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IschemialreperfusionIschemialreperfusion in the rat retina 

asas a model for human glaucoma 

Glaucoma a 
Thee ischemia/reperfusion model is used worldwide to experimentally induce retinal 
celll death with the intention to mimic the process and pattern of cell loss as it occurs 
inn glaucoma. In this review several aspects of the ischemia/reperfusion model in the 
(rat)) retina are considered: (i) whether results obtained with this model are consistent 
betweenn the various laboratories using the model, (ii) whether the experimental 
proceduree is reliable in mimicking the mechanism of glaucoma-related cell death. 

EtiologyEtiology of glaucoma 
Glaucomass are defined as a heterogeneous group of diseases characterized by 
visuall loss in combination with optic nerve head pallor and excavation (Fig.1). Both 
changess are attributed to a progressive loss of retinal ganglion cells 145"148. It is 
estimatedd that at least 67 miliion people are affected, making glaucoma one of the 
leadingg causes of incurable blindness among the increasingly longevous world 
populationn (http://www.scientific.com. http://www.Qlaucom.com. http://www.lighthouse.org). 
Whilee the disease process may have different causes, they probably channel into 
commonn intracellular pathways of destruction of retinal neurons. The ethnic 
distributionss of the clinical subtypes of glaucoma differ substantially. The primary 
glaucomas,, divided into open-angle and angle-closure glaucoma, are most common 
inn African- and Asian-derived persons, respectively. Secondary and congenital 
glaucomass are relatively uncommon 145,149. 

Traditionally,, the cause of glaucoma was considered a decreased aqueous humor 
outfloww from the anterior chamber of the eye, thereby increasing the intra-ocular 
pressuree (IOP). The relationship of the pathology of glaucoma to IOP has been 
thoroughlythoroughly studied over the last decades. The disease is now recognized to occur 
throughoutt the complete range of IOP values. Approximately half the glaucoma 
patientss do not have elevated IOP: 'normotensive' glaucoma, which is most common 
amongg the Japanese population 150151. in spite of these findings, high IOP is still 
consideredd the major risk factor for the development or progression of glaucoma and 
treatmentss to date (medical and surgical) mainly aim to decrease the production of 
aqueouss humor or to increase its efflux, thereby lowering IOP 152-153. This treatment 
maymay stop or slow the process of ganglion cell damage, but in some patients the 
loweringg of IOP is inadequate or produces side effects, and in other patients 
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progressionn of visual field loss is observed in spite of successful IOP-lowering 
145,146,154,1555 -rherefore (he search continues for new therapies to prevent retinal 
neuronss from degenerating. 

OpticOptic discs of a normal and a glaucomatous subject. The optic disc marks the point where the axons of 
thethe retinal ganglion cells exit the eye at the level of the lamina cribrosa (sclera). In the glaucomatous 
retinaretina characteristic 'cupping' of the optic disc is seen, caused by the nerve fibre atrophy 148,156. 
PrintedPrinted with courtesy ofC.A.A. Hulsman. 

RetinalRetinal ischemia 
Forr decades there is ongoing debate on the precise nature of glaucomatous 
neuropathy.. Whereas the changes induced by increased intra-ocular pressure used 
too receive most attention, the involvement of ischemic disorders has been considered 
forr over a century, and the hypothesis that ischemic conditions are a causative factor 
inn glaucoma is now firmly embedded in the research on glaucoma 157161. 
Ischemiaa may be defined as an arrest of blood flow resulting in hypoxia, loss of 
nutrients,, free radical formation, producing failure to meet the energy demands of the 
tissuee 162-164. Increased oxidative stress is associated with various neurodegenerative 
diseasess of the (aging) brain, such as Alzheimer's disease, Parkinson's disease, and 
strokee 165. In the eye, ischemia is associated primarily with pathological situations 
involvedd in anterior ischemic optic neuropathy (AION), glaucomatous optic 
neuropathyy (GON), diabetic retinopathy, and central retinal artery occlusion (CRAO) 
157,162 2 

Itt remains controversial whether the loss of ganglion cells is the direct result of 
ischemicc conditions of the optic nerve head or of ischemic conditions in the retina 
itself.. Fluorescein angiographic studies are used to detect areas of hypoperfusion. 
Glaucomaa patients have fluorescein filling defects of the optic disc that are related to 
morphologicc damage of the nerve fibre layer, but clinical and experimental studies 
havee so far not been able to determine whether the filling defects precede 
morphologicc damage to the nerve fibre layer and functional defects or that the 
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capillaryy dropout is secondary to nerve fibre loss 166. Hayreh believes that the primary 
sitee of damage is the optic nerve head, and that retinal vascular degeneration in 
glaucomatouss patients is secondary 157. The quality of the blood supply from the 
posteriorr ciliary arteries (PCAs) may be affected, rather than blood supply from the 
centrall retinal artery (CRA; Fig. 2). This could be due to an increase in IOP, which 
has,, in experimental studies, been shown to decrease uveal blood flow 159. However, 
laserr Doppler flow cytometry has shown that optic nerve blood flow is decreased in 
glaucomaa suspects that do not yet have any manifest visual field defects 167. 

FigureFigure 2. 

TheThe ischemic conditions in the retina may be the result of a primary ocular disease, as in diabetes 
retinopathy,retinopathy, or of a systemic disease, like anomalous systemic blood pressure or vasospasms 174-176. 
OcclusionOcclusion of specific arteries may cause ischemia and subsequent infarction of particular ocular regions 

.. The internal carotid artery gives rise to the ophthalmic artery (OA), which in turn gives rise to the 
centralcentral retinal artery (CRA) and the posterior ciliary artery (PCA) 15?. The CRA emerges through the 
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opticoptic disc with the optic nerve, and supplies the optic nerve. At the level of the optic disc the CRA 
dividesdivides into a unique pattern of retinal arterioles, which are located partly superficially, in the nerve fibre 
layer,layer, and partly deeper in the retina, at the border of the INL and the OPL. Capillaries are observed as 
highhigh as in the photoreceptor layer, but this layer receives its nutrients mainly from the choriocapillaris 
thatthat corresponds to the pia-arachnoid vessels in the brain W2. The optic nerve head (ONH) receives its 
bloodblood supply primarily from the PCAs 157. Abbreviations: A= arachnoid; Ant. Sup. Hyp. Art. = anterior 
superiorsuperior hypophyseal artery; C = choiroid; CARICRA = central retinal artery; Col. Br. = collateral 
branches;branches; CRV = central retinal vein; CZ = circle of Zinn and Haller; D = dura; ICA = internal carotid 
artery;artery; LC = lamina cribrosa; LPCA = lateral posterior ciliary artery; Med. Mus. = medial muscular 
artery;artery; MPCA = medial posterior ciliary artery; OA = ophthalmic artery; OD = optic disc; ON = optic 
nerve;nerve; PCA= posterior ciliary artery; PR = prelaminar region; R = retina; Rec. Br. CZ = recurrent pial 
branchesbranches from peripapillary choroid!circle of Zinn and Haller; S = sclera; SAS = subarachnoid space. 
ReprintedReprinted from progress in retinal and eye research 20(5), S.S. Hayreh: 'The blood supply of the optic 
nervenerve head', pp 563-593, copyright 2001, with permission from Elsevier: 

Moreover,, in glaucomatous human and experimentally induced glaucoma in monkey 
eyess no firm correlation could be established between atrophy of the retinal 
capillariess and visual field defects, suggesting a causative role for an affected optic 
nervee blood flow 157. However, others theorize that optic nerve head atrophy is 
secondaryy to retinal ischemia, and is the result of a loss of nerve fibres 150168. This 
theoryy is supported by the general pathology of retinas from glaucoma patients. The 
losss of neurons from the inner retina (encomprising the inner nuclear-, inner 
plexiform-- and ganglion cell layer) indicates that primarily retinal blood flow is 
affectedd 67.150,158,169-171 Glaucomatous visual field defects have been reported to occur 
beforee any structural changes of the optic nerve head (ONH) and the nerve fibre 
layer159172173. . 

Inn conclusion, there is substantial evidence showing an association between retinal 
vascularr insufficiency and the development of glaucomatous optic neuropathy, but 
thee exact relationship remains to be elucidated 161. 

AnimalAnimal models 
Severall animal models for the induction of an ischemic insult are available, each with 
itss advantages and disadvantages. This topic has recently been reviewed before by 
Osbornee 158162 and Goldblum 177. In short, permanent-damage model (destruction of 
thee trabecular meshwork by laser photocoagulation or by cauterisation of episcleral 
vesselss 17&-180) may mimic closest the clinical situation of chronically raised IOP. The 
mainn disadvantage of the permanent-damage model is that the outcome of the 
proceduree with respect to the degree of elevation of IOP is variable between animals, 
andd thus in the degree of damage observed 181'182. The crush or axotomy model 
involvess (partial) lesion of the optic nerve, and is used to study the effects of 
mechanicall damage. Initially, ganglion cells are affected by the blockade of 
retrogradee axonal transport; neurotrophins from the brain no longer reach the retina. 
Subsequently,, the accumulation of excitotoxins within the retina results in secondary 
degenerationn 67'155'168. in this model only ganglion cells are affected, as was shown by 
thee fact that immunostaining for cholinergic amacrine cells, which are very sensitive 
too ischemia, was not reduced after optic nerve transection (ONT) 183. This indicates 
thatt the retinal blood supply is not significantly affected in this model184. 
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Inn ischemia/reperfusion-models the ocular blood flow is transiently interrupted, which 
iss obtained by temporarily elevating IOP above systolic levels 158. Elevation of IOP 
cann be produced by ophthalmodynamometry (the vascular-ligation models)17,67, or by 
cannulationn of the anterior chamber of the eye so that pressure can be applied 
69,151,169,185-1877 pressure-induced ocular ischemia is a model frequently used to 
investigatee the effects of retinal ischemia and much knowledge is therefore available 
onn the procedure and interpretation of obtained data 158,175. This model offers the 
opportunityy to precisely control the magnitude and the duration time of the elevation 
off the IOP as well as the duration of the reperfusion, both important parameters for 
thee extent of damage inflicted 69-169"171. Advantages of the ischemia/reperfusion-model 
overr the vascular-ligation model are that less trauma and mechanical damage is 
inflictedd by cannulation of the anterior chamber, and that no direct damage to the 
opticc fibres is inflicted, and the vascular-ligation methods produce a more robust 
ischemicc insult to the eye causing extensive morphological damage 158-188. 
Inn addition to the in vivo models, use is being made of in vitro models. An Insult" is 
appliedd to cultured retinal neurons, which is more immediate and severe and shows 
thee specific response of these cells 189"193. Naturally, these results are not directly 
comparablee to the glaucomatous retina, but combining the obtained results with in 
vivovivo experiments rapidly yields reliable data 194196. 

Ann important aspect of an animal model is of course choice of species 162,197 Large 
eyess are a prerequisite, but an important aspects is that different species are 
differentiallyy affected by ischemia, mainly owing to their retinal circulation. Dual 
(holangic)) retinal circulation like in humans is also observed in cats, owl monkeys, 
dogs,, rats and mice. In comparison, the rabbit retinal circulation is merangic, with 
choroidall circulation only 69-171-195. Rats are therefore the animals of choice for the 
ischemia/reperfusionn model because of their eye-size, manageableness, and 
prevailingg position in this field of research 177. The intervariability between inbred rat 
strainss is small, both genetically and phenotypically in terms of age, race, and 
gender,, making it easier to draw conclusions on the underlying mechanism of any 
observedd phenomenon. From that perspective, the mouse would be favourable. A 
proceduree has been developed for increasing and measuring IOP in mice 198. 
However,, hardly any data are available on the pressure and reperfusion times 
necessaryy to induce a defined insult and in addition; results are best compared to 
literaturee when obtained from rat. 

Pressure-inducedd ocular ischemia: the ischemia/reperfusion model 

ComparisonComparison of procedures between laboratories 
Byy cannulation of the anterior chamber of the eye, pressure can be applied to the 
retinaa by infusion of saline. When pressure is high enough, blood flow is completely 
interruptedd for as long as the needle stays in the eye. The degree of damage to the 
retinaa is determined by both the magnitude and the duration of the elevation of IOP, 
andd by the reperfusion time 175-199. The advantage of being able to vary the pressure 
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(fromm anything above systolic to 130 mmHg) and the duration of pressure (from 5 
minutess to 2 hours), also means that caution is needed with the interpretation of 
reviewedd data 20 . To date, most laboratories apply 60 minutes of ischemia to the rat 
retinaa 201'202, although in the search for neuroprotective substances 45 minutes is 
sufficient203. . 

Furtherr diversity within the ischemia/reperfusion model arises by the use of 
differentt anesthetics used by different laboratories: Hypnorm/diazepam 186'203, sodium 
pentobarbitall 188204

1 chloral hydrate 169205-208, halothane 209, and ketamine/xylazine 
178,199,210.2111 A|| anesthetics influence physiological processes like body temperature, 
respiration,, and blood flow, but to which extent varies per anesthetic (and per animal) 
212.. In a model of aqueous humor outflow obstruction in the rat several anesthetics 

w e r ee tested for their influence on IOP 213. This showed that all anesthetics decrease 
thee IOP, irrespective of the initial IOP. This decrease was linear with time for a 
mixturee of xylazine, ketamine and acepromazine, and stabilized after 5 minutes for 
ketaminee alone 213. In the ischemia/reperfusion model where the IOP is raised to 6 
timess the physiological IOP (from 20 to 120 mmHg), this will not have much influence 
andd therefore there is no advantage in the use of ketamine. However, ketamine is an 
NMDA-receptorr antagonist with proven neuroprotective properties, which may affect 
thee degree of neurodegeneration 214. Xylazine (Rompun) is a2-adrenergic agonist 
thatt has a survival promoting activity in the retina, also when given intramuscularly 
215.. The combination of these agents completely blocked the mitogenic effects of 
intravitreall injections of excitatory amino acids (EAAs)216217. 

CharacterizationCharacterization of ischemia-vulnerable retinal cells 
Evidencee is accumulating that retinal ischemia leads to the induction of apoptosis, a 
processs characterized by patches of chromatin condensation that coalesce to form 
'pycnotic'' nuclei, dissolution of the nuclear envelope, vesicular compartmentalization 
withoutt complete breakdown of organelles: 'apoptotic bodies', and subsequent 
absorptionn of the dying cell by neighbouring cells, and absence of an inflammatory 
responsee 67 164'168'169-218. Apoptosis can be identified immunocytochemically using the 
TdT-mediatedd biotin-dUTP nick end labeling (TUNEL) method 219. TUNEL-positive 
cellss are also observed in the human glaucomatous retina 146. 

Too gain insight in the distribution of vulnerability of retinal neurons to pressure-
inducedd ocular ischemia, TUNEL stainings have been performed by various 
laboratories.. TUNEL positive somata are first observed at 4 hours, the maximum 
numberr is observed in the GCL at around 6 hours and in the innermost part of the 
innerr nuclear layer (INL) at 12-24 hours of reperfusion 169186-188. The time course of 
neuronall degeneration observed is quite consistent, and appears independent rat 
strain,, fixation technique, and anesthetics used. 
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FigureFigure 3. 

InIn a control rat retina the thickness of the inner layers is about the same as that of the outer layers. In an 
ischemicischemic rat retina, the layer of ganglion cells can hardly be distinguished, and the inner nuclear layer, 
composedcomposed of bipolar and amacrine cells, is very thin. Abbreviations: ONL= outer nuclear layer, OPL= 
outerouter plexiform layer, INL= inner nuclear layer, IPL=inner plexiform layer, GCL=ganglion cell layer. 

Inn order to obtain a parameter for cell loss in response to ischemia/reperfusion, 
thee change in thickness of the inner retinal layers is often used 171187. The inner 
layerss should be measured in comparison to the outer nuclear layer (ONL), which is 
nott significantly affected by ischemia/reperfusion 69'169171186. The thickness of the INL 
unalteredd after 60 minutes of ischemia and 24 hours of reperfusion, and only after 
moree than 24 hours thinning is observed. At 7 days, a reduction of almost 20% of the 
INLL was observed compared to the control. The inner plexiform layer (IPL) first 
showss swelling, is at control level at 24 hours and is decreased by 60% at 7 days 
(Fig.. 3). The precise thickness of the ganglion cell layer (GCL) is difficult to measure, 
and,, therefore, the number of cells is usually counted. A loss of ganglion cells is 
observedd after 12 or more hours of reperfusion, reaching a loss of 37-45% at 7 days 
186,202,2200 |p o r c j e r t 0 identify ischemia-vulnerable cell types, cell-type specific markers 
havee been used, at the protein level and, more recently, at the mRNA level. 

RetinalRetinal ganglion cells 
Too compare the number of retinal ganglion cells (RGCs) that have died in response 
too the period of elevated IOP within and between laboratories, the most direct 
methodd is to count the number of remaining RGCs. Histopathological examination, in 
combinationn with cell counts have produced consistent results between laboratories 
170,2211 However, the ganglion cell layer is not composed entirely of RGCs; depending 
onn the degree of eccentricity a certain proportion are displaced amacrine cells 222-223, 
whichh may influence the estimation of the number of ganglion cells lost when simply 
countingg all cell bodies in the GCL. In human and cat retina, an estimate of 3% of 
neuronss in the GCL are displaced amacrine cells in the central retina, but in the far 
peripheryy as much as 80% are probably displaced amacrine cells 222224. Retrograde 
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labelingg of ganglion cells with for instance Fluoro-Gold results in a loss within a 

similarr range206225 . 

Ganglion-specificc antigens Thy-1 and neurofilament-light have proven to be good 

markerss for retinal ganglion cells and therewith provide an easy way to evaluate the 

degreee of damage inflicted on the GCL, both at the mRNA and at the protein level 

17,69,203,204,226-2288 Approximately half of the RGCs are lost in response to 

ischemia/reperfusionn 166'202'220-227 Again results are consistent between laboratories, 

att least when the same amount and duration of ischemia/reperfusion is applied. 

InIn relation to the loss of RGCs it is of interest to point out that in human and 

monkeyy glaucomatous retinas, there is not a linear relationship between ganglion cell 

losss and visual field defects 147. The current use of perimetry does not provide an 

accuratee assessment of RGC loss in the early stages, and visual defects usually go 

undetectedd until the more advanced stages of the disease 147. When less than half 

thee RGCs are lost, hardly any visual defect is observed. For more advanced 

glaucoma,, the relationship is more evident. 

AmachneAmachne cells 

Inn addition to the RGCs, amacrine cells from the innermost part of the INL are lost in 

thee glaucomatous retina 146'150
i and in response to ischemia/reperfusion 

169,171,187,188,229,2300 T U N E L h a s s h o w n t h a t a f t e r ischemia/reperfusion in the rat retina 

inn fact three times more cells are lost from the INL than from the GCL 186. There is 

evidencee that certain subpopulations are relatively more sensitive to 

ischemia/reperfusion.. At the protein level, subpopulations of glycinergic, GABAergic 

andd cholinergic amacrine cells have shown a decrease in immunoreactivity. Many 

glycinergicc amacrine cells appear to be lost: immunoreactivity for calcium-binding 

proteinss parvalbumin and calretinin is significantly decreased after 

ischemia/reperfusionn 69,230. Parvalbumin expression was also reduced in a monkey 

modell of glaucoma 228. Cholinergic cells, identified by choline acetyl transferase 

(ChAT)) show a loss of immunoreactivity early after an ischemic insult 230231
] and after 

ann intravitreal injection of NMDA 184,232. in experimental glaucomatous monkey and 

rabbitt eyes, staining for glutamic acid decarboxylase (GAD) is markedly reduced 

afterr exposure to GluR agonists and in response to ischemia/reperfusion200'233-235. 

Wee have recently studied amacrine cells at the transcript level2 2 9 . This revealed 

thatt there is a differential downregulation of amacrine-specific transcript levels 

(Chapterr 7). Glycinergic amacrine cell transcripts, glycine transporter 1 (Glyt l) , 

parvalbumin,, and calretinin, show a decrease in response to ischemia 229. 

Surprisingly,, the decrease observed for most of the amacrine-specific transcripts was 

transient.. After more than 72 hours of reperfusion, levels increased again to different 

levels,, and were not significantly different from control levels anymore. These 

findingss could not be extrapolated to the corresponding protein levels of these 

transcriptss (Chapter 8). Transcript levels that showed a transient decrease showed 

loww levels of immunoreactivity up to 4 weeks 2 3 . The changes in the number of 

detectedd cells and the amount of immunoreactivity in the IPL were more robust than 

predictedd by changes in transcript levels 229. Only in the case of parvalbumin were 

thee long-term findings at the mRNA level in line with the findings at the protein level. 

Forr substance P, no change was observed at the mRNA or at the protein level 2 2 9 2 3 . 
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Nott many groups have focused their attention on amacrine cell types, but available 
dataa are in relative agreement with each other. 

Whetherr a loss of amacrine cells is involved in glaucoma is not clear. TUNEL 
studiess on human glaucomatous retinas show only sparse TUNEL positive cells due 
too the slow progressive development of the disease, and these studies focus on 
apoptosiss in the GCL 146236-238. However, the morphology of retinas with advanced 
glaucomaa has shown a loss of cells from the INL and atrophy of the I PL 237. Early 
impairmentt and progressive loss of rod-sensitivity is observed in patients with ocular 
hypertensionn likely to develop glaucoma, but a relationship with the rod-pathway 
relatedd All amacrine cells has not been established in glaucoma patients239-240. 

BipolarBipolar and horizontal cells 
Inn general, neurons in the outer part of the INL appear unaffected by retinal ischemia 
169,170,1888 jg0 c h a n g e s j n t n e transcript levels of bipolar cell markers (mGluR6 and 
PKCa)) are observed following ischemia/reperfusion (Chapter 6) 227. Using 
immunocytochemistry,, no changes have been identified for PKCa proteins in the rat 
ischemia/reperfusionn model 69,186, but in the rabbit GluR agonists induced 
translocationn and transport of PKCa has been found200'235241. Conflicting results have 
beenn obtained on horizontal cells. Whereas we have not found no change in the 
mRNAA levels of horizontal cell marker calbindin (Chapter 6)227, some studies indicate 
thatt horizontal cells are vulnerable to ischemia242 and die by necrosis 151. 

PhotoreceptorPhotoreceptor cells 
Followingg 60 minutes of pressure-induced ocular ischemia a few TUNEL-positive 
somataa appear in the ONL, but their number is insignificant compared to the inner 
retinall layers 69169186-188. Conversely, Ju et al. observed massive cell death in the 
ONLL at longer reperfusion times and much less cell death in the inner layers of the 
retinaa 208243244. From available data no clear difference could be detected in their 
proceduree in comparison to other groups, the anaesthetic that they used (4% chloral 
hydrate208,2455 or ketamine/xylazine 246) is also used by the groups of for instance Lam 
1699 and Büchi205, and Rosenbaum 187'247, respectively. Photoreceptor loss has been 
reportedd before, but after 90-120 minutes of ischemia/reperfusion, and this loss is 
focall and irregular in nature 171. In some more recent studies, Neufeld and Ju have 
appliedd 75 minutes of ischemia, under ketamine/xylazine anesthesia 244-248, but no 
specificc information was mentioned regarding changes in the ONL. This controversy 
hass not been solved. 

MullerMuller cells 
Thesee retinal glial cells are largely responsible for the maintenance and support of 
otherr retinal cell types 249. In response to various mechanical injuries, including 
ischemia/reperfusion,, laser photo-coagulation, and application of different growth 
factors,, an upregulation of cytoskeletal elements such as glial fibrillary acidic protein 
(GFAP)) and vimentin is observed, indicative of increased activity in Muller cells249-250. 
Att the transcript level GFAP was increased at 24-72 hours up to 6 times the control 
level,, and vimentin from 6-72 hours with a maximum of a 11-fold increase at 24 hours 
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(Chapterr 7) 2 2 9 . At 1-4 weeks mRNA levels of GFAP and vimentin were back at the 

controll level (97 and 95%, respectively)229,251. 

GFAPP is also upregulated in the optic nerve heads of human glaucomatous eyes 

andd of rat eyes in a chronic glaucoma model2 5 2 . Their activities are mainly metabolic 

inn nature; they give (trophic) support to the photoreceptors, but Muller cells play an 

importantt part in the re-uptake of glutamate from the synaptic cleft by the use of 

excitatoryy amino acid transporters (EAATs). The subtype present in the Muller cell 

membranee is EAAT1, and this subtype has been reported to be decreased in human 

glaucomatouss eyes 253. 

Reactivationn of astrocytes at the ONH has been observed in glaucomatous eyes 

andd increased production of several neurotoxins has been identified 210-254. it was 

shownn in a coculture system of glial cells and RGCs that both elevated hydrostatic 

pressuree and simulated ischemia result in a secretion of apoptosis-promoting 

substancess by reactivated glial cells and that this contributes to neurotoxcicity210255. 

Inductionn phase of retinal ischemia-induced cell death 

ExcitotoxicityExcitotoxicity as a mediator of retinal neurodegeneration 

Retinall ischemia could lead to neuronal cell death through a process of excitotoxicity. 

Glutamate,, the principal excitatory neurotransmitter in the retina, is present at high 

levelss in neurons. Retinal ischemia causes a change in the membrane potential of 

thesee neurons, which subsequently release their intracellular store of glutamate 

175,2144 H j g h e x t r a Cei iu lar levels of glutamate will hyperstimulate the abundantly 

presentt ionotropic glutamate receptors (iGluRs), leading to an excessive calcium 

influxx and a release from intracellular stores, which will eventually initiate processes 

thatt lead to the degeneration of neurons 10>64-65-175'256-258. 

Glutamate-inducedd excitotoxicity is considered the main candidate as an initiator 

off ischemia-induced neuronal cell loss. High levels of glutamate have been observed 

inn the vitreous of (experimental) glaucomatous eyes in some studies 150'259260
i but not 

inn others261_263. Glutamate release is increased during ischemia260,264 and even more 

soo during the initiation of reperfusion 214. Many studies have concentrated on the 

questionn which glutamate receptor type is mediating the process of 

neurodegeneration.. Of the ionotropic glutamate receptors, the NMDA (N-methyl-D-

aspartate)) receptor is usually at the center of attention 265. NMDA-receptors may play 

aa more prominent role in brief intense insults, while AMPA (a-amino-3-hydroxy-5-

methylisoxazole-4-propionicc acid)- and KA (kainaic acid) receptors may play an 

importantt part in cell death in more prolonged insults, which may be related to the 

calciumm influxes through these receptors 242. This is in accordance with the finding 

thatt NMDA-receptor antagonists appear to be most protective against focal cerebral 

ischemia,, whereas AMPA/KA receptor antagonists are protective against transient 

globall ischemia 1065266-268. Much of the research on excitotoxicity originates from 

studiess on the brain. Since so many different procedures and models are employed, 

theree is also much conflicting data on the subject. Since the retina is easily 

accessiblee and has a comprehensive and orderly structure, studies performed on 
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retinall tissue may provide some insight in the excitotoxic process in general 250-269. 
Thee injection of specific iGluR-agonists, NMDA, katnate or AMPA, directly into the 
eyee is a fairly simple model used to elucidate the excitotoxic element of the cascade 
presumedd to cause retinal cell death 164. The down side is that the amount injected is 
moree neurotoxic than the amount released following ischemia 154-162-177. 

NMDA-receptors NMDA-receptors 
Mostt excitotoxic studies have been performed with NMDA, also in the retina 234. 
Intravitreall injections of NMDA induce dose-dependent thinning of the inner retinal 
layerss from 12 hours of reperfusion onward,17-270-272. This type of retinal damage can 
bee prevented by a simultaneous injection (into the vitreous or intraperitoneally) of 
MK-8011 (dizocilpine maleate), a specific non-competitive NMDA receptor antagonist 
270.2733 j S C n e m i a - i n d u c ed d a m a g e can a lso be prevented by MK-801 and by a number 

off other NMDA antagonists, suggesting a prominent role for these receptors in 
ischemicc retinopathy 69. MK-801 and ketamine block the receptor channel, thereby 
counteractingg the effect of glutamate or NMDA. Since they stop the initial influx of 
calcium,, they are called primary antagonists. Their side effects are considerable 
150.2744 Memantine, an anti-Parkinson and anti-epileptic drug, is efficacious at 
protectingg ganglion cells from chronic low-dose toxicity256. Flupirtine appears to alter 
thee redox-state of the NMDA receptor. By changing the pH of the receptor, the 
amountt of calcium influx is reduced instead of stopped. Flupirtine also has the 
advantagee of only blocking apoptosis in cells that are already under stress and 
havingg no effect on normal cells. In addition, it has a proven safety record in humans 
150,158 8 

AMPA/KA-receptors AMPA/KA-receptors 
Evidencee is accumulating that the AMPA and KA receptors are equally effective in 
mediatingg ischemia-induced excitotoxic neuronal death as NMDA receptors 258-275. 
Recentlyy a dose-response study of AMPA-injections was carried out in the rat retina 
250250.. In various areas of the brain such injections result in calcium deposits after very 
loww doses of AMPA at 15 days of reperfusion 276-277. in contrast, double injections 
withh much higher doses were needed to obtain similar calcification in the retina 25 . 
Thiss could suggest that between brain and retina there is a difference in AMPA 
receptorr sensitivity or desensitization, or there may be differences in synaptic 
glutamatee removal, chloride transport, or energy availability2S0. 

Inn rat neuronal cultures, it was shown that retinal neurons are equally vulnerable 
too kainate-induced excitotoxicity, but less vulnerable to NMDA-induced excitotoxicity 
thann cortical neurons 242. Additional in vitro experiments have shown that NMDA- and 
nonn NMDA-receptor antagonists are highly synergistic at protecting retinal neurons in 
vitrovitro 162234235269'278. in wVo, after optic nerve crush, ganglion ceil survival was higher 
withh an intravitreal injection of AMPA/KA blocker DNQX (6,7-dinitroquinoxaiine-2,3-
dione)) than with an injection of MK-801, while the two blockers did not complement 
eachh other2$5. Ischemia-induced damage can also be prevented in vivo by CNQX (6-
cyano-7-nitoquinoxaline-2,3-dione),, a specific AMPA receptor antagonist 69. 
Furthermore,, studies on retinal cell cultures indicate that GABAergic intemeurons are 
moree vulnerable to KA and less vulnerable to NMDA than Thy1-immunopositive 
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ganglionn cells242. In accordance, in a photothrombic occlusion model another AMPA-
antagonist,, NBQX (2,3-dihydroxy-6-nitro-7-sulfamoylbenzoquinoxaline), has shown 
too be particularly effective in reducing the effects of ischemia in GAD and ChAT 
immunopositivee amacrine cells, whereas NMDA-antagonists were more protective of 
ganglionn cells 279-280. These findings could indicate that the expression profiles of 
AMPA/KAA and NMDA receptors differs between amacrine and ganglion cells, and 
thatt different induction pathways underlie their neurodegeneration 281, which is in line 
withh recent findings (see below). 

Topiramatee is an anti-epileptic drug undergoing clinical evaluation. Among its 
pharmacologicall actions is the blockade of AMPA-receptors and in addition, 
topiramatee is an inhibitor of several carbonic anhydrase isozymes, indicating it 
reducess IOP through suppression of the rate of aqueous humor production 221. The 
agentt proved to be neuroprotective in the ischemia/reperfusion model, and has 
thereforee been suggested as a glaucoma therapy, but unfortunately topiramate 
producess numerous side effects 282. 

Inn conclusion, all evidence, coming from the ischemia/reperfusion model and other 
models,, suggest that there is a contribution of both NMDA and non-NMDA receptors 
inn initiating excitotoxic neuronal degeneration in response to ischemia/reperfusion. 
Whichh pathway is involved may be determined by the receptor types present on each 
retinall cell type. Although clinical trials have not been successful so far, many pre-
clinicall studies performed on other neurodegenerative disorders show that 
neuroprotectionn through (partial) blockade of ionotropic giutamate receptors may be 
beneficial283. . 

Executionn phase of retinal ischemia-induced cell death 

NeurotrophicNeurotrophic factors and cytokines 
Inn addition to the oxidative stress experienced by retinal neurons in response to the 
insult,, they suffer from decreased energy sources or a decrease in trophic support 
165.. Evidence from human and monkey glaucomatous eyes suggests that blockage of 
thee axoplasmic flow, through for instance increased pressure at the level of the ONH 
deprivess retinal ganglion cells of neurotrophic factors 145197284. Neurotrophic factors 
bindd to specific surface receptors and stimulate receptor auto-phosphorylation and 
phosphorylationn of downstream signal transduction molecules, such as transcription 
factors,, immediate early genes, cell cycle related genes, and kinases and 
phosphatasess 165. The most important surface receptors are tyrosine kinase A (TrkA) 
andd plö"™, which are believed to mediate neuronal survival signals and apoptotic 
signals,, respectively, during development and environmental stress 1$4. Most 
neurotrophicc factors bind to both receptors and therefore the balance between these 
pathwayss dictates the survival or programmed death of a neuron 164. Brain derived 
neurotrophicc factor (BDNF) and its primary receptor TrkB appear to be of particular 
importancee to RGCs, both during development and during injury 197-285-286. On 
activation,, BDNF is transported in a complex with its receptor in a retrograde manner 
fromm the superior colliculus to the RGCs. After 4 hours of elevated IOP in rats and 
chronicc elevated IOP or optic nerve axotomy in monkeys TrkB receptors accumulate 
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att or behind the ONH, which is observed as a vesicle-collection 197284. ONH damage 
inn glaucoma could in this way act as a physiological axonai transection; this is 
contradictedd however by the finding that trkA axonai transport is not obstructed 284. 
Elevatedd IOP severely increased blockade of axonally transported BDNF, which was 
shownn using 125I-BDNF 197284. After one hour of ischemia, and eight days of 
reperfusion,, transcript levels of BNDF were not altered compared to control levels 25\ 
Whilee transcript levels of other neurotrophic factors, ciliary neurotrophic factor 
(CNTF)) and basic fibroblast growth factor (bFGF) increased 251. Increased protein 
levelss of CNTF are observed from 1 day up to 4 weeks in Muller cells 245. 

Thee deliverance of neurotrophins to retinal neurons under oxidative stress may 
preventt these neurons from dying. This can be achieved through intravitreal 
injectionss or by inducing other cells to produce the neurotrophins to protect the 
ganglionn cells 176. Application of several neurotrophic factors by intravitreal injections, 
includingg BDNF 202285286, CNTF 225245287, nerve growth factor288289, glial cell line-
derivedd neurotrophic factor (GDNF) 217, hepatocyte growth factor (HGF) 29 , and 
bFGF22 291292

1 has been shown to promote retinal neuron survival in vitro and in vivo 
inn various models including the ischemia/reperfusion model 168. More recently, gene 
therapy,, using recombinant adeno-associated virus vector, has been successfully 
appliedd to deliver neurotrophic factors to the rat retina in order to overcome damage 
inducedd by repeated injections needed with these short-lived neurotrophic factors 
176,217,293.2944 A f l e r a x o t o m y j n combination with an intravitreal injection of adenovirus 
vectorr containing BDNF, selective transgene expression was observed in Muller cells 
forr 10 days, and immunosuppression increased this period to 30 days, but this did 
nott further enhance the survival of RGCs295. 

Cytokiness are another major class of intracellular signaling proteins regulating 
neuronall survival and plasticity. Cytokines induce the expression of genes that 
encodee proteins that suppress oxidative stress (like antioxidant enzymes), stabilize 
calciumm homeostasis and block apoptotic biochemical cascades 165. An upregulation 
off various cytokines has been found in the retina after ischemia/reperfusion, including 
TNFa,, transforming growth factor p (TGFp)296, interleukine (IL)-1a and IL-1p 297, and 
IL-66 201. Several of these cytokines exacerbate neuronal injury, including TNFa and 
IL1J3.. For instance, following retinal ischemia or NMDA-injection, expression of IL-1 p 
wass increased at 3-12 hours in the inner rat retina 298. This appears to be moderately 
self-destructivee to the retina, since exogenous injection of IL-ip results in significant 
thinningg of the IPL, although not in RGC loss 209. Moreover, an intravitreal injection of 
ann IL-1 receptor antagonist was shown to be neuroprotective in this study 209. 
Interestingly,, other cytokines appear to provide an endogenous protection 
mechanismm to neurons under stress, like IL-6. At the mRNA level, the upregulation of 
IL-66 was seen as early as 2 hours after the insult 201. At the protein level IL-6 co-
localizedd with microglial/phagocytic cells that appeared after ischemia/reperfusion 
injuryy 201. An intravitreal injection of IL-6 immediately after the ischemic insult, 
reducedd the observed ganglion cell death by more than half **\ Our results confirmed 
aa transient increase in IL-6 mRNA levels at 2-6 hours, but from 48 hours levels 
normalizedd (see Fig. 3 in Chapter 7)229. 
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Inn general, neurotrophic factors and cytokines play an important role in ischemia-
inducedd neurodegeneration and in glaucoma, and provide a promising source of 
substancess that may eventually lead to therapies for glaucoma. 

ImmediateImmediate early genes 
Too be able to interfere with the process of delayed neurodegeneration, it is of 
importancee understand the process of apoptosis at the molecular level. The initiation 
off apoptosis in response to electrical depolarization and increased intracellular 
calciumm concentration is ascribed to the induction of immediate early genes (lEGs) 
164.. lEGs like c-fos and c-jun produce nuclear proteins that function as transcriptional 
activatorss of other genes. Disruption of the balance between anti-apoptotic genes 
(thee bcl-2 family of genes) and pro-apoptotic genes (bad, bax, p53) subsequently 
resultss in intracellular acidification and the formation of the mitochondrial permeability 
transitionn core (PT). This leads to the release of proteins from the mitochondrion, 
includingg cytochrome c that associates with pro-caspase 9 and Apafl to assemble 
thee apoptosome, which is critical to the activation of cellular proteases 164299. 

AA powerful tool in assessing which factors contribute to the execution of apoptosis 
iss DNA microarray hybridization analysts. Yoshimura et al. have recently investigated 
changess in mRNA expression after 60 minutes of ischemia and 12 hours of 
reperfusionn using oligonucleotide microarrays 300. They were able to classify up- and 
downregulatedd genes in the rat model into several groups, including lEGs, cell-cycle 
relatedd genes, stress-responsive protein genes, cell-signaling protein genes, and 
geness for metabolism. In the monkey experimental glaucoma model, changes in the 
genee expression were analyzed after one month using human microarray chips228. A 
veryy low percentage of genes were found to have an altered expression in the 
monkeyy experimental glaucoma model, which may be because in this model injury is 
producedd over an extended period of time with a low rate of neurodegeneration 228. 

lEGss such as c-fos, c-jun, jun-S and NGFIA 64'301-302 and cell cycle related genes 
likee cyclin B1 and cyclin D1 188,188 have all been found to be upregulated in 
ischemia/reperfusionn models. c-Fos and c-Jun are transcription factor proteins that, 
withh other members of the AP-4 family, may regulate apoptosis in the central nervous 
system241303.. Double labeling with TUNEL has revealed that many of the dying cells 
inn the GCL and INL express c-Jun and cyclin D1 irrespective of the method of retinal 
ischemiaa m. C-Jun is capable of inducing cyclin D1, which is induced during the G1 
phasee of the cell cycle and when over-expressed causes cell death 188. 

Caspases Caspases 
Caspasess form a family of cysteine aspartic acid proteases that plays a well 
recognizedd role in apoptosis induced by different stimuli 193304. Caspases are all 
expressedd as pro-enzymes. On cleavage, these caspases become active and 
proteolyzee in a substrate-specific manner cellular components leading to the 
formationformation of the characteristic apoptotic bodies 67'164. Caspase 8 and caspase 9 are 
recognizedd as initiator caspases cleaving other procaspases, while caspase 3 is the 
mainn executor caspase 164. The major substrate of caspase 3 is PARP (poly-
adenosinee diphosphate-ribose polymerase). PARP is involved in DNA repair, and 
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modulatess various enzyme functions by poly-(ADP)-ribosylating the enzymes, 
includingg itself. PARP is believed through play a role in apoptosis by depleting the 
celll of ATP 305. Cleavage products of PARP are also observed in the ischemic retina 
193,3066 AlthOUgh P A R P cleavage and caspase activation is not essential to cell death 
inn all neuronal populations 299-305307, retinal cell death is thought to occur in a 
caspase-dependentt manner, the specific caspases involved depending on the type of 
stimuluss inducing the apoptosis 193. For instance, light-induced induced apoptosis 
doess not involve the activation of caspase 3 36164308. 

Tezell and Wax have shown in retinal cultures that various apoptotic stimuli result 
inn a caspase cascade that in all cases eventually induced caspase-3 activation, and 
thuss PARP cleavage. Caspase 8 was only activated in response to heat-shock 
proteinn 27. In the presence of broad-spectrum caspase inhibition retinal cell death 
couldd be prevented in a dose-dependent manner193. Following ischemia/reperfusion, 
celll type specific activation of caspases has been observed in the rat retina 151. At 24 
hourss of reperfusion, increased cleaved caspase 2 immunoreactivity was observed in 
thee GCL and the INL, caspase 3 showed maximal expression in the INL, increased 
caspasee 1 activity was observed in the ONL 151.202.247,306,309 j n <jjfferent brain regions, 
caspasee 3 has been associated with NMDA-induced apoptosis310311. Caspase 3 may 
bee activated by caspase 1, -8, and -9 2 7 2 . 

Thee reduction in RGC numbers observed after anitravitreal injections of NMDA 
couldd be prevented by an intravitreal injection of a broad-spectrum caspase inhibitor. 
Simultaneouss injection of NMDA and PARP-inhibitor ABA (3 aminobenzamide) was 
partiallyy effective in preventing RGC loss, showing the involvement of caspases in 
excitotoxicity-inducedd retinal ganglion cell death 27 . Following ischemia/reperfusion, 
ann intravitreal injection of ABA had a dose-dependent ameliorative effect that was 
maximall at 12 and 18 hours post-ischemia, corresponding with the window of 
elevatedd PARP activity, which in turn corresponds to the time course of 
internucleosomall DNA degradation 305. The endonuclease inhibitor aurintricarboxylic 
acidd (ATA) is also effective in a dose dependent way 312313. Moreover, ischemia-
inducedd cell loss could be prevented by a specific caspase 3 inhibitor272. A caspase 
2-specificc inhibitor applied before the induction of ischemia/reperfusion significantly 
amelioratedd the histopathology and function of the retina, but a caspase 1 inhibitor 
didd not 247. Upstream caspase 9 was reported to be activated in response to 
axotomy,, and could be blocked by several neurotrophic factors314. 

Anotherr common group of proteases that interacts with caspases is formed by 
calpainn isoforms that are activated in a calcium-dependent manner. The involvement 
off calpain in retinal ganglion cell death following ischemia/reperfusion was recently 
shownn in the rat194. It is believed that during the early execution phase of apoptosis 
calpainn downregulates caspase 3, therewith slowing down the progression of 
apoptosis.. However, caspase 3 activity is involved in the degradation of calpastatin, a 
calpain-inhibitor,, and elevated activity of caspase 3 will therefore eventually result in 
higherr calpain activity315"317. 

Thesee findings suggest a prominent role for different caspases and calpains in the 
executionerr phase of apoptosis. The microarray analysis study performed on 
experimentall glaucomatous monkey eyes did not show an upregulation of the 
caspasee cascade. This does not necessarily mean that the latter is not involved in 
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glaucomatouss cell loss, but it does indicate that it will be difficult to identify such 
downstreamm pathways in the glaucomatous process of degeneration. 

NeuromodulatingNeuromodulating second messengers 
NitricNitric oxide 
Nitricc oxide (NO) and endothelin-1 are two cellular mediators that primarily act as 
neurotransmitterr and neuromodulator. NO is produced by three isoforms of the 
enzymee nitric oxide synthase (NOS). An increase in intracellular Ca2+ activates 
constitutivee endothelial NOS (eNOS) or neuronal NOS (nNOS). The third major 
isoformm is inducible NOS (iNOS), which is only transcriptionally induced after 
exposuree to stressors, like cytokines or bacterial products 252. NO is an inorganic free 
radicall gas that rapidly diffuses across cell membranes. Since NO has a half-life of a 
feww seconds, it has an area of activity limited to the region near its production site 
208.252,3188 ^ Q a c t j v a t e s soluble guanylate cyclase, responsible for the production of 
thee second messenger cGMP, a reduction of the intracellular Ca2+ concentration and 
therebyy to smooth muscle relaxation and vasodilatation 208'252318. |n the retina, NO is 
usedd by rods, bipolar cells, amacrine cells, and ganglion cells. NO may be indirectly 
involvedd in retinal neuronal degeneration. Glutamate-induced increased intracellular 
Ca2++ content stimulates the production of large quantities of NO and of 02" in 
mitochondriaa that can react to form the very toxic ONOO". Increased levels of NOS 
isoformss and ONOO" have been demonstrated in the optic nerve head of glaucoma 
patients252-318. . 

Inn the ischemia/reperfusion model, the (intraperitoneal) application of an isoform 
non-selectivee inhibitor, /v^-nitro-L-arginine methyl ester (L-NAME) one hour post-
ischemiaa prevents neurons from dying 208. Inducible NOS is normally not present in 
thee rat retina, but it is activated within 24 hours in response to ischemia/reperfusion 
211,211,2488 yyn e n a relatively specific iNOS inhibitor aminoguanidine (AG) was supplied 
fromm one week before a 75 minutes ischemic insult, RGC loss could be decreased 
fromm around 50% to 28% at 2 weeks of reperfusion 248. When a more specific iNOS 
inhibitorr was supplied, SC-51 (L-A/^l-iminoethyl) lysine 5-tetrazole amide), which is 
tenn times more potent, RGC loss was decreased to 15%. Chronic application 
(throughh water consumption) of AG in a rat model of chronic glaucoma, three vessel 
cauterization,, almost entirely prevented optic disc cupping and decreased the loss of 
ganglionn cells from 36 to 10% at 6 months 211. These findings indicate that NO 
producedd by iNOS is a key factor in causing secondary neurodegeneration 248-319. in 
thee human glaucomatous eye iNOS is sparsely present in the optic nerve head, 
possiblyy in reactive astrocytes211. 

Prostaglandins Prostaglandins 
Prostaglandinss are synthesized by cyclooxygenase 1(COX-1) or 2 (COX-2) from 
arachidonicc acid, both of which are found in several (retinal) cell types 320. COX-1 is 
constitutivelyy present and responsible for homeostatic functions. COX-2 is the 
induciblee form, which is almost undetectable under physiological conditions, but 
readilyy elevated after various inflammatory stimuli, like cytokines and mitogenic 
agentss 320. Generally, prostaglandins are believed to play a protective role in 
glutamate-inducedd toxicity, COX enzymes on the other hand are believed to be a 
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majorr source of reactive oxygen species , and COX-inhibitors reduce experimental 
brainn edema. In focal brain ischemia, NMDA receptor activation induces long-lasting 
COX-22 expression, whereas in global ischemia this is induced by activation of AM PA 
receptors.. COX-2 has several regulatory elements in its 5' region, which may be 
differentiallyy regulated by different stimuli. COX-2 protein is observed in neurons 
destinedd to die and seems to be a mediator of excitotoxicity 26S. COX-2 is also 
implicatedd in neurodegeneration following retinal ischemia and excitotoxicity. 
Followingg 75 minutes of ischemia, COX-2 was upregulated with a peak at 12 hours of 
reperfusionn in the INL and GCL 244. Treatment with MK-801 significantly reduced the 
COX-22 protein levels at 12 hours, but immunoreactivity remained present in Muller 
cells,, indicating that in these cells NMDA receptors are not responsible for COX-2 
upregulationn 2AA. Furthermore, a selective COX-2 inhibitor, SC-58236, proved to be 
neuroprotectivee in these animals. This indicates that the products of COX-2 activity 
contributee to neurodegeneration, possibly through the production of ROS 244. 
Apparently,, NO derived from iNOS is required for the deleterious effects of COX-2 
322322.. Infiltration of hematogenous cells containing iNOS may be signaled by the 
productss of COX-2 acticity244. 

Conclusions s 

ReliabilityReliability of data obtained with the ischemialreperfusion model 
Thee ischemia/reperfusion model has received much attention in the last two decades 
andd a lot of data have been obtained. These data mainly concern (i) the pattern of 
celll death in response to the insult applied to the retina, both temporally and spatially, 
(ii)) the characterization of the cell types lost, ganglion cells and amacrine cells, and 
(iii)) the underlying mechanism of retinal neurodegeneration. Considering the fact that 
manyy methodological differences exist among various laboratories using the 
ischemia/reperfusionn model, in for instance in the anesthetics and the rat strains 
used,, the data obtained are in remarkable agreement with each other. It is well 
establishedd that ischemia-induced neurodegeneration starts at around 6 hours in the 
ganglionn cell layer, and is subsequently observed in amacrine cells, with only minor 
losss observed in the outer nuclear layer, where the bipolar cells and cell bodies of the 
photoreceptorss reside. The data concerning the elucidation of the underlying 
mechanismm of ischemia-induced neurodegeneration is more diverse, but a general 
patternn of contributing factors has emerged. The initial injury is attributed to 
excitotoxicityy and possibly reduced availability of neurotrophic factors, which may act 
synergisticallyy to produce the characteristic pattern of cell loss. There are indications 
thatt a differential distribution of NMDA and AMPA/KA (and other) receptors on RGCs 
andd amacrine cells may, at least in part, be responsible for their differential 
vulnerabilityy to ischemia/reperfusion, although morphological studies have not yet 
addressedd this issue in detail. Whether this might undedie the activation of distinct 
pathwayss that eventually culminate in the apoptotic death of these neurons awaits 
furtherr investigation. Immediate early gene induction, activation of proteolytic 
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enzymes,, and free radical formation appear to be activated in the different retinal 
layerss at different reperfusion times. 

Thee high reproducibility within and between laboratories indicates that data 
obtainedd with this model are consistent, although it must be noted that often a 
particularr group focuses on a specific research subject and data cannot always be 
comparedd to data obtained with the same model in a different lab. Results obtained 
fromm retinal ischemia are often related to data obtained in the ischemic brain. 
Althoughh this may provide interesting hypotheses, this is usually not very constructive 
sincee many differences exist between these neural tissues. All in all, the 
ischemia/reperfusionn model provides a flexible and economical means to investigate 
thee underlying mechanism of retinal ischemia, and to test substances as possible 
neuroprotectivee agents. 

ReliabilityReliability of the ischemialreperfusion model in mimicking glaucoma 
Ann item of great importance is to what extent the ischemia/reperfusion model mimics 
thee nature of glaucoma. In earlier days, experimental glaucoma was often induced in 
primates,, because of the resemblance between human and primate eyes. Due to 
ethicalethical and also economical reasons this is nowadays done on a much smaller scale. 
Monkeyss always represent chronic models (around 6 months of minor elevated IOP), 
whereass the rodent models usually involve acute induction of neurodegeneration 
(onee hour of elevated IOP)284. Although initially set up as an experimental-glaucoma 
model,, there appears to increasing reluctance in considering the 
ischemia/reperfusionn model as a model for glaucoma 162217. This may be related to 
factt that chronic high-IOP models in rat have recently become available, that seem to 
bearr a more direct relation to the eathiology of glaucoma. Despite the fact that 
pressure-inducedd ischemia in the rodent produces a pattern of cell death comparable 
too that observed in the glaucomatous retina, but that optic disc cupping, the other 
importantt aspect of glaucoma, is not observed. Another difference with the 
developmentt of glaucoma is that the time course of degeneration in the 
ischemia/reperfusionn model is condensed in a short time frame while glaucoma is 
typicallyy a slow progressive condition. In a more strict view, the ischemia model 
actuallyy produces a pattern of cell death as observed after occlusion of the central 
retinall artery (CRAO)177. However, the controlled and time-limited induction of acute 
degenerationn sets of changes that are in phase in many cells, while in the more 
chronicc models the different stages of neurodegeneration occur in parallel in 
relativelyy few cells, which makes the sequence of the underlying processes more 
difficultt to study. 

However,, perhaps of more importance is whether the ischemia/reperfusion model 
mimicss the mechanism of cell death in the glaucomatous retina. Strong arguments 
havee been presented that implicate retinal ischemia as the primary or as a secondary 
causee of glaucoma, and therefore, insight in the processes that are induced by retinal 
ischemiaa may provide insight in glaucomatous degeneration. 

Thee final question posed was whether there is any clinical relevance in the data 
obtainedd with this animal model for human glaucoma. Three neuroprotective 
substancess are in clinical trials today to investigate their long-term stability: 
brimonidine,, timolol, and memantine 154. All three of these have had careers as 
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neuroprotectivee substances in ischemia/reperfusion models 153185235323-325
- However, 

inn addition to direct application of neuroprotective substances in the clinic, a perhaps 
moree important role of neuroprotective substances in models is to elucidate the 
mechanismm by which the substances exert their action. For instance, the ocular 
hypotensivee timolol proved to be neuroprotective by decreasing glutamate-induced 
neuronall cell death when topically applied 1S5. And not in the least place, 
neuroprotectivee substances are very helpful in elucidating the mechanism(s) by 
whichh retinal ischemia kill neurons. Memantine is a NMDA receptor antagonist, 
providingg further evidence for the involvement of excitotoxicity in ischemia-induced 
celll death 235-325. At the long-term, knowing and understanding the cascades of 
processess leading to retinal cell death will elucidate the etiology of glaucoma and will 
leadd to means of intervention. 

81 1 



ChapterChapter 4 

82 2 


