, the mechanism by which homocysteine

induced neurotoxicity occurs has not been established. To determine whether the toxic 

effects of acute exposure to elevated .levels of. homocysteine, like glutamate, are mediated 

via stimulation of NMDA receptors, RGC-5 · cells were exposed to culture medium 

containing· elevated concentrations of homocysteine in the presence· and absence of MK-

801, a selective antagonist of the NMDA receptor. MK.-801 has been demonstrated to be 
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neuroprotective against glutamate-mediated toxicity in retina via blockade of NMDA 

receptor activity (Lam et al., 1999; Kwong & Lam, 2000; Rocha et al., 1999; Adachi et 

al., 1998; Rego et al., 2000). Differentiated RGC-5 cells were serum-deprived for 24 h, 

followed by 1 h pretreatment. with ·MK-801 [3, 10, 25 f..LM]. RGC-5 cells were then 

incubated for 24 h in culture medium containing 1.0 mM homocysteine or glutamate in 

the presence or absence of (+)-MK-801 [3, 10, 25 f..LM]. The percentage of TUNEL

positive cells per 100 cells was also determined (Figure 36). Apoptosis of RGC-5 cells 

exposed to 1.0 mM homocysteine was attenuated significantly (-80-90%) by treatment of 

the cells with MK-801. Treatment ofRGC-5 cells exposed to 1.0 mM homocysteine with 

3 f..LM MK-801 resulted in a two-fold reduction in the percentage of TUNEL-positive 

cells, while dosages of 10 and 25 f..LM- MK-801 further attenuated the cell death. These 

data suggest that homocysteine~induced RGC-5 toxicity is mediated via stimulation of 

NMDA receptors. To confirm this, additional RGC-5 cells were treated with 

homocysteine in the presence or absence of MK801, NBQX (an antagonist of 

AMP A/kainite receptors) or nifedipine (a calcium channel blocker), and cell survival was 

analyzed using the ~eutral Red assay. Treatment with homocysteine resulted in death of 

approximately 50% of the ·cells (figure 37). Treatment with 3, or 10 f..LM MK801 

significantly attenuated this cell death (cell survival= 57% and 67% respectively). Co

incubation. of RGC-5 cells with 25 f..LM MK-801 provided almost complete 

. neuroprotection ( --98% cell survival). Ad4itional cells were exposed to homocysteine in 

the presence or absence ofNBQX, an antagonist of AMPA/kainite receptors, or 
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Figure 36. Comparison of TUNEL-positive RGC-5 cells exposed to hey or glu in the 

presence or abs~nce of (+)-MK-801, an NMDA receptor antagonist. Differentiated 

RGC-5 cells were cultured on chamber slides in the absence of serum for 24 h, followed 

by 24 h exposure to either 1. 0 mM hey or 1. 0 mM glu in the presence or absence of(+)

MK-801 [3 or 10 pM] .. The· number of TUNEL-positive cells was determi'!-ed per 100 · 

cells c~unted. *Significantly different from treatment with 3 or 10 p,M MK-801 (ANOVA: 

F=29.17, p<0.001). Data are mean± S.E.from._three separate experiments. 



146 

100 
en 90 

D 1rrM gu cr tcy --(I) 
80 .+3 ~M<001 (.) 

(I) . 70 rs+.10 ~M<001 > ·-~- 60 * en 
50 0 

c. 
40 I 

..J w 30 
z 

20 ::::) 
1- 10 
~ c 0 

glu hey 

Figure 36 



147 

Figure 37. Assessment of RGC-5 cell death using the Neutral Red assay. 

Differentiated RGC-5 cells were subjected·to 24 h exposure to 1.0 mM homocysteine in 

the presence or absence of MK-801 (3, 10, 25 p,M). Cell survival was analyzed using 

the Neutral Red assay. MK-801 significantly attenuated RGC-5 cell death induced by 

acute exposure to homocysteine (1. (J mM). 

homocysteine are dose-dependent. 

The neuroprotective effects of 
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nifedipine, a calcium channel blocker. Analysis of cell survival using the neutral red 

· assay indicated that co-treatment of RGC-5 cells with homocysteine in the presence of 25 

J.lM NBQX, or nifedipine had no significant neuroprotective effect (only 52% and 53% 

cell survival, respectively) (figure 38). These data suggest that in vitro RGC apoptosis 

induced by homocysteine is mediated by stimulation ofNMDA receptors. 

aRJ expression in cells exposed to homocysteine or glutamate 

crR1 is expressed abundantly in normal RGCs in vivo and in vitro (Ola et al., 

2001). To determine whether exposure to homocysteine or glutamate alters this 

expression, RGC-5 cells were . exposed to culture medium containing 1.0 mM of 

homocysteine or glutamate for 24 h. The expression of mRNA encoding crR1 was 

determined by semiquantitative RT -PCR (Figure 39A). GAPDH was used as a 

ubiquitously expressed positive control. The hybridization signals were quantified using 

the STORM Phosphorimaging system. The relationship between the intensity of the 

signal and the PCR cycle number was analyzed to determine the linear range for the PCR 

product formation. The intensities of the signal within the linear range were used for data 

analysis (Figure 39B). The expression of mRNA encoding crR1 in RGC-5 cells exposed 

to 1.0 mM homocysteine or glutamate did not differ significantly from that of control, 

untreated RGC-5 cells (F=2.06, p=0.11 ). Therefore, exposure· of RGC-5 cells to high 

levels of homocysteine or glutamate does not alter crR1 expression. 
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Figure 38. Assessment of RGC death following treatment with 1 mM homocysteine in 

the presence or absence of NBQX or .. nifedipine. Differentiated RGC-5 cells were 

treated with homocysteine (1. 0 mM) in the presence or absence of NBQX, an antagonist 

of AMPA/kainite receptors, or nifedipine, li ·calcium channel blocker, (25 pM each). 

Treatment with NBQX or nifedipine had no neuroprotective effect on RGC-5 cell death 

induced by a_cute exposure to elevated homocysteine. 
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Figure 39. Semi-quantitative RT-PCR of uRJ mRNA in RGC-5 cells after 24 h 

exposure to excitatory amino acids. RGC-5 cells were treated with hey or glu (1. 0 mM) 

for 24 h. (A) The expression of mRNA encoding aRJ was determi~ed by semi

quantitative RT-PCR. GAPDH mRNA was used as an internal. control. (B) The 

hybridization signals were quantified and the relationship between the intensity of the 

signal and the PCR cycle number was then analyzed to determine the linear range for the 

PCR product formation. The intensities. of the signals within the linear range were used 

for data analysis (F=2.06, p=O.ll). 
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Immunocytochemical analysis of aRJ in cells treated with homocysteine or glutamate 

After determining that crR1 expression was not altered in the presence of 

homocysteine, the presence and distribution of the protein was analyzed 

immunocytochemically. Differentiated RGC-5 cells were cultured in serum-free media 

for 24 h, followed by 48 h exposure to 1.0 mM homocysteine or glutamate. Cells were 

fixed and incubated with polyclonal antibody against crR1. Figure· 40 depicts fluorescent 

microscopic immunodetection of crR1 protein in control RGC-5 cells ( 40A) and in RGC-

5 cells exposed to 1.0 mM glutamate (40B) or homocysteine (40C) for,48 h. fu control 

cells, the antibody labeled the cell membrane. fu cells· treated with glutamate ( 40B), 

there were fewer cells owing to apoptotic death of the cells; however crR1 protein is 

detectable in the cells that remain. As with glutamate, cells treated with homocysteine 

distributed crR1 to the membrane. Cells treated with either glutamate or homocysteine 

continued to be immunopositive for crR1. Cells incubated with crR1 primary antibody 

preincubated with the peptide used to generate the crR1 antibody showed no positive 

immunoreactivity. Thus, the immunocytochemical analysis for crR1 supported the results 

obtained via semi-quantitative RT-PCR and demonstrate that detection and localization 

of crR1 is not altered by 48 h exposure to homocysteine or glutamate. 
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Figure 40. Immunohistochemical analysis of uRl in differentiated RGC-5 cells after 

48 h exposure to 1 mM excitatory amino acids. Differentiated RGC-5 cells were 

cultured in a serum-free medium for 24 h, followed by 48 h exposure to 1 mM hey (B) or 

glu (C). Cells cultured under identical conditions but in the absence of hey or glu were 

used as control (A). aRJ protein was detected by immunofluorescence using a aRJ 

. specific antibody. 
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aRJ agonists as protective agents against homocysteine- and glutamate-induced RGC 

apoptosis 

Results of,the semi~quantitative RT-PCR (figure 39) and immunocytochemical 

analyses (figure 40) suggest that crR1 expression and protein distribution are not altered 

by acute exposure to homocysteine or glutamate at least up to 48 h. Thus, crR1 may be 

an available therapeutic target to prevent the toxic effects of these .excitatory amino acids. 

To determine whether the.mixed crR1 agonist haloperidol and the crR1-specific ligand 

( + )-PTZ (PTZ) would prevent RGC apoptosis, differentiated RGC-5 cells were pretreated 

for 1 h with haloperidol (3 or 10 J.!M) followed by 24 h co-incubation with 1.0 mM 

homocysteine or glutamate. Cells were fixed and subjected to TUNEL analysis. The 

percentage of TUNEL-positive cells was determined per 100 cells counted. As shown in 

Figure 41, the number of TUNEL-positive cells following pre-treatment with either 3 J.!M 

or 10 J.!M haloperidol decreased significantly compared to untreated glutamate and. 

homocysteine-exposed cells. Interestingly, cells exposed to homocysteine showed fewer 

TUNEL-positive cells when treated with the lower dosage of haloperidol (3 J.!M) than to 

the 10 J.!M concentration. 

Additional RGC-5 cells were pretreated for 1 h with ( + )-PTZ (3 or 10 J.!M) 

followed by co-incubation with 1.0 mM homocysteine or glutamate. Cells were fixed 

and subjected to TUNEL analysis. The percentage of TUNEL-positive cells was 

determined per 100 cells coimted (Figure 42). Treatment of RGC~5 cells with (+)-PTZ 

significantly attenuates ("'80%) RGC-5 apoptosis induced by exposure to high 
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Figure 41. Comparison of the percentage of TUNEL-positive RGC-5 cells in cultures 

exposed to hey or glu in the presence or absence of haloperidol (HP), a non-specific 

uRJ ligand. Cells were exposed to 1 mM hey or glu fo~ 24 h in the presence or absence 

. ' . . 

of HP [3 or 10 pM]. The number of TUNEL-positive cells was determined per 100 cells 

counted. *Statistically different from treatment with 3 or 10 pM HP (ANOVA: F=26.85, 

p<0:001). Data are mean± S.E.from three separate experiments .. 
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Figure 42. Comparison of the percentage of TUNEL-positive RGC-5 cells in cultures 

exposed to hey or glu in the presence or absence of (+)-pentazocine (PTZ), a aRl 

selective ligand. Cells· were exposed to 1 mM hey or glu in the presence or absence of 

PTZ {3 or 10 pM]. The number of TUNEL-positive cells was determined per 100 cells 

counted. *Statistically different from treatment with 3 or 10 pM PTZ (ANOVA: 

f=34.95, p<0.001). Data are mean± S.E.from three separate experiments. 
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concentrations of homocysteine or glutamate. Treatment of cultures.with 3 J.!M (-t)-PTZ 

·' 

resulted i~ a 2-3-fold reductionin the percentage of apoptotic cells in cultures exposed to 

1.0 mM homocysteine or glutamate. for 24.h. This. reduction was even greater in cultures 

treated with 10 J.!M (+)-PTZ. ·These results demonstrate that the crR1-specific agonist 

(+)-PTZ is efficacious in the treatment ofRGC apoptosis induced by in vitro exposure to 

homocysteine and glutamate. The neuroprotective effects conferred by treatment of 

RGC-5 cells with (+)-PTZ are dose-dependent. These data support our hypothesis that 

RGC-5 cells exposed to high concentrations of homocysteine or glutamat~ may be 

amenable to the neuroprotective effects of crR11igand treatment. 

AIM 5: It is hypothesized that RGC death in diabetic retinopathy occurs via 

overstimulation of the NMDA receptor. Indeed, the results of aim 4 of this study 

demonstrate that apoptosis of RGC-5 cells induced by acute exposure to homocysteine 

and glutamate is mediated via overstimulation of the NMDA receptor. The purpose of 

aim 5 was to assess the consequences on apoptotic RGC death in STZ-induced diabetic 

mice following administration of the NMDA-selective antagonist, (+)-MK-801. STZ-

diabetic mice were treated with one of three dosages ·of MK-801 (0.1 or 1.0 mg/kg, 

biweekly; 3 mg/kg single dose). Animals were sacrificed 9-10 weeks post-onset of 

diabetes, and eyes anal~ed via TUNEL assay and immunohistochemistry to detect active 

caspases 3. These data suggest that RGC death in the STZ-diabetic mouse is mediated 

via the NMDA receptor. 
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Morphometric analysis 

To analyze the therapeutic. efficacy of MK-801, the compound was administered 

to diabetic mice beginning the first week post-onset of diabetes. Mice were killed ""'9-1 0 

weeks later. Additional age-matched diabetic mice that received no injections and age

matched non-diabetic mice were used as controls. Eyes were harvested, embedded in 

OCT compound and 10 J.Lm thick cryosections were prepared. Eyes were stained with 

hematoxylin and eosin, and the numbers of RGCs in cross-sections were counted as 

described previously. The number of RGCs was counted in cross-sections of retinas of 

control (non-diabetic) mice, untreated diabetic mice and· diabetic mice treated with 

MK801 (0.1 mglkg or 1.0 mglkg; biweekly, or 3 mglkg MK-801) (Figure 43). _The 

number of RGCs that continued to be present in retinal cryosections of mice treated with 

MK-801 over a period of 9-10 weeks post-onset of diabetes ~as significantly greater in 

animals that received MK-801 as·a si~gle 3 mg/kg bolus. In fact, the number ofRGCs in 

retinal cryosections of mice who received 3 mglkg MK-801 was very similar to that of 

age-matched, non-diabetic contro~ mouse retina. Treatment with MK-801 at the lower 

dosages (0.1 mg/kg, 1.0 mg/kg; 3 times/wk) did not provide any significant protection of 

RGCs as evidenced by fewer RGCs in retinal cryosections. The number of RGCs that 

remained present after :treatment with these two dosages was not significantly different 

from that of diabetic,. untreated animals of the same age (9-1 0 wks post-onset of 

diabetes). 
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Figure 43. Comparison of the total number of RGCs in the ganglion cell layer of 

mouse retinas of diabetic animals treated with MK801. MK801 (0.1 or 1.0 mg/kg,· 

biweekly; 3. 0 mg/kg single dose) was administered to diabetic mice beginning the first 

week post-onset of diabetes. Mice were killed "'9-1 0 weeks later. Additional age

matched diabetic mice that received no bijections and age-matched, non-diabetic mice 

were used as controls. Eyes were harvested and cryosections prepared. The number of 

RGCs was determined in retinal cross sections. *Signijica.ntly different from control 

(p<0.05). Error bars.represent the standard error. 
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Assessment of RGC death in STZ-diabetic mice treated with MK-801 

To determine whether treatment with MK.-801 was protective against RGC death 

in diabetes, cryosections of diabetic animals treated with MK.-801 (0.1 mg/kg or 1.0 

mg/kg, 3 times/week; 3mg/kg single bolus) were subjected to 'I'UNEL analysis and 

analysis of active caspase 3 .. TUNEL analysis of retinal cryosections of diabetic animals 

treated with MK.-801 at 0.1 mg/kg or 1.0 mg/kg displayed more TUNEL positive RGCs 

than those who recejved a single dose of 3 mglkg MK.-801. TUNEL sections of ~etinas 

from mice that received 3 mg/kg MK.-801 looked very similar to those of age-matched, 

non-diabetic control animals. 

Immunohistochemical methods were used also to detect active caspase 3 in 

retinas of diabetic animals treated with MK-801 at varying dosages. The results of the 

caspase 3 analysis were similar to those obtained using the TUNEL assay. Retinal 

sections from diabetic animals that received MK-801 at dosages of 0.1 mg/kg or 1.0 

mg/kg, three times per week displayed a greater number of caspase-3-positive cells than 

age-matched, non-diabetic control mouse retina. The total number of caspase-3-positive 

cells was quantified in retinal cross sections (figure 44). There was no significant 

difference in the _number of caspase-3-positive cells in diabetic, untreated animals 

compared to diabetic animals treated with MK.-801 at the lower 2 dosages (0.1 mg/kg or 

1.0 mg/kg, 3 .times/wk). This suggests thaftre~tment with MK-801 at these two dosages 

had no neuroprotective effect. However, there were significantly fewer caspase-3-

positive RGCs in diabetic animals treated with a single, high dose ofMK-801 compared 
' I - > 

to untr~ated, diabetic ~mals (p<O.OS). While MK-801 administered at single dose (3.0 
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Figure 44. Comparison of the number of caspase-3-positive RGCs in retinas of 

diabetic animals treated with MK801. Diabetic mice were treated with MK801 (0.1, 1.0, 

3. 0 mg/kg) beginning 1 week post-onset of diabetes. Eyes were obtained 9-10 weeks later 

and processed for imrrzunohistochemical detection of caspa;se-3. The number of caspase-

3 positive RGCs was determined for representative sections of each eye injected. 

*Significantly different from age-matched, non-diabetic control (p<0.05). Error bars 

represent the standard error. 
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mg/kg) was protective against RGC death induced by diabetes in the STZ-diabetic 

mouse, administration of this compound induced other undesirable side effects. Very 

shortly after receiving MK-801, many of the animals had severe seizures and trembled 

constantly. Several of the animals that were given MK-801 repeatedly at the lower 

dosages (0.1 or 1.0 mg/kg) became extremely sick, and died before the completion of the 

study. fu addition, at the time of sacrifice it was noted that there was often a lot of blood 

extravasated in the peritoneum ofSTZ-diabetic animals treated with MK-801. 

AIM 6: Aim 6 of'the present study was to assess the consequences on RGC death 

in STZ-induced diabetic ·mice following administration of crR ligands. To analyze the 

therapeutic efficacy of PTZ, the compound was administered to diabetic mice beginning 

the first week post-onset of diabetes. fujections began 1 week post-onset of diabetes and 

continued on an injection regimen of 0.5 mg/kg or 1.0.mglkg, 3 times/week. Mice were 

killed "'9-1 0 weeks later. Additional age-matched diabetic mice that received no 

injections and age-matched, non-diabetic mice were used as controls. Eyes were 

harvested and RGC death was analyzed using TTJNEL analysis and 

immunohistochemistry to detectacti~e caspase 3. These data suggest that crR1 ligands . 

may be efficacious in the treatment of RGC death characteristic of diabetes. 

Morphometric examination of eyes of diabetic mice following treatment with PTZ 

Retinal cryosections of animals treated with PTZ (0.5 mglkg or 1.0 mglkg, three 

times/wk) were subjected to histologic processing. Some eyes were stained with 
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hematoxylin and eosin and counts of the numbers of RGCs in cross-sections were 

obtained. Fig. 45 provides the data from these studies. In Fig. 45A, the number ofRGCs 

was counted in retinas of control (non-diabetic) mice (C), untreated diabetic mice (UN) 

and diabetic mice treated with 0.5 mg/kg PTZ (PTZ). Retinal cross-sections from age

matched control, non-diabetic mice displayed ..... 525-550 RGCs. per cross-section; 

whereas, in retinal cross-sections from untreated, diabetic animals this number was 

reduced to ..... 350-400 RGCs per cross-section. Mice treated with.0.5 mg/kg PTZ retained 

significantly more RGCs ( ....... 480-500 RGCs per cross-section) than untreated diabetic 

mice (p<O.Ol). 
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Figure 45. Neuroprotection lJ/ RGCs in. diabetic mice conferred by treatment with 

pentazocine. To analyze the therapeutic efficacy of (+)-pentazocine (PTZ), this 

compound was administered to diabetic mice beginning the first week post-onset of 
. . ' . . 

diabetes. Injections began 1 week post~onset. of diabetes and continued on a~ injection 

regimen of0.5 mg/kg, 3 times per week. Mice were killed -9-10 weeks later. Additional 

age-matched diabetic mice that received no injections and age-matched, non-diabetic 

mice were used as controls. Eyes were harvested and retinal cryosections were 

prepared. Some eyes were stained with H&E and morphometric analysis was performed 

including counts of the numbers of RGCs in cross-sections. Other cryosections were 

subjected to TUNEL analysis and analysis of active caspase-3. Panel A shows the 

number of RGCs in cross-sections of retinas of control (non-diabetic) mice (C), untreated 

diabetic mice (UN), and diabetic mice treated with 0.5 mg/kg PTZ. *Significantly 

different from untreated diabetic controls (p<O.Ol). Error bars represent standard error. 

Additional cryosections of retinas of. diabetic mice treated with pentazocine were 

processed for detection of active caspase-3 and the number of caspase-3-positive RGCs 

was determined (panel B). *Significantly different from PTZ-treated diabetic mice or 

control mice (p<O.OOJ). Error bars represent the standard error. 
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Assessment of RGC death in STZ-diabetic mice treated with ·prz 

Retinal cryosections of animals who received PTZ (0.5 mg/kg, 1.0 mglkg) were 

subjected to TUNEL analysis and analysis of active caspase-3. TUNEL analysis of these 

sections revealed a the presence of TUNEL-positive cells located primarily in the 

ganglion cell layer of untreated diabetic animals and diabetic animals treated with PTZ 

(0.5, 1.0 mglkg); fewer positive cells were observed in the ganglion cell layer of age

matched, non-diabetic control mouse retina. Analysis of retinal cryosections subjected to 

immunohistochemical analysis of active caspase 3 were consistent with that of the 

TUNEL assay. Quantificatiop of the number of caspase-3-positive RGCs revealed 

significantly more caspase-3-positive cells in untreated diabetic mice compared with 

diabetic mice treated with 0.5 'mglkg PTZ or age-matched~ non-diabetic control mice 

(p<0.001) (figure 45B). The number of caspase-3-positive RGCs in diabetic mice that 

received 1.0 mg/kg PTZ was comparable to that of untreated diabetic mice. These data 

suggest that administration of PTZ early in the course of diabetes in the STZ-diabetic 

mouse model protects RGCs from apoptotic cell.death. 



Discussion 

My hypothesis predicted that RGC death in diabetic retinopathy occurs v1a 

overstimulation of .the NMDA receptor by accumulation of extracellular glutamate and 

possibly homocysteine. To test this hypothesis, six specific aims were proposed. The 

first aim assessed the consequences of excess levels of homocysteine on RGC viability in 

vivo. The data obtained for Aim 1 provided three important findings. The first was that 

· the excitatory amino acid homocysteine is toxic to neurons of the ganglion cell layer. 

The second was that the cells die by an apoptotic mechanism. The third was that 

simultaneous intravitreal exposure of neurons in the ganglion cell layer to elevated levels 

of homocysteine and glutamate led to significantly more apoptotic cell death than 

exposure to the two compounds alone. These observations are relevant to RGC death 

characteristic of diabetic retinopathy. While changes of retinal vasculature have been 

recognized for many years as a major histopathologic change in diabetic retinopathy 

(Wu, 1995), there is increasiJ?.g evidence that RGCs die much earlier in the disease 

(Bresnick 1986, 1989; Barber et al., 1998; Zhang et al., 2000). Lieth and co-workers 

(1998) have speculated t~at this death is mediated by toxic levels of glutamate. There is 

evidence that the vitreous of diabetic patients contains excessive levels of glutamate 

174 
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(Ambati, 1997) and the toxic effects of elevated levels of glutamate on RGCs are well 

established (Vorwerk et al., 1996; Sucher et al., 1997). 

More recently, there has been evidence suggesting that elevated levels of 

homocysteine are associated with diabetes and with diabetic retinopathy. Elevation of 

blood levels of homocysteine represents a known independent risk factor for 

macrovascular disease. Recently, there have been studies assessing the link between 

· hyperhomocysteinemia and microvascular complications, particularly with respect to 

diabetic mic~ovasctJlar complic.ation~. Hofinan et aL (1998) found that IDDM patients 

with hyperhomocysteinemia had a higher prevalence o·r late. diabetic complications 

(nephropathy, rt?tinopathy, neuropathy; macroangiopathy) compared with IDDM patients 

with normal plasma homocysteine. Others have found a similar correlation with 

hyperhomocysteinemia and diabetic retinopathy (Chiarelli et al, 2000; Vaccaro et al, 

2000; Agardh et al, 2000; Neugebauer et al, 1997; Vaccaro et al, 1997). There have 

been no studies of the levels of homocysteine in the vitreous of diabetic patients. In this 

study it was speculated that, like elevated glutamate, increased intravitreal concentrations 

of homocysteine would trigger death of neurons in the RGC layer. This was tested in an 

in vivo model system in which mice were exposed to chigh levels of homocysteine. These· 

data indicate that exposure to high levels (75 and.200 J..LM) of homocysteine kills neurons 

of the ganglion cell layer. This report provided the first evidence that homocysteine is 

toxic to these retinal neurons. 

The second important finding of aim· 1 was that the neurons of the ganglion cell 

layer exposed to high levels of homocysteine die via an apoptotic mechanism. Results of 



176 

the TUNEL assay provided quantitative data that the number of cells undergoing 

apoptosis was significantly greater in the homocysteine-injected retinas than in 

contralateral PBS-injected eyes. The resu~ts of the TUNEL assay were confirmed using 

immunohistochemical analysis to detect activated caspase-3. Apoptotic death of neurons · 

of the ganglion cell layer may occur very quickly, once induced, even in as short a time 

·as 40 min. from start to finish. Therefore, it is often hard to detect in tissue sections 

(Stadelmann and Lassmann, 2000). . The TUNEL method is based on the detection of 

DNA strand breaks or degradation, which is a late marker for apoptosis. Moreover, 

extensive DNA fragmentation may also accompany necrotic cell death (Cellerino et al., 

2000). Thus,. it .is. important to use another independent assay for apoptosis in 

combinati9n with the .. TUNEL method, to confirm and charactenze apoptosis. Caspases 

are thought to play a vital role in the very early stages of apoptosis. · · In fact, Caspase 3 

activation seems to play a key role in the initiation of many of the cellular events 

involved in retinal cell apoptosis (Tezel and Wax, ·1999; .Chaudhary .et al., 1999). 

Caspase 3 is involved in the apoptotic death of RGCs· in axotomized rat ganglion cells in 

vivo (Kermer et al., 1999). In the present study, immunohistochemical analysis of 

activated caspase-3 expression was used to confirm the results of the TUNEL assay. The 

detection of activated caspase-3 is a reliable way to identify cells destined to die by 

apoptosis even before· many of the morphological characteristics (e.g., DNA 

fragmentation) are present (Stadelmanil and Lassmann, 2000). This study showed that 

significantly more neurons in the ganglion cell layer were positive for expression of 
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activated caspase-3 in eyes injected with 75 and 200 J.!M homocysteine than in PBS-

injected eyes. 

The th~rd important observation of aim 1 was that the combined elevation of 

homocysteine and glutamate resulted in greater apoptotic death of neurons of the 

ganglion cell layer than when either compound was injected alone. This is noteworthy, 

because if there is elevation of homocysteine in the vitreous of diabetic patients, along 

with the known increase in intravitreal glutamate in these patients, then nerirons of the 

ganglion cell layer are even more vulnerable to death by apoptosis. It has been shown 

that RGC death is mediated by overstimulation of the N-methyl-D-aspartate (NMDA) 

subtype of glutamate receptor, which leads to excessive levels of intracellular calcium 

(Leith et al, 1998). The increase in intracellular Ca2+ acts as a second messenger that sets 

in motiori the cascade leading to cell death. Glutamate is the primary excitotoxin that 

activates the NMDA receptor. Homocysteine is another molecule that feeds into the 
( 

glutamate ·excitotoxic pathway and potentiates the ability of glutamate to activate the 

NMDA receptor. This is achieved by the participation of excitatory amino. acid 

transporters (BAA Ts ). Homocysteine is a transportable substrate for certain isoforms 

of BAA Ts and thus acts as a competitive . inhibitor of glutamate uptake via the 

transporters (Lipton et al, 1997; Jaffe ·et al, 1997; Dalton.et al, 1997; Schmetterer et al, 

1997). Homocysteine also facilit~tes the release of intracellular glutamate via BAA Ts by 

a mechanism involving homocysteine-glutamate exchange. · As a consequence, 

homocysteine increases the extracellular levels of this excitotoxin. Thus, homocysteine · 

activates the NMDA rec.eptor and. its action is mediated by glutamate. Activation of the 
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NMDA receptor triggers ~ ~·icious cycle in ~hich intra~ellular Ca2+ and neuronal 

nitric oxide synthase (nNOS) are key players. Thus, the diabetes-associated ·RGC death 

thought to be caused by the activation of the NMDA receptor may be due to elevated 

levels of homocysteine as w_ell as glutamate. It will be very interesting in clinical studies 

to determine whether homocysteine is elevated in the vitreous chamber of diabetic 

p~tients. Most importantly, . therapeutic intervention strategies targeted at blocking 

NMDA receptor stimulation could prevent RGC death and may delay the other 

manifestations of diabetic retinopathy. Agonists for crR1 have shoWn dramatic 

neuroprotective properties directly related to depression of NMDA receptor stimulation 

and reduction of post-s)'ll;aptic glutamate-evoked Ca2
+, which is a trigger for apoptosis~ 

Thus, it was further predicted that crRl ligands would be neuroprotective against RGC 

death characteristic of diabetes. in order to test this hypothesis, the STZ-diabetic mouse 

model was established in the laboratory. 

C57BL/6 mice were made diabetic using STZ (75 mg/kg dissolved in 0.01M 

sodium citrate buffer, pH 7.4). While others have used the STZ-diabetic mouse to study 

neural tube defects in embryos of diabetic mice (Phelan, 1997), it was not known whether 

the STZ-induced diabetic mouse would be a suitable model in which to study RGC death 

characteristic of diabetes. Thus, the second· aim of this study was to determine whether 

RGCs di~ in the STZ-indticed diabetic mouse. Aim 2 of the present" study provided 

several important findings. · Quantification of the number of RGCs in retinal cross 

sections showed that RGCs die early· in the course of Sl'Z-diab_etes in the mouse. The 

number of RGCs in- dia~etic animals was similar to that of age~matched, non-diabetic 
+ ' • ' • • '• 

control animals up until approximately 8-10 weeks post-onset of diabetes, when the 
' ' 
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number of RGCs in diabetic mouse retina is significantly. lower than that of control 

mouse retina. In fact, by 10 weeks post-onset of diabetes there are 25-30 percent fewer 

RGCs in diabetic mouse retina than in age-matched controls. Studies conducted by 
. . . 

. ' 

several groups .suggest that RGCs die by apoptosis early in the co:urse of STZ-diabetes (in 

rat models) in a manner similar to that obs~rved in retinas of human patients with diabetic 

retinopathy (Barber et al., 1998; Zhang and Yamamoto, 2000). This is true also in the 

STZ-diabetic mouse model as evidenced by the apparent increase in the. number of 
. . ' .. . . 

TUNEL-positive RGCs in the retinas of. STZ~diabetic mice as compared with age-

matched, non-diabetic control mice. Similar results were obtained by analysis of active 

caspase-3. Data obtained via TUNEL analysis and analysis of active caspase-3 in retinal 

cryosections of diabetic versus ag~-matched, non-diabetic control animals is further 

supported by quantification of the total number of RGCs. These data formed the 

benchmarks by which studies of the therapeutic efficacy of crR1 agonists in preventing 

RGC loss. were conducted. 

The· purpose of aim 3 was to determine whether crR is detectable and if so its 

cellular location in STZ-diabetic ~ouse retina as compared to age-matched, non-diabetic 

control mouse retina using immunohistochemical techniques. Aim 3 was important 

because if agonists for crRl are to be useful as neuroprotective agents against RGC loss, 

then the crRl must continue to be expressed during diabetes. Immunohistochemical 

studies detected the crRl protein in retinal ganglion, photoreceptor, RPE cells and 

surrounding the soma of cells in the inner nuclear layer. These data provide the first 

cellular localization of crRl in.neural retina. Immunohistochemical analysis of crRl in 



180 

diabetic eyes showed a similar pattern of crRl protein expression between control and 

diabetic retina. Although some RGCs have been lost through apoptosis in the diabetic 

retina, the RGCs that remain continue to be immunopositive for crR1. The fact that crR1 

is detected under hyperglycemic conditions is quite encouraging as it suggests that 

agonists for these receptors may be useful in preventing RGC death if administered early 

in diabetes. In ·addition, analysis of cultured RGCs ·showed that localization of crRl 

protein is-similar in RGCs cultured under hyperglycemic conditions an~ control RGCs. 

Aim 4 was to determine whether homocysteine is toxic to RGCs in vitro, to 

establish whether this toxicity occurs via activation ofNMDA receptors and to determine 
. . ' . 

whether crR ligands,· which are neuroprotective through modulation of NMDA receptors, 

can prevent this apoptosis. Results of this aim demonstrated that 24 h incubation with 1.0 

mM homocysteine or 1.0 mM glutamate led to a marked increase in TUNEL-positive and 

activated caspase-positive cells. These data suggest that we can use the RGC-5 cells in 

the presence of high levels of glutamate and now homocysteine to induce RGC death and 

thus simulate various aspects of diabetes. It is recognized that concentrations of 

excitotoxins are high, but the purpose of this study was to find an acute dosage sufficient 

to induce significant RGC death. 

The second goal of aim 4 was to use pharmacologic means to determine whether 

homocysteine-induced cell death was likely acting via a mechanism similar to that of 

glutamate. Glutamate's neurotoxicity via NMDA receptor stimulation is well 

documented (rev. by Sucher et al., 1997). The NMDA overstimulation is thought to 

trigger an increase of intracellular Ca2+ that leads to the apoptotic cell death cascade. · 
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While hompcysteihe has been shown to act via the NMDA receptor in other 

tissues and cell types (Kim and Pae, 1996;-Lipton et al., 1997; Zhang and Lipton, 1992), 

its mechanism of action on RGCs had not been determined. To test whether NMDA was 

likely involved in the homocysteine-induced RGC death, we pretreated cells with MK-

801 an NMDA-specific antagonist. Our data showed a marked attenuation of cell death 

at lower MK-801 concentrations (3 and 10 ,:t.M) and 98 ± 2.1% inhibition when 

homocysteine-incubated cells were treated with 25 J!M MK.-801. Treatment of the cells 

with NBQX or nifedipine had no significant effect on RGC-5 apoptosis induced by acute 

exposure to elevated homocysteine. These data lend support to the notion that the 

mechanism of homocysteine-induced toxicity in cultured RGCs is via NMDA 

stimulation. 

The third and final goal of aim 4 was to .4etermine whether homocysteine-induced 

.. 

RGC death could be prevented by crR1 agonists .. Prior to testing any crR1 agonists we 

asked whether the gene encoding -crR1 continued to be expressed following exposure to 

homocysteine. Exposure to this excitotoxin, as well as gluta.nlate, neither down-regulated 

or upregulated crRl expression indicating that these excitotoxins did not alter gene 

expression. Additional imm11nocytochemical studies suggested that the crR1 protein is 

detected in treated cells. These findings set. the stage for additional experiments to use 

crRl agonists in treated; cells·. Our data showed that pretreatment of RGCs with either 

(+)-PTZ or haloperid~l, followed by co-incubation with these compounds plus 

homocysteine or glutan:late attenuated cell death in a significant and dose dependent 

manner. The attenuation of cell death by these compounds was not identical. Indeed 
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haloperidol at a concentration of 3 J.LM was more efficacious than the 10 J.LM dosage, 

emphasizing the potential toxicity of haloperidol. This sort of data is precisely the 

information we hope to gain from our RGC-5 cultures. These cultures will be used for 

future studies as an initial screening for protective and toxic effects. Haloperidol may 

have had more serious side effects owing to its ability to interact with 4opamine type 2 

receptors (Creese et al., 1976) as well as crR1 (Walker et al., 1990; Vilner et al., 1995). 

Indeed, the toxic side effects of haloperidol are well documented particularly in rats. In · 

these animals, haloperidol and its metabolites produce abnormal movements, e.g., oral 

dyskinesia, which has been associated with morphological alterations in distinct brain 

regions, namely the striatum and the nucleus basalis of Meynert (Meshul and Tan, 1994; 

Kelley et al., 1997). The undesirable side effects of haloperidol treatment, which include 

a number of extra-pyramidal side-effects, have been proposed to result from drug

induced damage to the basal ganglia. It has been demonstrated that haloperidol-induced 

neuronal damage is, at least partly, accounted for by its stimulation of reactive oxygen 

species formation and reductions in the intracellular concentrations of glutathione 

(Shivakumar and Ravindranath, 1992 and 1993; Behl et al., 1995; Sagara, 1998; Post et 

al., 1998, Yokoyama et al.; 1998). Additionally, there· is gro~ing_ evidence for an 

increase in excitotoxic glutamate release relatively soon after the onset of haloperidol 

treatment (See and Chapman, 1994; See and Lynch, 1995; Hussain et al., 2001). I was 

interested in testing haloperidol as it is known to interact also ·with crR1. The much more 

specific crR1 ligand, (+)-PTZ, was neuroprotective at 3 and 10 J.LM concentrations, at 

least for these 24 h studies. Additional experiments to determine whether it would be as 



183 

useful if administered simultaneously with homocysteine or after homocysteine treatment 

starts will be important indicators of its usefulness in treating RGC death following 

excitotoxic insult: 

Aim 1 of the study demonstrated that intravitreal injection of glutamate and 

homocysteine induces RGC death in vivo. In addition, the results of aim 4 of the present 

study showed that cultured RGCs die by apoptosis. upon acute exposure to high levels of . 

glutamate and homocysteine. This cell death is mediated by stimulation of NMDA 

receptors, as co-incubation of RGC-5 cell cultures with MK.-801 significantly attenuated 

RGC-5 apoptosis. It has been demonstrated by others that RGCs die by apoptosis in 

retinas of diabetic humans and rats. The RGC death is thought to be due to activation of 

the NMDA receptor leading to increased intracellular calcium and cell death. Similar 

data was found in the STZ-diabetic mo~se (Aim- 2); however, these initial studies did not 

elucidate the mechanism by which RGC apoptosis occurs. The purpose of aim 5 was to 

determine whether RGC death in the STZ-induced diabetic mouse model is mediat~d by 

overstimuation ofNMDA receptors. To test this, various dosages ofMK.-801, a NMDA

selective antagonist, was administered to diabetic mice beginning the first week post

onset of diabetes. Mice were killed "'9-1 0 weeks later, a time at which untreated diabetic 

animals display a significant amount of RGC apoptosis as comp~ed to age-matched, 

non-diabetic controls. Quantification of the number of RGCs in retinal cross sections 

revealed that STZ-diabetic mice· treated with MK.-801 (3.0 mglkg) retained significantly 

more RGCs than their untreated, diabetic. counterparts. These data suggest that MK801 is 

neuroprotective against RGC death in the STZ-diabetic mouse, therefore, RGC death in 



184 

the STZ-diabetic mouse model is likely med~ated by stimulation of the NMDA receptor. 

While a single high dose ofMK-801 administered very early after, the onset of diabetes 

_) was neuroprotective against RGC, death, MK-801 induced significant U.ndesirable effects 

in the mice. Thus, it was necessary to find a more suitable compound to block NMDA 

receptor stimulation in the STZ-diabetic mous·e~ 
. . . 

The last aim of this study was to test"the therapeutic efficacy of(+)-PTZ, a crR1-

specific agonist. As with studies of MK-801, PTZ was administered to diabetic mice 

beginning the first week post-onset of diabetes. Injections began 1 week _post-onset of 

diabetes and continued on an injection regimen of 0.5 mglkg, 3 times/week up until the 

time of sacrifice ( '"'"'9-1 0 weeks post-onset of diabetes). TUNEL analysis and analysis of 

active caspase-3 in retinal cryosections of these animals, revealed that treatment with 

PTZ significantly attenuated _RGC apoptosis induced by hyperglycemia. The findings of 

this study are very promising and support our prediction that crRlligands may be useful 

in the treatment ofRGC _death characteristic of diabetes. While the results are extremely 

promising, further studies are needed to fully analyze the neuroprotective effects of PTZ 

and optimize the dosage regimen for maximal protection. 



Summary 

The purpose of these studies was to evaluate the potential use of crR ligands, 

particularly those that bind specifically to crRl, as neuroprotective agents in the treatment 

of RGC apoptosis characteristic of diabetic retinopathy. RGCs die very shortly after the 

onset of diabetes. This death of RGCs is mediated by overstimulation of the NMDA 

receptor by excessive glutamate and possibly homocysteine. The toxic effect of 

glutamate on retina, particularly RGCs, is ·well established; however, little is known 

about the ~ffects of elevated homocysteine on RGCs. In this,-study it was speculated that 

increased intravitreal concentrations of homocysteine would trigger death of neurons in 

the RGC layer. This was tested ~sing an in vivC? model system in whic~ mice were 

exposed to hi~ levels o.~ homocysteine. Two immunohistochemical methods (TUNEL 
. . . 

assay and analysis: of active caspase 3) in addition to electroh microscopic analysis of 
. . 

retinal morphology were used to assess apoptosis. The data indicate that exposure to 

high levels of homocysteine kills neurons of the ganglion cell layer and that the cells die . 

via an apoptotic mechanism. This report provided the first evidence that homocysteine i~ 

toxic to these retinal neurons. 

To determine whether RGCs die by apoptosis in the STZ-induced diabetic mouse, 

C57BL/6 mice (3 wks) were made diabetic using STZ. Age-matched, non-injected 

C57BL/6 mice were maintained as· cpntrols. Diabetic and age-matched control mice 

185 
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were sacrificed at varying timepoints post-onset of diabetes and eyes examin~d 

systematically for evidence of RGC death. Two immunohistochemical methods in 

addition to electron microscopy were used to assess apoptosis. The data suggest that 

RGCs undergo apoptosis in diabetic mice in a manner similar to that observed in human 

patients with diabetic retinopathy (Barber et al., 1998). 

crR1 expression has been demonstrated in numerous tissues including brain. To 

determine whether crR is detectable in retina immunohistochemistry wa~ performed. riR1 

protein was detected in retinal ganglion, photoreceptor, RPE cells and surrounding the 

soma of cells in the inner nuclear layer, providing the first cellular lo~alization of crR1 in 

neural retina. Analysis of crR1 in diabetic eyes showed a similar pattern of crR1 protein 

localization between control and diabetic retina. 

Analysis of crR1 in RGCs cultured under hyperglycemic conditions showed that 

localization of crR1 protein is similar i~ RGCs cultured under hyperglycemic conditions 

and control RGCs. These studies demonstrated that. <!R1 protein is localized ip RGCs 

both in vivo and in vitro. · Furthermore, this localization remained constant under 

hyperglycemic conditions in vitro and in vivo suggesting that RGCs may be amenable to 

the neuroprotective effects of cr ligands under conditions of neurotoxicity such as occur 

in diabetes. 

RGC-5 cells were used to: (1) determine whether acute exposure ofRGCs to high 

levels of homocysteine 1s toxic in vitro, (2) establish whether this toxicity occurs via 

activation of NMDA r~ceptors, and (3) determine whether crR ligands, which are 
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neuroprotectiye t~ough modulation of NMDA ~eceptor~, Cat?- prevent this apoptosis. 

The cells were exposed to D, L- homocysteine or L-glutamate (1mM) in the presence or 

absence of MK-801, NBQX, nifedipine, (+)-PTZ, or haloperidol at varying 

concentrations. For detection of cell death, the Neutral Red Assay, TUNEL assay and in 

situ detection of activated caspases were performed. The expression of mRNA encoding 

crR1 was determined by semiquantitative RT-PCR and crR1 protein was detected 

immunocytochemically. The data suggest that acute exposure to 1 mM homocysteine or 

glutamate induces death of cultured RGCs, and this. death is mediated via activati_on of 

NMDA receptors. The aR1-selective .ligand PTZ may prevent the homocysteine and 

glutamate-induced RGC death. 

The consequences on apoptotic RGC death in STZ-induced qiabetic m1ce 

following administration of the.NMDA-selective antagonist, (+)-MK-801 was analyzed. 

STZ-diabetic mice were treated with one of three dosages ofMK-801 (0.1 or 1.0 mglkg, 

biweekly; 3 mg/kg single dose). Animals were sacrificed 9-10 weeks post-onset of 

diabetes, and eyes analyzed via TUNEL assay and immunohistochemistry to detect active 

caspase 3. The data suggest that RGC death in the STZ-diabetic mouse is mediated via 

the NMDA receptor. 

To analyze the therapeutic efficacy of PTZ, the compound was administered to 

diabetic mice beginning the first week post-onset of diabetes. Injections began 1 week 

post-onset of diabetes and continued on an injection regimen of 0.5 mg/kg or 1.0 mg/kg, 

3 times/week. Mice were killed ,.....9-1 0 weeks later. Additional age-matched diabetic 

mice that received no injections and age-match~d, non-diabetic mice were used as 
. ' . ~ 

controls. RGC death was analyzed using TUNEL analysis and.iriununohistochefll:istry to 
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detect active caspas~ · 3: The data suggest that a~~ ligands may be efficacious in the 

treatment of RGC death characteristic of diabetes. 

Taken together, these studies suggest that RGCs die very early in the course of 

diabetes in the STZ-diabetic·mouse. This death ofRGCs is me~~ated by overstimulation 

of the NMDA subtype of glutamate receptor by elevated levels of glutamate as well as 

homocysteine. Treatment with MK-80 1 and PTZ is neuroprotective against RGC death 

both in vitro and in vivo. 
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