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Retinall signaling is mediated by glutamate 
Thee retina functions to convert light stimuli into neural signals that are transmitted to 
thee higher visual centers in the brain. Within the retina, several cell types are involved 
inn the signal transduction along the so-called vertical pathway: photoreceptors, 
bipolarr cells, and retinal ganglion cells. In addition, lateral interactions are provided 
byy horizontal and amacrine cells (Fig. 1)1'2. The retinal signal for the vertical pathway 
iss mediated by the principal excitatory neurotransmitter of the CNS, glutamate. In the 
dark,, photoreceptors constitutively release glutamate in a calcium dependent 
manner,, and this release is reduced when the photoreceptors are illuminated (see 
Boxx A)3A. 

FigureFigure 1. 
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DifferentDifferent cell types of the mammalian retina: the cell bodies of rod and cone-type photoreceptors are 
locatedlocated in the outer nuclear layer (ONL). Synaptic connections with the first order neurons are made in 
thethe outer plexiform layer (OPL). The somata in the inner nuclear layer (INL) belong to horizontal, bipolar, 
andand amacrine cells, whose synaptic connections with the retinal ganglion cells are made in the inner 
plexiformplexiform layer (IPL). Axons of retinal ganglion cells leave the retina via the optic nerve. Reprinted from 
AmericanAmerican Scientist 91, 2003; H.J. Kolb: 'How the retina works', pp28-35, with permission from Dr. H. 
Kolb. Kolb. 
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Thiss thesis focuses on the neurotoxic role that glutamate and glutamate receptors 
mayy play in causing the selective retinal cell death that is observed in the 
glaucomatouss retina. It is believed that an ischemic insult in the retina results in the 
massivee release of glutamate, causing over-stimulation of specific glutamate 
receptors,, which results in the selective death of retinal neurons. This chapter 
providess an introduction to the molecular and functional characteristics of the various 
glutamatee receptors present in brain and retina. 

Molecularr biology of glutamate receptors 
Onn release by photoreceptors, glutamate elicits a broad range of responses in bipolar 
cells.. This occurs via post-synaptic interaction with diverse classes of glutamate 
receptorss (GluRs). The GluRs are divided into two categories; metabotropic 
receptors,, which are G (for GTP-binding) -protein coupled and linked to second 
messengerr systems; and ionotropic receptors, which contain cation-specific ion 
channels.. The ionotropic receptors are further categorized into NMDA (N-methyl-D-
aspartate)) receptors and non-NMDA receptors, which consist of AMPA (a-amino-3-
hydroxy-5-methylisoxazole-4-propionicc acid) and KA (kainaic acid) receptors. 

Severall subtypes of both metabotropic and ionotropic receptors have been 
identifiedd by molecular cloning studies **. All identifies subtypes have been found to 
bee expressed in the retina and show distinct distributions in the synaptic layers and 
amongg the various retinal cell types, which only partially overlap with one another 
1.3,9,10 0 

TableTable 1. 

glutamatee receptors 
(GluRs) ) 

ionotropicc GluRs 
(iGluRs) ) 

NMDAA NR1 
NR2A A 
NR2B B 
NR2C C 
NR20 0 

AMPAA GluR1 
GluR2 2 
GluR3 3 
GluR4 4 

Kainatee GiuR5 
GluR6 6 
GluR7 7 
KA-1 1 
KA-2 2 

metabotropicc GluRs 
(mGluRs) ) 

Groupp 1 mGluRI 
mGluR5 5 

Groupp II mGluR2 
mGluR3 3 

Groupp III mGluR4 
mGluR6 6 
mGluR7 7 
mGluR8 8 

MetabotropicMetabotropic glutamate receptor subtypes 
Eightt members of the metabotropic GluRs (mGluR1-8) have been cloned. Each 
mGluR,, consisting of seven transmembrane domains, constitutes a functional 
receptorr as a single protein 1. The metabotropic GluRs are further divided into three 
groupss (see Table 1), depending on the signal transduction cascade induced by their 
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activation.. Group I mGluRs are coupled to G-proteins, whose activation leads to 
phospholipasee C (PLC)-catalyzed conversion of L-3-phosphatidylmyoinositol-4,5-
biphosphatee (PIP2) to inositol-1,4,5,-trrisphosphate (IP3) and diacylglycerol (DAG). 
DAGG is involved in the activation of protein kinase C (PKC) in neurons, while IP3 

enhancess intracellular release of calcium from the endoplasmatic reticulum (ER) 10. 
Thee receptors belonging to this group are mGluRI and mGluRS. Activation of group 
IIII mGluRs leads to inhibition of adenylyl cyclase (AC) through interaction with G-
proteins.. This group consists of mGluR2 and GluR3. Group Hi mGluRs on the other 
handd lead to stimulation of AC. Members of this group are mGluR4 and mGluR6-8. 

Remarkablee variability exists in the distribution patterns of mGluR subtypes in 
differentt brain regions 10. In situ hybridization and subtype specific 
immunocytochemica!! studies show that in the retina the distribution of mGluRs is 
widespreadd and heterogeneous (only mGluR3 is not found), and ultrastructural 
studiess demonstrate they are involved both presynaptically and postsynaptically in 
glutamatergicc signaling 111. A special role is played by mGluR6, as it converts the 
light-evokedd hyperpolarization of the photoreceptors into a depolarization of the 
secondd order neurons where it is localized postsynaptically: the ON cone-bipolar 
cellss and the (ON) rod-bipolar cells (see Box A at p. 19). 

lonotropiclonotropic glutamate receptor subunits 
Generally,, ionotropic receptor subunits consist of four transmembrane domains and a 
largee extracellular amino terminal region, lonotropic NMDA receptors are tetrameric 
complexess that are either homologously composed of NR1 subunits or 
heterologouslyy composed of NR1 and NR2A-D subunits, each having different 
degreess of sensitivity and differential distributions throughout the brain 12"14. In the 
retina,, NMDA receptors have been immunocytochemically localized primarily to the 
IPLL 1'15. AMPA receptor complexes are composed of structurally related subunits 
GluR1-4,, four of which combine to form homomeric or heteromeric receptor 
complexess 16,17. Finally, KA receptors are similarly composed of subunits GluR5-7 
andd KA1-2 (see Table 1)18. In the retina, these non-NMDA receptors have a more 
widespreadd localization than NMDA receptors, having been observed in both the 
OPLL and the IPL and they appear to play a more prominent role in synaptic 
transmissionn in the retina 119. GluR1-4 subunits are localized to OFF cone bipolar 
dendrites,, amacrine and ganglion cell somata, and it has been suggested that GJuR2 
iss also localized to rod and ON cone bipolar dendrites 1'19. 

Markedd developmental changes have been described in the expression of all 
GluRR subunits in rat brain using in situ hybridization and northern blot analysis 20. 
Thesee changes probably reflect physiological alterations since electrophysiological 
studiess have demonstrated that it is the subunit composition that determines the 
electricall and permeability properties of ionotropic receptor complexes 1'420-22. in 
general,, NMDA receptors respond to glutamate with high conductance and a high 
permeabilityy for calcium ions, but with slow kinetics, which is due to a tonic inhibition 
byy magnesium. The high affinity for glutamate, keeps a population of NMDA 
receptorss tonically in a partially activated state. The magnesium block is voltage 
dependentt and is diminished by additional excitatory stimuli 10. AMPA/KA receptors 
displayy a lower affinity for glutamate. They are primarily responsible for the fast 
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excitatoryy neurotransmission by glutamate, but are also rapidly desensitized 23, 
AMPA/KAA receptors are primarily permeable to sodium and potassium, but they can 
alsoo be permeable to calcium 24. 

Post-transscriptionalPost-transscriptional modifications of glutamate receptor subunits 
Inn addition to the variation created by the differential expression of different subunit 
cDNAs,cDNAs, a variety of alternative forms of these proteins exist due to alternative 
splicingg and editing of mRNAs 10. Splice variants exist of mGluRI (a-c), mGluR4 (a,b) 
andd mGluR5 (a,b), each with slightly altered characteristics, due to the lack of one 
aminoo acid in the carboxyl terminal. Eight alternative splice variants have been found 
forr NMDAR1, named NR1a-h, with differing ligand sensitivities. 

Throughh alternative splicing AMPA-type glutamate receptor subunits GluR1-4 
existt in 'flip' and 'flop' forms. The 'flop' form exhibits expression during postnatal brain 
maturation,, desensitizes more rapidly, and does not have the characteristic low 
conductancee 10,23. For GluR2 and GluR4 subunits, alternative splicing has also been 
describedd in the C-terminal region 25"27. The short but not the long splice variants of 
thee GluR subunits contain a PDZ (PSD95/Dlg/Z01)-binding domain at the extreme 
C-terminus,, which has great implications for the binding capabilities of these short 
splicee variants, which is crucial for the regulation of AMPA receptor functioning (see 
Fig.. 2)28. 

Throughh mRNA editing in GluR2-4 a codon for glycine (G) replaces a codon for 
argininee (R) in the transmembrane loop between transmembrane domains 3 and 4, 
resultingg in an enhanced rate of recovery following desensitization. One form of 
editingg in particular has important functional consequences. This form of editing 
occurss only in GluR2 pre-mRNA 10. Post-transscriptionally, the codon for a neutral 
glutaminee (Q) residue within the re-entrant loop of the receptor unit is modified into a 
codonn for a positively charged arginine (R) (see Fig. 2). This prevents calcium (and 
otherr divalent cations) from permeating through the ion channel. RNA editing at the 
Q/RR site is extremely efficient; almost 100% of GluR2 mRNA undergoes editing 
underr physiological conditions 10,29. Consequently, the GluR2 subunit, expressed 
alonee or in combination with GluR1, GluR3, or GluR4, forms channels that are 
calciumm impermeable and exhibit an electrically linear relationship between the 
voltagee applied to the membrane and the current conducted through the receptor 
channels,, whereas receptors encoded by only GluR1, GluR3 and/or GluR4 subunit 
cDNAA form channels that are calcium permeable and rectifying 10,23. The wide 
variationn in calcium permeability of AMPA receptors will therefore arise primarily as a 
consequencee of reduced expression of GluR2 mRNA. Therefore, the expression of 
GluR22 determines the permeability and electrical properties of AMPA receptors, and 
therewithh influences processes like the induction of synaptogenesis, synaptic 
plasticity,, and (calcium-induced) neurodegeneration. 

Thee expression of GluR subunit cDNA varies with age, with periods of elevated 
expressionn that correspond to times of enhanced synaptic plasticity or of increased 
susceptibilityy to glutamate toxicity during development 24,3 . For example, in immature 
ratt retina, ganglion cells are known to express calcium-permeable AMPA receptors at 
aa well-defined early developmental stage. This corresponds to the period during 
whichh nearly half the ganglion cells undergo apoptosis. Therefore, the synthesis of 
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editedd GluR2 subunits could provide a mechanism that regulates the calcium 
permeabilityy of the expressed AMPA-receptor population at crucial developmental 
stages,, but may also be involved in pathological circumstances, such as global 
ischemiaa and limbic seizures 31"33. Indeed, GluR2 knockout mice show increased 
calciumm permeability through AMPA receptors, an enhanced induction of LTP in 
hippocampall neurons, and disrupted motor coordination 34. The molecular 
mechanismss underlying the regulation of GluR2 expression are as yet unknown. 

FigureFigure 2. 
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AA schematic representation of the structure of the GluR2 subunit The AMPA receptor consists of an 
intracellularintracellular C-terminal region, three transmembrane domains (TM1, 3, and 4, a re-entrant loop (TM2), 
andand a large extracellular N-terminal region. RNA editing at the Q/R site occurs within the re-entrant loop. 
AlternativeAlternative splicing occurs at the flip/flop region and at the C-terminal region and gives rise to various 
proteinprotein binding sites. Reprinted and adapted from Trends in neurosciences 25 (11), I. Song and R.L. 
Huganir:Huganir: 'Regulation of AMPA receptors during synaptic plasticity', pp 578-588, copyright 2002, with 
permissionpermission from Elsevier. 

Modulationn of ionotropic glutamate receptors 

PhosphorylationPhosphorylation of receptor subunits 
Modifycationn of receptor function may lead to long-term changes of neuronal activity 
thatt play a role in synaptic plasticity and neuronal injury. NMDA and AMPA/KA 
receptorr activity is regulated in large part through phosphorylation by protein kinases 
(Fig.. 2) and dephosphorylation by phosphatases, leading to changes in synaptic 
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activity,, metabolism, and gene regulation in neurons 35"37. The initial steps of 
intracellularr signal processing are brought about by calcium and cAMP that activate 
differentt kinases, such as cAMP-dependent kinase (PKA), PKC, and the very 
sensitivee calcium/calmodulin-dependent kinase I and II (CaMKI and CaMKII) 38. On 
activationn by cAMP, for instance, PKA enhances the currents of KA, AMPA, and 
NMDAA receptors in brain and retinal synaptic junctions through phosphorylation of a 
serinee residue (S845) leading to an increased channel time-open probability, while 
PKCC or CaMKII-phophorylation at the S831 site increases the single channel 
conductancee of the AMPA receptor3739-40. The enhancement of ionotropic receptor 
responsess by PKC ties these responses to those of group I metabotropic receptors. 
Ann increase in calcium following NMDA receptor activation results in phosphorylation 
off CaMKII, and subsequent phosphorylation of the AMPA receptor subunits, coupling 
thee responses of those types of receptors as well10,33. 

Phosphatasess like protein phosphatase 1 (PP1) and calcineurin diminish the 
responsee to agonists by enhancing the rate of desensitization of NMDA receptors. 
Calcineurinn is also activated by calcium, and via AMPA- and NMDA-induced 
dephosphorylationn of S845 probably provides a negative feedback mechanism for 
thee regulation of AMPA receptor activity37. 

AMPAAMPA receptor trafficking 
Anotherr crucial aspect of controlling glutamate receptor activity is the regulation of 
thee distribution and the abundance of GluR protein subunits in the postsynaptic 
membraness of excitatory synapses. AMPA receptors in particular are highly dynamic 
inn their subcellular distribution 41. AMPA receptors follow a complex pathway to the 
synapse,, starting with subunit synthesis and assembly in the rough ER, followed by 
glycosylatee in the Golgi apparatus and finally receptor insertion into the plasma 
membranee where they have to be stabilized in the postsynaptic density (PSD) 42. By 
meanss of clathrin-mediated endocytosis, the receptor complexes may be removed 
fromm the synapse 4 M 5 . Around 50-70% of AMPA receptors are intracellular, with a 
significantt proportion localized within dendrites 46. Under basal conditions, there is a 
constitutivee turnover of surface expressed AMPA receptors in the order of hours to 
days.. In response to ligand-induced activity receptor half-lives are different, both the 
recruitmentt and the removal of AMPA receptors to and from the synapse take place 
withinn minutes 47. 

Traffickingg and stabilization of the receptor complexes is mediated by a large 
varietyy of proteins. Postsynaptic densities are enriched in specific molecules 
functioningg as scaffolding proteins. Many of these contain one or more PDZ domains, 
suchh as PSD95, synapse-associated proteins (SAPs), glutamate receptor binding 
proteinn (GRIP), AMPA receptor-binding protein (ABP), and PKCa-binding proteinl 
(PICK1),, which explains the interaction with (short) AMPA subunits (Fig. 2) 272846. 
Manyy proteins without a PDZ domain also interact with AMPA receptors, like 
stargazin,, a protein related to a calcium channel subunit that is most likely involved in 
targetingg AMPA receptors to the plasma membrane, and A/-ethylmaleimide-sensitive 
fusionn protein (NSF), a chaperone protein that is involved in membrane fusion (Fig. 
3)) 48"50- Furthermore, at the PSD a high concentration of enzymes that are extremely 
sensitivee to calcium and calmodulin (such as CaMKII and calpain) is observed 3851-52. 
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Too date, compelling data on AMPA receptor trafficking suggest that it is subunit-
specific,, that it can occur by different pathways depending on the stimulus, and that it 
probablyy occurs according to different rules in different neuronal cell-types 1D^'465J-56. 
Mostt studies on plasticity mechanisms have been performed in rat pyramidal 
neuronss of the hippocampus. Using immunoprecipitation techniques and epitope-
taggedd receptor subunits, it was found that in the CA1/CA2 regions, mostly 
heterodimerss of subunits GluR1 and GluR2 and of subunits GluR2 and GluR3 are 
assembled,, which subsequently form (symmetric) tetramers via subunit-specific 
interactionss 42'5758. The insertion of GluR1-containing channel complexes into the 
membranee is a cte novo insertion in response to synaptic activity (for instance in 
"silentt synapses", which contain only NMDA receptors), while highly mobile GluR2/3 
receptorss are involved in the rapid continuous replacement of existing synaptic 
receptorss 59. By means of its PDZ domain, the GluR1 C-terminus binds to SAP97 
whilee still in the ER. These GluR/SAP97 complexes may form an intracellular pool 
awaitingg insertion into the plasma membrane. On arrival at the synapse most of the 
SAP977 is released. GluR2 and GluR3 C-termini are highly homologous and both bind 
too 7-PDZ domains-containing proteins GRIP and ABP, which function as membrane 
anchorss stabilizing surface-expressed GluR2. In addition, GluR2/3 receptors bind to 
PICK1,, another PDZ domain containing protein that serves in clustering AMPA 
receptorss in the post-synaptic density42. 

FigureFigure 3. 

AMPA-receptor-associatedAMPA-receptor-associated protein complex: AMPA receptors are associated with a large protein 
network.network. All four subunits bind to NARP (neuronal activity-regulated pentraxin) and to stargazin, which in 
turnturn binds to the scaffolding protein PSD95 (postsynaptic density protein-95). GluR1 specifically binds to 
SAP-97SAP-97 (synapse-associated protein-97) and protein 4.1 N. GluR2 specifically binds to proteins, 
includingincluding GRIP 1 and 2 (glutamate receptor-interacting protein), PICK1 (protein interacting with C 
kinase)kinase) and NSF (N-ethylmaleimide-sensitive fusion protein). GRIP 1 and 2 and PICK1 in turn bind to 
GRASPsGRASPs (GRIP-associated proteins) and PKCa (protein kinase Ca). Reprinted and adapted from 
TrendsTrends in neurosciences 25 (11), I. Song and R.L Huganir: 'Regulation of AMPA receptors during 
synapticsynaptic plasticity', pp 578-588, copyright 2002, with permission from Elsevier. 
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Thee removal of AMPA receptors may occur either directly from the active zone, or 
mayy occur extrasynaptically following lateral movement away from the synapse 60. 
Phosphorylationn at certain serine residues reduces the affinity for anchoring proteins, 
resultingg in endocytosis. Besides constitutive endocytosis, activity-induced 
internalizionn of AMPA receptor subunits is also observed 16,33. When GluR2 is 
phosphorylatedd at S880 by PKCa, the binding of GluR2 to GRIP and ABP is 
inhibited,, while the receptor remains bound to PICK1. After binding to fusion protein 
NSF,, the complex will be endocytosed 42. The receptor ends up in an early 
endosome,, and it can now either be re-inserted into the plasma membrane or be 
sortedd for lysosomal degradation. The receptors' destination depends on NMDA or 
AMPAA receptor activation. Following NMDA receptor stimulation, S845 in the GluR1 
C-terminuss is dephosphorylated by PP1, resulting in the recycling of the early 
endosomee after rephosphorylation by PKA. In contrast, following AMPA receptor 
stimulation,, no dephosphorylation takes place resulting in transport of the receptor to 
latee endosomes and lysosomes 42. 

SynapticSynaptic plasticity 
Earlyy in development, the majority of excitatory synapses in the CNS express 

NMDAA but not AMPA receptors. At resting potentials, the NMDA receptor pore is 
blockedd by magnesium so presynaptically released glutamate will elicit little response 
inn these synapses, that have for this reason been termed (electrophysiologically) 
'silentt synapses' 61. Only following the paired activation of both presynaptic (release 
off glutamate) and post-synaptic (depolarization) membranes responses from AMPA 
receptorss can be observed, indicating that synapses acquire AMPA receptors 
throughh such stimulation. During postnatal development, the participation of AMPA 
receptorss in glutamatergic transmission increases 42. 

Thee acquisition of AMPA receptors by a synapse (silent or non-silent) following 
stimulationn also explains in large part the increase in synaptic strength that is 
observedd in the hippocampus and represents a neuronal mechanism for information 
storage.. High frequency stimulation induces an increase in synaptic strength (LTP), 
whereass low frequency stimulation induces a decrease in synaptic strength (LTD), 
alterationss that are brought about by insertion and removal of AMPA receptors, 
respectively.. This AMPA receptor trafficking is regulated by the prior history of the 
synapsee as well as the current activity in the synapse: identical stimulation conditions 
mayy recruit different signal-transduction pathways depending on the synaptic history 
62,63.. In addition, AMPA receptor trafficking is regulated by subunit composition. For 
instance,, LTP and LDP reversibly modify the phosphorylation of GluR1 at distinct 
phosphorylationn sites (S845 and S831, respectively)63. 

Inn summary, there appears to be an infinite range of postsynaptic responses to the 
excitatoryy neurotransmitter glutamate. This variability in responses is generated by (i) 
thee expression of different GluRs, each with several subtypes, (ii) a differential 
distributionn of these GluRs, and (Hi) alternative splicing and editing of GluR-mRNAs. 
Additionall regulation of the activity of the resulting collection of GluR proteins in a 
givenn synapse is brought about by (iv) altering the number of receptors within the 
synapse,, through interaction with a range of enzymes and chaperone- and anchoring 
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proteins.. The various post-synaptic responses are the basis of synaptic plasticity: the 
formationn of new synapses, the basis of learning and memory. 

Excitotoxicityy of glutamate is mediated by ionotropic GluRs 
Glutamatee is present at high levels in presynaptic neurons, is released at synaptic 

terminalss for brief periods and stimulates GluRs located at the post-synaptic 
membrane.. Any excess of glutamate in the extracellular space will be rapidly taken 
upp by glutamate transporters. Therefore, under physiological circumstances 
glutamatee is not toxic. However, high amounts of extracellular glutamate can be toxic 
byy an overstimulation of ionotropic GluRs, which upon activation allow the influx of 
sodium,, chloride, and calcium 10. Excessive calcium influx triggers a further 
accumulationn of intracellular calcium through the release from intracellular calcium 
storess and through activation of voltage-gated calcium channels M 65. The disruption 
off the calcium homeostasis is associated with delayed neurodegeneration, although 
thee exact mechanism by which calcium mediates excitotoxcicity has so far not been 
elucidatedd completely M . 

Basedd on the present knowledge a hypothetical sequence of events following 
(retinal)) ischemia can be presented. The lack of oxygen results in enhanced 
metabolicc stress and hence energy depletion of neurons. This causes a change in 
membranee potential of these neurons, which subsequently release their intracellular 
storess of glutamate. The rise in extracellular glutamate affects neighboring cells with 
iGluRss that depolarize and receive a calcium overload 65 64. Such a calcium overload 
activatess a wide range of proteases, lipases, phosphatases and endonucleases, 
initiatingg a series of regulatory changes in gene-expression patterns, such as the 
inductionn of proto-oncogenes like c-fos, c-jun, jun-B and NGFIA, which damage cell 
structuress directly 64. The enhanced metabolic stress on mitochondria results in 
excessivee oxidative phosphorylation 10 M . A byproduct of inherent leakiness of the 
mitochondriall respiratory chain is partially reduced oxygen: the superoxide anion (02" 

,, which is itself not a strong oxidant, but is a precursor of other more reactive 
oxygenn species (ROS), and a mediator in oxidative chain reactions 66. 02~* is typically 
detoxifiedd to hydrogen peroxide (H2O2), but partial reduction of H202 leads to 
conversionn into hydroxyl radical (OH*), which is among the most reactive of oxidants. 
02"** may also react with NO», which is present in large quantities since calcium 
activatess NOS, the enzyme synthesizing NO. The product is the very toxic oxidant 
peroxynitritee (ONOO). The increased amounts of ROS lead to an increased 
permeabilityy of the outer mitochondrial membrane through the opening of transition 
pores.. Anti-apoptotic factors, such as Bcl-xL, are normally bound to the outer 
membrane,, therewith preventing permeability transition. Translocation of pro-
apoptoticc factor Bax eliminates Bcl-xL, and thus alters the permeability of the 
mitochondria.. This leads to the release of the electron carrier cytochrome c into the 
cell'ss cytoplasm where it joins apoptotic protease activating factor (Apaf-1) 66J68. This 
'apoptosome'' activates proteases, such as caspase 9, which in turn activates 
caspasee 3. The subsequent cascade of proteolytic reactions also activates DNAses 
66.. The wide range of negative consequences of calcium overload, including the 
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activationn of second messenger systems as well as free radical formation, finally 
culminatess in programmed cell death (apoptosis)M. 

Thee route of calcium entry determines which specific biochemical signaling 
pathwayss are activated 64. It has been demonstrated in various areas of the brain, 
thatt iGluR-antagonists are effective in reducing the infarct size. NMDA receptor 
antagonistss appear to be most protective for transient focal cerebral ischemia (as in 
stroke),, whereas AMPA/KA receptor antagonists are protective against transient 
globall ischemia 10,65. 

GlaucomaGlaucoma and excitotoxicity: is there a link? 
Thee common feature of many ophthalmologic disorders, including glaucoma, but 

alsoo central retinal artery or vein occlusion, and diabetic retinopathy is the gradual 
andd irreversible loss of retinal ganglion cells and their axons from the optic nerve. 
Sincee these conditions are all related to acute or chronic circumstances, it has been 
putt forward that it is in fact ischemia that induces the progressive loss of the retinal 
ganglionn cells in the glaucomatous condition, ultimately resulting in a loss of vision. In 
thiss thesis, the involvement of ischemia-induced overactivation of AMPA-type GluRs 
inn retinal ganglion cell death is investgated, as well as the selective vulnerability to 
ischemiaa of different retinal cell types. 
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Boxx A. Separate channels of information flow 

Muchh of the "construction" of the visual image already takes place in the retina, 
beforee being transmitted to the brain. Vertebrate vision depends on perceiving the 
contrastt between images and their backgrounds. There are two parallel sets of visual 
channelss to detect this contrast 2. The photoreceptor membrane contains cGMP-
gatedd cation channels that are constitutively open in the dark, constituting a steady 
currentt flow through the open channels, carried mainly by sodium ions, but with also 
calciumm and magnesium components. This "dark current" partially depolarizes the 
photoreceptorr cell, whereupon the photoreceptor releases the neurotransmitter 
glutamatee from its synaptic terminals onto the second-order neurons: the horizontal 
andd bipolar cells. On light stimulation, the photo-transduction cascade involving 
cGMP-phosphodiesterasee results in closure of the cation-channels. Herewith the 
darkk current is reduced and this causes the photoreceptor cell membrane to 
hyperpolarizee and decrease glutamate release. 

Thee bipolar cells are divided into rod- and cone-type bipolar cells (Fig. 4). Several 
cone-typee bipolar cells can be identified versus one rod-type bipolar cell69. The cone 
bipolarr cell types are subdivided into ON and OFF type cone bipolar cells, depending 
onn their response. The cone-OFF type bipolar cells respond to light stimulation with a 
hyperpolarization;hyperpolarization; these bipolar cells respond to dark images against a lighter 
background.. In contrast, the cone-ON type bipolar cells respond to light stimulation 
withh a depolarization. The ON-BPs are the start of the ON-center channels through 
thee retina, detecting light images against a darker background. Rod bipolar cells are 
alwayss of the ON-type. 

Figuree 4. 

TheThe origin of ON-center and OFF center channels Invaginating ribbon-related contacts give rise to 
depolarizingdepolarizing responses (ON type bipolar cells). Flat or basal contacts give rise to hyperpolarizing 
responsesresponses (OFF type bipolar cells). Abbreviations: HC=horizontal cell, BC= bipolar cell. Adapted from 
http://webvision.med.utah.edu,http://webvision.med.utah.edu, with permission from Dr. H. Kolb. 
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Whereass all OFF (cone) bipolar cells contain AMPA-type of GluR subunits, the 
mGluR66 subtype is specifically observed within the dendritic tips of all ON-bipolar 
cellss (Fig. 5). mGluR6 appears to be involved in the conversion of the light-evoked 
hyperpolarizationn of photoreceptors into the depolarization of ON-bipolar cells and 
rodd bipolar cells \ At the level of information transfer between bipolar cells and 
ganglionn cells in the IPL, only excitatory (glutamatergic) channels are present. 
Therefore,, the type of signal transmitted to the ganglion cell, as either ON- or OFF-
center,, is essentially determined by the bipolar cells contacting it. The IPL is divided 
intoo two functionally discrete sublaminae, called a and b. Sublamina a is composed 
off the outer two strata just below the INL, while sublamina b is composed of the inner 
threee strata of the IPL stretching to the ganglion cell bodies. The hyperpolarizing 
bipolarr types contact ganglion cells in sublamina a, while depolarizing bipolar cell 
typess only interact with ganglion cells in sublamina b, therewith underlying the OFF-
andd ON-center ganglion cells, respectively (Fig.6). 

FigureFigure 5. 

SchematicSchematic drawing of a photoreceptor synapse, showing the receptor-types that are presently known to 
bebe on the various postsynaptic dendrites. Abbreviations: HC-horizontal cell, BC= bipolar cell. Reprinted 
fromfrom http://webvision.med.utah.edu, with permission from Dr. H. Kolb. 

Additionall to the vertical pathway (cone-bipolar cell-ganglion cell), there are 
horizontall pathways at the level of the OPL (provided by horizontal cells) and at the 
levell of the IPL (provided by amacrine cells). Horizontal cells receive input from many 
rodss and cones and thus have large receptive fields, which are even larger because 
thee horizontal cells are linked to each other by gap junctions. They provide an ON or 
OFFF surround signal to the ON or OFF cone-type bipolar cells, either directly or via a 
feedbackk signal to the cones, thereby modulating the photoreceptor signal under 
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differentt light conditions. 
Variouss types of amacrine cells in the inner retina provide lateral interactions. 

Aroundd half the amacrine cell types use glycine as neurotransmitter, and half uses 
GABAA (y-amminobutyric acid), and a small fraction uses the excitatory acetylcholine 
(Ach).. Glycinergic amacrine cells are usually "small field" indicating that their 
processess extend vertically through different strata of the IPL (they are diffuse or 
bistratified),, but that they do not extend large distances horizontally. These amacrine 
cellss serve to connect the ON- and OFF-center layers. They are of particular 
importancee to the rod-based circuitry: amacrine cells collect the signal from many 
rod-BPs,, and they transmit to both ON and OFF bipolar cells, as well as ON and OFF 
ganglionn cells. Apparently, this system serves to collect and amplify dim light. The 
mostt prominent glycinergic amacrine cell is the All-amacrine cell (Fig. 6). GABAergic 
amacrinee cells are mainly "wide-field"; they transmit signals over large horizontal 
distances,, but within a single IPL-strata. Some of these amacrine cells are electrically 
coupledd by gap junctions. Most GABAergic amacrine cells contain a secondary 
neuroactivee substance, which can be a neurotransmitter (dopamine, serotonin, 
substancee P, somatostatin), but in some instances is not active at conventional 
synapses,synapses, but instead functions through, for instance, uncoupling of the gap junctions 
(nitricc oxide, vasointestinal peptide)2. 

FigureFigure 6. 

SchematicSchematic representation of the parallel pathways in the mammalian retina. 
TheThe OFF cone bipolar cells contact OFF center ganglion cells in sublamina a of the IPL, while ON 
bipolarbipolar cells make contact with ON GCs in sublamina b. The All amacrine cell (or rod amacrine cell) is 
bistratified.bistratified. The lobules in sublamina a give rise to a glycinergic output to OFF cone bipolars, while 
longer,longer, straighter and finer dendrites in sublamina b give rise to output to ON cone bipolar cell and to 
otherother All amacrine cells via gap junctions (coupling). Abbreviations: cb=cone bipolar cell; rb=rod bipolar 
cell;cell; All am= All amacrine cell; IPL=inner plexiform layer; GC=ganglion cell. Reprinted from 
http://webvision.med.utah.edu,http://webvision.med.utah.edu, with permission from Dr. H. Kolb. 
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Inn summary, the two parallel channels detecting contrast between visual images 
andd their background are kept separate throughout the different layers of the retina. 
Thee OFF-pathway makes use of AMPA/KA receptors, whereas the sign-inverting 
ON-pathwayy makes use of metabotropic receptors (mGluR6) to convey the 
glutamatergicc signal. Refining of the images takes place by means of integration of 
laterall interactions at several levels within the retina; in other words, the signal 
leavingg the optic nerve has already been integrated and coded by the retina 
(http://webvision.med.utah.edu/)2.. Most of the retinal information goes to the lateral 
geniculatee nucleus (LGN) and the superior colliculus, but some of it goes to the 
pretectall nuclei (for the pupil reflex) and to the suprachaismatic nucleus of the 
hypothalamuss (SCN) for maintenance of the sleep-wake-cycles. 
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Outlinee of thesis 

Thiss thesis focuses on the distribution of AMPA type glutamate receptor subunits 
inn the rat retina. Chapter 1 provides general background information on molecular 
andd functional aspects of glutamate receptors (GluRs). 
Thee first part of this thesis describes the distribution of metabotropic and ionotropic 
glutamatee receptors in relation to the so-called ON and OFF pathways. In Chapter 2, 
aa description is presented of the localization of AMPA-type glutamate receptor 
subunitss in the ON pathway, using immunocytochemical techniques. This leads to 
thee conclusion that the distinction between these channels on the basis of this 
specificc glutamate receptor expression is not as strict as previously thought. The co-
expressionn of metabotropic and ionotropic subunit-encoding genes in the ON 
signallingg pathway of rods is presented in Chapter 3. 

Thee main topic of this thesis is the ischemia/reperfusion model, an animal model 
usedd to induce selective neuronal damage in the rat retina, leading to a pattern of 
neurodegenerationn similar to that found in the human glaucomatous retina. In 
Chapterr 4, it is reviewed whether the ischemia/reperfusion model is a reliable model 
forr human glaucoma and describes the main findings obtained with this model. 
Retinall ischemia-induced excitotoxicity of glutamate, resulting from hyperstimulation 
off (AMPA-type) GluRs, has been implicated in various neuroretinal disorders, 
includingg glaucoma. Using the ischemia/reperfusion model we studied the distribution 
patternn of AMPA-type glutamate receptor subunits after retinal ischemia/reperfusion, 
whichh is described in Chapter 5. This chapter also refutes the hypothesis that a 
specificc downregulation of AMPA-type GluR subunit 2 (GluR2) is induced in the 
retinaa following ischemia/reperfusion, as has been observed in the ischemia-
vulnerablee CA1 area of the hippocampus following global ischemia 29. Yet other 
profoundd changes are observed in the distribution of GluR subunits following 
ischemia/reperfusionn at the protein level. The most prominent ischemia-induced 
changee is the near complete loss of GluR1 immunoreactivity observed at just 2 hours 
off reperfusion. In Chapter 6, these alterations in the AMPA-type GluR subunit 
distribution,, as well as the expression of splice variants following 
ischemia/reperfusionn are further investigated at the transcription level using the real-
timee quantitative PCR (qPCR) technique. 

Thee ischemia/reperfusion model allows for a characterization of selectively 
vulnerablee neurons. In Chapter 7, the response to ischemia/reperfusion of various 
subpopulationss of retinal neurons was followed over the course of 4 weeks of 
reperfusionn using qPCR. In addition to retinal ganglion cells, many amacrine 
subpopulationss also demonstrate ischemia-induced changes. In Chapter 8, several 
off these amacrine subpopulations have been investigated in more detail using 
immunocytochemicall techniques. These findings yielded some interesting 
discrepanciess between the ischemia-induced changes at the protein and at the 
mRNAA level. The final Chapter 9 is a general discussion on the main findings 
describedd in this thesis. 
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