
UvA-DARE is a service provided by the library of the University of Amsterdam (https://dare.uva.nl)

UvA-DARE (Digital Academic Repository)

AMPA-type glutamate receptor expression patterns in the rat retina. Expression
of GluR2 by ON bipolar cells. Changes in the expression of GluR1-4 subunits
and changes in amacrine cells types in response to ischemia/reperfusion.

Dijk, F.

Publication date
2004
Document Version
Final published version

Link to publication

Citation for published version (APA):
Dijk, F. (2004). AMPA-type glutamate receptor expression patterns in the rat retina.
Expression of GluR2 by ON bipolar cells. Changes in the expression of GluR1-4 subunits and
changes in amacrine cells types in response to ischemia/reperfusion. [, Universiteit van
Amsterdam].

General rights
It is not permitted to download or to forward/distribute the text or part of it without the consent of the author(s)
and/or copyright holder(s), other than for strictly personal, individual use, unless the work is under an open
content license (like Creative Commons).

Disclaimer/Complaints regulations
If you believe that digital publication of certain material infringes any of your rights or (privacy) interests, please
let the Library know, stating your reasons. In case of a legitimate complaint, the Library will make the material
inaccessible and/or remove it from the website. Please Ask the Library: https://uba.uva.nl/en/contact, or a letter
to: Library of the University of Amsterdam, Secretariat, Singel 425, 1012 WP Amsterdam, The Netherlands. You
will be contacted as soon as possible.

Download date:24 May 2023

https://dare.uva.nl/personal/pure/en/publications/ampatype-glutamate-receptor-expression-patterns-in-the-rat-retina-expression-of-glur2-by-on-bipolar-cells-changes-in-the-expression-of-glur14-subunits-and-changes-in-amacrine-cells-types-in-response-to-ischemiareperfusion(8b388e6e-2968-460e-a230-beb847c146b8).html


AMPA-typee glutamate receptor 
expressionn patterns in the rat retina 

iarr  cei 

Changess in the expressio n of GluR1-4 subunit s 
andd change s in amacrin e cell type s 
inn respons e to ischemia/reperfusio n 

Frederik ee Dijk 



AMPAMP A-type  glutamate  receptor  expression  patterns 

inin  the rat  retina 

ExpressionExpression  of  GluR2 by ON bipolar  celis 

ChangesChanges  in  the expression  of  GluR1-4 subunits 

andand  changes  in  amacrine  celt  types 

inin  response  to  ischemialreperfusion 





AMPAMP A-type  glutamate  receptor  expression  patterns 

inin  the rat  retina 

ExpressionExpression  of  GluR2 by ON bipolar  cells 

ChangesChanges  in  the expression  of  GluR1-4 subunits 

andand  changes  in  amacrine  cell  types 

inin  response  to  ischemia/reperfusion 

ACADEMISCHH PROEFSCHRIFT 

terr verkrijging van de graad van doctor aan de Universiteit van Amsterdam 
opp gezag van de Rector Magnificus prof. mr. P.F. van der Heijden 

tenn overstaan van een door het college voor promoties ingestelde commissie, 
inn het openbaar te verdedigen in de Aula der Universiteit 

opp woensdag 16 juni, 2004, te 10.00 uur 

doorr Frederike Dijk 

geborenn te Utrecht 



Promotiecommissi e e 

Promotor:: Prof. dr. F. H. Lopes da Silva 

Copromotor:: Dr. W. Kamphuis 

Overigee leden: Dr. M. Kamermans 
Prof.. dr. N. N. Osborne 
Prof.. drs. C.C. Sterk 
Prof.. dr. M. Joëls 
Prof.. dr. M. D. de Smet 
Prof.. dr. W. J. Wadman 

Faculteitt der Natuurwetenschappen, Wiskunde en Informatica 

Acknowledgement s s 

Thee research described in this thesis was conducted at the Department of 
Ophthalmogeneticss and the Department of Retinal Signal Processing of the 
Netherlandss Ophthalmic Research Institute of the Royal Netherlands Academy of 
Artss and Science. 

Thiss study was supported by grants from the Rotterdamse Vereniging voor 
Blindenbelangenn (RVBB); Algemene Nederlandse Vereniging ter Voorkoming van 
Blindheidd (ANWB); Landelijke Stichting voor Blinden en Slechtzienden (LSBS); and 
thee Stichting OOG. 

Thee printing of this thesis was supported by ANWB, LSBS, Pfizer, Allergan and 
Merckk Sharp & Dohme. 

Printedd by Ponsen en Looijen 

©© F. Dijk, Amsterdam, the Netherlands, 2004 





Contents Contents 

Genera ll  introductio n 

Chapterr 1 Diversity of glutamatergic responses 9 
Outlinee of thesis 23 

Glutamat ee recepto r subuni t expressio n in the ON/OFF pathway s of the retin a 

Chapterr 2 Expression of AMPA-type glutamate receptor subunit (GluR2) 25 
inn ON-bipolar neurons in the rat retina 
J.J. Comp. Neurol. 455, pp 172-186, 2003 

Chapterr 3 Expression of AMPA-type glutamate receptor subunit (GluR2) 49 
inn ON-bipolar neurons in the rat retina - A single cell analysis 
Eur.Eur. J. Neuroscience 18; pp 1085-1092, 2003 

Glutamat ee recepto r subuni t expressio n followin g retina l ischemia/reperfusio n 

Chapterr 4 Ischemia/reperfusion in the rat retina as a model for human 63 
glaucoma a 
InIn preparation 

Chapterr 5 Ischemia-induced alterations of AMPA-type glutamate 83 
receptorr subunit expression patterns in the rat retina -An 
immunocytochemicall study-
BrainBrain Res. 997(2), pp 207-221, 2004 

Chapterr 6 Ischemia-induced changes of AMPA-type glutamate receptor 103 
subunitt expression patterns in the rat retina - A real rime 
quantitativee PCR study-
InvestInvest Ophthalmol Vis Sci. 45 (1), pp 330-341, 2004 

Differentia ll  change s in amacrin e cel l type s followin g retina l ischemia/reperfusio n 

Chapterr 7 The effects of ischemia-reperfusion on amacrine-cell subtype 123 
specificc transcript levels in the rat retina 
Submitted Submitted 

Chapterr 8 Ischemia-induced changes in specific subpopulations of 139 
amacrinee cells in the rat retina 
Submitted Submitted 



Generall  discussio n 

Chapterr 9 Findings on AMPA type glutamate receptor subunits and 157 
amacrinee cell types at the protein and the transcript level 

Summar y y 

Summaryy 167 

Samenvattingg 171 

Reference s s 

Listt of references cited 177 

Nawoordd 198 

Curriculumm vitae 199 



GeneralGeneral  introduction 



DiversityDiversity of glutamatergic responses 

ChapterChapter  1 

DiversityDiversity  of  glutamatergic  responses 

Retina ll  signalin g is mediate d by glutamat e 
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. 

pigment t 
epithelium m 

outerr plexiform layer 

inner r 
plexiformm layer 

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. 



ChapterChapter 1 

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. 

Molecula rr  biolog y of glutamat e receptor s 
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. 

glutamat ee receptor s 
(GluRs) ) 

ionotropi cc  GluRs 
(iGluRs) ) 

NMDAA NR1 
NR2A A 
NR2B B 
NR2C C 
NR20 0 

AMPAA GluR1 
GluR2 2 
GluR3 3 
GluR4 4 

Kainat ee GiuR5 
GluR6 6 
GluR7 7 
KA-1 1 
KA-2 2 

metabotropi cc  GluRs 
(mGluRs) ) 

Groupp 1 mGluRI 
mGluR5 5 

Grou pp II mGluR2 
mGluR3 3 

Grou pp 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. 

Modulatio nn of ionotropic glutamat e receptor s 

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. 

Excitotoxicit yy  of glutamat e is mediate d by ionotropi c 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. Separat e channel s of informatio n flo w 

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. 

Figur ee 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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Outlin ee of thesi s 

Thiss thesis focuses on the distribution of AMPA type glutamate receptor subunits 
inn the rat retina. Chapte r 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 Chapte r 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 Chapte r 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 
Chapte rr  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 Chapte r 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 Chapte r 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 Chapte r 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 Chapte r 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 Chapte r 9 is a general discussion on the main findings 
describedd in this thesis. 
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ExpressionExpression  ofAMPA-type  glutamate  receptor  subunit 
(GluR2)(GluR2)  in  ON-bipolar  neurons  in  the rat  retina 

WillemWillem Kamphuis, Jan Klooster and Frederike Dijk 

TheThe journal of comparative neurology 455:172-186 (2003) 

Abstrac t t 
Thee role of glutamate receptors (GluR) in the signal pathways of the retina is widely 
recognized.. Photoreceptors make synaptic contact with functionally different classes 
off bipolar cells. The 0FF4ype bipolar cells mediate light offset-evoked responses 
andd use ionotropic a-amino-3-hydroxy-5-methyl-isoxazole-4-propionate (AMPA) - or 
kainate-typee GluRs, whereas bipolar cells involved in the ON-pathway use the 
metabotropicc GluR6. This dichotomy predicts a defined expression pattern of AMPA-
typee GluRs and mGluR6 in bipolar cell classes. This hypothesis was tested by 
performingg immunocytochemical double labelling studies combining GluR specific 
antibodiess with markers specific for the diverse bipolar cell populations in the rat 
retina. . 

AMPA-typee receptors are composed of combinations of four types of subunits, 
GluR1-4.. GluR1 is expressed by a few somata in the outer part of the INL. Sparse 
co-localizationn with any of the bipolar markers used could be established. In contrast, 
GluR22 is expressed by many of the somata in the outer zone of the inner nuclear 
layerr (INL) and at the transcript level, in situ hybridizations demonstrated abundant 
GluR22 expression over the complete width of the INL. In contrast to our expectations, 
aboutt 70% of the somata labelled by the rod ON-bipolar markers Protein Kinase C 
(PKC)) or Goa, co-localized with GluR2. About 90% of the OFF-type bipolar cells, 
identifiedd as recoverin-positive, showed GluR2 immunoreactivity. At least 40% of the 
somataa that were mGluR6-IR, a both rod and cone ON-type bipolar marker, were 
GluR22 immunopositive. Ultrastructurally, examples were observed of GluR2 
localizationn in bipolar processes with labelling outside the actual compartment 
associatedd with the synaptic complex of the rod terminal. No specific antibody was 
availablee against GluR3, but 74% of the PKC-positive cells were GluR2/3-positive. 
GluR44 did not show a somatic localization making double labelling impossible. 

Basedd on these results we conclude that ionotropic GluRs are expressed by rod 
ON-typee bipolar cells (PKC- or Goa-immunoreactive) and by cone ON- and OFF-type 
bipolarr cells based on a co-localization with nearly all of the present recoverin 
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positivee somata. Our observations show that the functional dichotomy in ON-and 
OFF-typee bipolar cells is not reflected in a matching expression pattern of ionotropic 
andd metabotropic GluRs. This raises the intriguing possibility that the AMPA-type 
GluRss are, in an as yet unclear manner, involved in the ON signaling pathways of 
rodss and cones. 

Introductio n n 
Signall transmission in the retina is mediated by glutamatergic synapses connecting 
thee different types of retinal neurons in both outer and inner plexiform layers, forming 
ann extensive and complex neuronal circuitry 37071. in the outer plexiform layer, 
photoreceptorr terminals contact horizontal and bipolar cells. Photoreceptors release 
glutamatee in a light-dependent manner with an enhanced release in the dark. These 
variationss in extracellular glutamate levels in the outer plexiform layer are detected 
byy glutamate receptors on horizontal and bipolar cells, giving rise to lateral 
interactionn between photoreceptors and to transmission of the signals to the inner 
plexiformm layer, respectively. The bipolar cells are grouped into two functional 
classes,, ON and OFF bipolar cells transmitting parallel information on light increment 
andd decrement, respectively 72"76. A single morphological type of rod bipolar with a 
sign-invertingg depolarizing ON-response exists in the mammalian retina, while cone 
bipolarr cells comprise diverse morphological classes divided in ON- and OFF-types 
75"78.. Bipolar cells also use glutamate as neurotransmitter to convey the ON and OFF 
signalss to amacrine and ganglion cells via synaptic contacts in the inner plexiform 
layer3-70'71. . 

Thee advances in the molecular biology of glutamate receptors (GluRs) have 
revealedd a large number of encoding genes and, consequently, in the number of 
potentiall combinations of the various subunits into heterologous multimeric 
glutamate-gatedd ion channels (see for a review Dingledine et a/., 1999 23). This 
diversityy underlies the known different pharmacological classes of GluRs and 
determiness the heterogeneity in several functional properties of GluR mediated 
responses.. The opposite ON and OFF responses in the outer retina are brought 
aboutt by the activation of metabotropic (mGluR6) and ionotropic type GluRs, 
respectively,, expressed by the different bipolar cell classes70-7879. 

Thee subunits of the ionotropic a-amino-3-hydroxy-5-methyl-isoxazole-4-propionate 
(AMPA)) type glutamate receptor (GluR) are encoded by four different genes (GluR1 
too 4) and combine to form heteroligomeric receptors. Each subunit consists of three 
transmembranee domains, a channel-lining re-entrant membrane loop (TMII), a large 
extracellularr N-terminal domain, and an intracellular C-terminal domain. The latter 
domainn interacts with several identified proteins that are involved in the process of 
membranee insertion and in the aggregation of receptor complexes 80. In the rat 
retina,, all four subunit-encoding genes are expressed 81,82. Information on the 
localizationn of GluR subunits in the retina of different species has been obtained at 
light-- and ultrastructural level with emphasis on the distribution in the outer plexiform 
layerr 4M8484-90. Some of these studies provided clues that AMPA-type GluR 
expressionn is not just restricted to the cone driven OFF pathway but that they may 
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alsoo be involved in the transduction of rod generated signals 4818390. Using double 
labelingg of GluR subunit specific antibodies with specific markers for different types 
off bipolar cells, we investigated the somatic expression pattern of GluR1 and GluR2 
inn the inner nuclear layer. Our observations indicate that rod and cone driven bipolar 
cellss of the ON-type express the metabotropic (mGluR6) as well as the ionotropic 
(GluR2)) receptor. 

Materia ll  and Method s 
Animall handling and experimental procedures were reviewed and approved by the 
ethicall committee for animal care and use of the Royal Netherlands Academy for 
Science,, acting in accordance with the European Community Council directive of 24 
Novemberr 1986 (86/609/EEC). All efforts were made to minimize the suffering and 
thee number of animals used for the study presented here. 

Immunocytochemistry Immunocytochemistry 
Ass standard procedure, Wistar rats weighing either 50-75 or 200-300 g were killed by 
500 mg sodiumpentobarbital. Cornea, iris and lens were removed and the vitreous 
overlyingg the retina was carefully brushed away. This step was found to be important 
forr the consistency of the staining patterns. The eyecups were placed in 2% 
paraformaldehydee (PFA) in 0.1 M Phosphate Buffered Saline (PBS), pH 7.4, for 20 
min,, washed in PBS, and cryoprotected with 15% and 30% sucrose in PB for 1-2 
hourss each. The tissue was embedded in Tissue Tek, frozen on dry ice and stored at 
-700 QC. Cryosections of 6-8 urn were cut and thaw-mounted on poly-L-lysine coated 
slides.. Blocking was performed by preincubation with 10% normal serum, 1 % bovine 
serumm albumin, 0.4% Triton X-100, in 0.05 M Phosphate Buffer (PB), pH 7.4, for 
1hour.. Subsequently, the sections were incubated with the primary antibody diluted 
inn PB containing 3% normal serum, 1% BSA, and 0.4% Triton- X-100. Incubations 
withh the primary antibodies were carried out overnight at room temperature. Slides 
weree rinsed and incubated with F(ab')2-Cy3 secondary antibodies for 1 hour (Jackson 
ImmunoResearchh Laboratories; 2-3 ug/ml). Sections were washed and coverslipped 
inn Vectashield (Sigma) and viewed with a Leica DMRE fluorescence microscope 
usingg the 63x objective with an iris diaphragm. 

Forr double-labeling two primary antibodies from two different hosts were 
incubatedd together and detected with a mixture of specific secondary antibodies 
conjugatedd with Cy3 or FITC raised in a third species. In a few cases two primary 
antibodiess from the same host were used in a double-labeling protocol. The 
incubationn with the first primary - secondary antibody combination was followed by 
incubationn with an excess of unconjugated goat-anti-rabbit Fab. After washing, the 
secondd primary antibody was applied. Using these protocols, no cross talk of the 
primaryy antibodies was observed. 

Thee Cy3 and FITC immunofluorescence patterns were recorded separately on 
EPYY 64T colour slide film. The slides were projected; clearly labelled somata were 
selectedd and outlined on separate transparent sheets. The overlay of the sheets was 
usedd to assess whether or not profiles were double stained. All presented data are 
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basedd on observations obtained from at least four different adult animals and two 
youngg animals. Since no differences were noted between individual animals, the total 
numberr of somata inspected for co-localization is presented. 

AntibodiesAntibodies  and controls 
Affinityy purified primary antibodies used for immunocytochemistry are listed in Table 
1.. The different antibodies directed against epitopes of the AMPA-type GluRs were 
alll obtained from commercial sources and their specificity has been extensively 
testedd on Western blots and transfected cell lines 91,92. 

TableTable  1. 

Antige n n 

GluR1 1 
GluR2 2 
GluR2 2 
GluR2 2 
GluR2/3 3 
GluR3 3 
GluR3 3 
GluR4 4 
Proteinn Kinase C 1 

Proteinn Kinase C 1 

Goa a 
mGluR66 3 

Recoverin* * 
Calbindinn D28 5 

Hostt  and Code 

rabbitt anti-GluR1 
rabbitt anti-GluR2C 
goatt anti-GluR2C 
goatt anti-GluR2N 
rabbitt anti-GluR2/3 
goatt anti-GluR3W 
mousee anti-GluR3 
rabbitt anti-GluR4 
mousee anti-PKCa 
mousee anti-PKCa 
mousee anti-Goa 
rabbitt anti-mGluR6 
rabbitt anti-recoverin 
mousee anti-CaBP 

Sourc e e 

Chemicon n 
Chemicon n 
Santaa Cruz Biotechnology 
Santaa Cruz Biotechnology 
Chemicon n 
Santaa Cruz Biotechnology 
Zymedd Laboratories Inc. 
Chemicon n 
Amersham m 
Transductionn Laboratories 
Chemicon n 
NeurOmics s 
Dr.. K.W. Koch 
Sigma a 

Workin gg dilutio n 

0.300 pg/ml 
0.200 pg/ml 
0.133 pg/ml 
0.800 pg/ml 
0.133 pg/ml 
0.277 pg/ml 
1.255 pg/ml 
0.144 pg/ml 
0.300 pg/ml 
1:3000 0 
1:2500 0 
1:3000 0 
1:2000 0 
1:300 0 

ListList of antibodies applied in this study. 
'' PKC is a cell specific marker for rod ON-bipolar cells in the ratT7,t 

22 Goa is a marker for rod ON-bipolar cells 96'99 

33 mGluR6 is a marker for rod and cone ON-bipolar cells M' 10

44 recoverin is a marker for cone ON/OFF bipolar cells77-101-102 

5'' calbindin is a marker for horizontal cells m 

Omittingg the primary antiserum incubation step from the immunocytochemical 
proceduree did not result in staining patterns, showing the dependence of the 
immunoreactivityy on the presence of the first antibody. In double staining protocols, 
omittingg either one of the two primary antibodies abolished the staining completely 
withh no cross-reaction with the other primary antibody. Examples are shown in 
figuress 3c-d and figures 4c-f. For preadsorption control studies, the primary antibody 
waswas diluted in PB containing 3% normal serum, 1% BSA, 0.4% Triton- X-100, and 
mixedd with the corresponding synthetic peptide antigen (Santa Cruz or Eurogentec, 
Belgium)) at a 5-50 fold weight excess overnight at . Incubation of this mixture on 
thee cryosection then proceeded as described above. The preadsorption tests yielded 
noo immunocytochemical staining patterns, showing the specificity of the antibodies. 
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WesternWestern  blots 
Ratt (Wistar) retina was isolated and homogenized in 0.32 M sucrose, 1.0 mM EDTA, 
0.255 mM dithiothreitol, 1x protease inhibitor cocktail (Complete; Roche), pH 8.0. After 
centrifugationn (15,000g, 30 min at , the supernatant was sampled and the pellet 
wass solubilized in 20 mM Tris-HCI, 1% Triton X-100, 1x protease inhibitor cocktail, 
pHH 8.0 for 1 hour at . Unsolubilized proteins were removed by centrifugation and 
discarded.. The supernatant fractions were pooled and the protein content of the 
sampless was determined. Protein samples were diluted in Laemmli sample buffer, pH 
6.88 (BioRad), B-mercaptoethanol was added to a concentration of 3.3%, and 
sampless were boiled for 5 min before loading onto the gel. Prestained marker 
proteinss were used as molecular mass standards (BioRad). Western blot analysis of 
thee homogenates was performed after fractionating 10 -20 ug protein by 12% sodium 
dodecylsulfate-polyacrylamidee gel electrophoresis. The separated proteins were 
transferredd to nitrocellulose membranes (Hybond ECL-Amersham, England) by 
electroblotting.. Blots were washed in 0.1 M Tris-buffered saline (pH 7.6) with 0.1% 
Tweenn and non-specific binding sites were blocked with 5% non-fat dry milk (Bio-
Rad,, USA) for 1 hour at C and washed afterwards. The blots were incubated 
overnightt at C with antibodies (see for details below) 1:5,000 in 0.1 M TBS with 
0.1%% Tween. In control strips, primary antibodies were omitted. Blots were washed 
andd incubated in peroxidase-conjugated goat anti-rabbit/mouse IgG (Amersham), 
dilutedd 1:10,000, for 1 hour at room temperature. For the goat primary antibody strips 
weree blocked with 5% non-fat dry milk followed by 5% normal mouse serum, and for 
detectionn a mouse anti-goat-peroxidase was used at 1:25,000. The blots were 
washed,, followed by enhanced chemiluminescence detection of the peroxidase 
activityy using an ECL-kit (Amersham, England) according to the manufacturer's 
instructions. . 

UltrastructuralUltrastructural  localization 
Forr electron microscopy, 40um thick sections of the retina were incubated overnight 
withh the primary antibody. Sections were washed and incubated in PB containing 
secondaryy antibody (7.5 ug/ml in PB, 1 hour) and after washing an ABC elite kit 
(Vector)) was used. To visualize peroxidase activity, the sections were incubated in a 
Tris-HCI-diaminobenzidinee solution containing 0.03% H202. The DAB reaction 
productt was intensified according to the gold-substituted-silver peroxidase method 
1M.. The tissue was postfixed for 20 min in 1% osmiumtetroxide supplemented with 
1%% potassium ferricyanide in 0.1 M sodium cacodylate buffer (pH 7.4), then 
dehydratedd and embedded in epoxy resin. Ultrathin sections were inspected with and 
withoutt uranyacetate and leadcitrate staining. 

ProbeProbe  generation  and  in situ  hybridization 
Too be able to compare the immunostaining patterns for the GluR subunits with the 
genee expression patterns, in situ hybridizations were carried out using PCR 
generatedd subunit specific probes. Total RNA was isolated from isolated retinae from 
malee Wistar rats (200-300 g), transcribed into cDNA and used for PCR amplification 
off the different AMPA-type GluR subunits. PCR primer design was based upon 
publicationss by Lambolez et al. 105. Only fragments of anticipated size (around 650 
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bp)) were found. Restriction pattern analysis and partial sequencing confirmed the 
presencee of the expected subunit without contamination of other subunits. 

Forr riboprobe synthesis, the downstream universal primer was linked to a T7 
promotorr sequence and a diluted sample of the purified subunit specific PCR product 
wass used for reamplification 106,107. The resulting fragment was run out on a gel, 
excisedd and purified. Radiolabeled antisense riboprobes with a high specific activity 
weree generated using these fragments as a template. These riboprobes specific for 
GluR1-44 detected single bands corresponding with a transcript size of approximately 
6.5-6.77 kb on blots of retinal total RNA (not shown). 

Forr in situ hybridization; eyes from five albino Wistar rats (Harlan; 
Netherlands/UK)) were removed and collected in cold 0.1 M PBS, pH 7.4. Cornea, iris 
andd lens were removed and the eyecups were placed in 4% PFA in PBS for 8-10 
min.. After washing in PBS, the eyecups were cryoprotected for 1 hour in 20% 
sucrosee in PBS, placed in Tissue Tek mounting medium and frozen on dry ice. From 
thee same rats, the brains were rapidly removed, frozen on powdered dry ice and 
wrappedd in aluminum foil. Transversal cryosections (12 urn) of the retina and 
horizontall sections of the brain were cut, thaw-mounted onto poly-L-lysine coated 
slides,, and dried at room temperature. Sections were fixed for 5 min in PBS buffered 
4%% PFA, washed in PBS, dehydrated in 70% ethanol and stored in 95% ethanol at 

CC until use. Prior to hybridization, sections were transferred from the ethanol 
storagee boxes to PBS, treated with 0.1 M ethanolamine, and acidified by 0.25% 
aceticc anhydride. This was followed by a transfer to ethanol and air-drying. RNase 
controll sections were treated with 40 ug/ml RNase A in 500 mM NaCI; 10 mM Tris-
HCII (pH 8.0); 1 mM EDTA at C for 60 min. Sections were washed several times 
withh water, dehydrated and air-dried. All solutions were diethylpyrocarbonate treated 
andd autoclaved. 

Inn situ hybridization was carried out on the sections in 50% formamide, 4X SSC, 
100 mM DTT, 1X Denhardt's, 100 ug/ml yeast tRNA, 50 ug/ml salmon sperm, and 
10%% dextran sulphate. Probes were heated at C for 5 min, diluted in the 
hybridizationn mix to 12,000 cpm/ul and hybridization was carried out overnight at 

CC in humidified chambers. The level of the non-specific hybridization was 
assessedd on separate sections using labeled non-sense riboprobes of 645 bp. After 
hybridization,, slides were washed several times in 2X SSC at RT. The remaining non 
hybridizedd probe was digested with 20 ug/ml RNase A in 500 mM NaCI; 10 mM Tris-
HCII (pH 8.0); 5 mM EDTA for 30 min at . Sections were subsequently washed 
forr 30 min at a final stringency of 0.1X SSC at C for 30 min, dehydrated, air-dried, 
andd exposed to Kodak BIO-Max film for a few days to explore the overall levels of 
hybridization.. The observed expression patterns in rat brain were in good agreement 
withh reported distribution.108 Because of the poor spatial resolution of this film, exact 
conclusionss on the expression patterns in the retina cannot be made in this way. In 
orderr to achieve detailed resolution the hybridized sections were dipped in 
photographicc nuclear emulsion (llford K5), stored with desiccant at , developed 
afterr 4 weeks, and counterstained with thionine for microscopic evaluation. 
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FigureFigure  presentation 
Figuress presented were prepared from color slides (fluorescence) or black and while 
negativess (in situ hybridizations and EM data). Digital images were obtained by 
scanningg using a Polaroid Sprint 4000 scanner at a resolution of 3000 dpi and 
transferredd to Adobe Photoshop (version 6.0) to be converted to grayscale, cropped, 
adjustedd to optimize contrast and brightness, and removal of emulsion artefacts. 

Results s 

ImmunocytochemistryImmunocytochemistry  and in  situ  hybridization  of  GluR1-4 
Testingg the antibodies against the GluR subunits on Western blots showed single 
bandss of around 100 kDa (Fig. 1). This is in agreement with the claimed specificity by 
thee manufacturers and the results of other investigators using the same antibodies in 
„ jj  4,83,84,91.109 

Inn order to optimize the GluR immunostaining, several different fixatives were 
testedd with various fixation times. Transcardial perfusion fixation was compared with 
immersionn fixation of the isolated eyecup. We did not note significant differences in 
thee qualitative patterns of immunoreactivity as has been claimed by others 11, except 
thatt the overall intensity of the staining diminished with prolonged fixation time and/or 
fixationn strength. Routinely, we used immersion fixation of eyecups with 2% freshly 
preparedd paraformaldehyde (20 - 30 min) resulting in a very consistent staining 
pattern.. The patterns obtained for the different cell-specific markers are in good 
agreementt with published reports (see Table 1 for references). 

FigureFigure  1. 

GluR!! GluR2C GluR2N GluR2/3 GluR4 

ImmunoblotsImmunoblots of proteins from rat retina incubated with the specific antibodies used in this study against 
thethe different GluRs. The blot incubated with goat GluR2N was longer exposed. The goat GluR2C did not 
givegive positive bands. The additional faint bands in the lanes originate from the secondary peroxidase-
labelledlabelled antibodies. The positions of the marker proteins are given on the left (Mr). 

Thee in situ hybridizations resulted in a pattern of silver grains that accumulated 
overr the INL and somata of the ganglion cells (Fig. 2). A pre-treatment of the sections 
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withh RNase before hybridization lead to the disappearance of this pattern. 
Furthermore,, hybridizations with labeled nonsense riboprobes did not yield a specific 
pattern. . 

FigureFigure  2. 

GluR33  M M M B GluR4 

PhotomicrographsPhotomicrographs of GluR subunit mRNA distribution in transverse sections of the rat retina after in situ 
hybridisationhybridisation with 35S-UTP labelled riboprobe. The retinal layers are indicated as follows: ONL, outer 
nuclearnuclear layer; OPL, outer plexiform layer; INL, inner nuclear layer; IPL, inner plexiform layer, a: GluR1 
isis mainly expressed in the inner two thirds of the INL leaving the outer one third mostly without labelling 
(arrows)(arrows) except for a few local aggregations of grains (arrowheads), b: GluR2 mRNA distribution with 
strongstrong expression over the complete width of the INL including the zone bordering the OPL (arrows), c: 
GluR3GluR3 expression is found over the INL. The labelling is to some extent spread to the IPL suggesting a 
dendriticdendritic localization, d: GluR4 expression levels were low. The pattern shown here was obtained with 
thethe same exposure time as for the other subunits. Bar = 25 pm (applies to a-d). 

Co-localizationsCo-localizations  of  bipolar  cell  markers 
Severall markers are commonly used to identify different bipolar cell type populations. 
PKCC is a marker for rod ON-bipolar cells in the rat 7793"95, Goa for rod ON-bipolar 
cellss 9 6 " , mGluR6 for both rod and cone ON-bipolar cells 9tM00, recoverin for cone 
ON/OFFF bipolar cells 77101'102, and calbindin for horizontal cells 103. Co-localization 
experimentss of the different markers were performed in order to validate whether the 
antibodiess we employed showed the same labelling patterns as described before and 
too provide quantitative information on the ratios of the number of the different bipolar 
celll classes. 

PKCPKC and mGluR6. Co-localization of PKC and mGluR6 showed that 95% of the 
PKC-immunoreactivee (IR) cell bodies (n=263) were also mGluR6-IR (n=248) (Fig. 
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3a,bb and Table 2). The total number of mGluR6-IR cells observed in the same 
sectionss was 369, so 33% of the mGluR6-IR cells is not PKC-IR. Assuming that PKC 
iss a specific marker for rod bipolar cells and that mGluR6 labels both rod and cone 
ON-bipolarr cells, these observations would then implicate that the ratio rod to cone 
ON-bipolarr cells is about 2:1. 

GogGog and PKC. From the 315 Goa immunopositive somata studied, 311 were PKC 
immunoreactivee (99%). In the same sections, 315 PKC positive somata were 
labelled.. This leads to the conclusion that both antibodies label the same rod ON-
bipolarr population with equal sensitivity. 

GoaGoa and mGluR6. Co-localization of Goa. and mGluR6 showed that 98% of the 
Goa-IRR cell bodies <n=348) were also mGluR6-IR (n=342) (Fig. 3c,d and Table 2). 
Thee total number of mGluR6-IR cells observed in the same sections was 406, a 
numberr somewhat lower than expected from the double labelling with PKC. 
Consequently,, these figures indicate a ratio rod to cone ON-bipolar cells of 5:1. 

TableTable  2. 

Numbe rr  of inspecte d 
somat aa immunoreactiv e fo t 

2633 PKC 
3699 mGluR6 

3155 PKC 
3155 Goa 

3488 Goa 
4066 mGluR6 

2755 PKC 
1688 recoverin 

2800 recoverin 
6333 mGluR6 

8311 PKC 
4511 recoverin 
4411 Goa 

311 CaBP 

12833 PKC 
4766 PKC 
1299 PKC 
1911 recoverin 
1677 recoverin 
4244 mGluR6 
4300 Goa 

155 CaBP 

4811 PKC 

Numbe rr  of somat a co-localizin g 
with : : 

2488 mG)uR6 
2488 PKC 

3111 Goa 
3111 PKC 

3422 mGluR6 
3422 Goa 

11 recoverin 
11 PKC 

1000 mGluR6 
1000 recoverin 

66 GiuR1 
44 GluR1 

200 GluR1 
00 GluR1 

9644 rabbit-GluR2C 
3011 goat-GluR2C 
400 goat-GluR2N 

1755 rabbit-GluR2C 
1477 goat-GluR2C 
1700 goat-GluR2C 
3255 rabbit -GluR2C 

00 rabbit -GluR2C 

3544 GluR2/3 

Percentag e e 

95% % 
67% % 

99% % 
99% % 

98% % 
84% % 

0.4% % 
0.6% % 

35% % 
16% % 

0.7% % 
0.4% % 
4.5% % 
0% % 

75% % 
63% % 
32% % 
93% % 
88% % 
40% % 
76% % 

0 0 

74% % 

SummarySummary of co-localization results 
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FigureFigure 3. 
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recoverin n 

PhotomicrographsPhotomicrographs of vertical sections through the rat retina that were double labelled for various bipolar 
cellcell markers, a-b: Section labelled for both PKC and mGluR6. All PKC positive cells express mGluR6 
(*),(*), while not all mGluR6 somata express PKC  c-d: Double labeling for Goor and mGluR6. All Goer 
positivepositive cells express mGluR6 (*), but not all mGluR6 somata express Goo  e-f: PKC and 
recoverin.recoverin. The labelled cell populations are mutually exclusive. The position of some PKC-IR somata is 
indicatedindicated in the recoverin channel (*) and vice versa ('). g-h: The recoverin and mGluR6 populations 
partiallypartially overlap. Somata immunoreactive for recoverin and mGluR6-IR are indicated (*), somata only 
recoverin-IRrecoverin-IR {») and somata expressing only mGluR6 (*). Bar = 25 pm. 
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PKCPKC and recoverin. The PKC- and recoverin-IR somata represent two different 
populationss of bipolar cells; of the 275 PKC-IR cells and 168 recoverin-IR somata 
onlyy a single likely case of co-localization was found (Fig. 3e,f)- Assuming that PKC 
iss a marker for all rod ON-bipolar cells and recoverin a marker for all (ON and OFF-
type)) cone bipolar cells, it follows that rod bipolar cells comprise 62% and the cone 
bipolarr cells 38% of the total bipolar cell population. This result is in accordance with 
dataa published 77102. 

RecoverinRecoverin and mGluR6. Double labeling of recoverin and mGluR6 showed that of 
thee 280 recoverin-IR somata 100 were mGluR6-IR, showing that 35% of the cone 
bipolarr cells are of the ON-type whereas 65% contained only recoverin thus 
representingg the OFF-type (Fig. 3g,h). In the same area 633 mGluR6 somata were 
detectedd of which 100 were recoverin-IR. So the ratio of rod ON : cone ON : cone 
OFFF is about 5 : 1 : 2 ; matching the results of PKC and recoverin double labeling. 

GluR1GluR1  expression  pattern  and co-localizations 
Thee results of the in situ hybridization for GluR1 are shown in figure 2a. The inner 
twoo thirds of the inner nuclear layer (INL) were strongly labelled and hot spots with 
higherr densities of silver grains were found on the border with the inner plexiform 
layerr (IPL). The retinal distribution of immunoreactivity of GluR1 is illustrated in 
figuress 4a, e, and g. Labelled somata were found throughout the INL, but with a 
preferentiall location near the IPL. In the outer zone of the INL, the number of GluR1 
immunoreactivee cells was rather small and the intensity of labelling was low. The 
shapee of somata was rounded and a labelled process extending towards the OPL 
couldd sometimes be seen, suggesting a bipolar origin. In the OPL, a pattern of 
scatteredd immunolabelled small punctae was observed. At the ultrastructural level, 
compartmentss associated with the base of cone terminals were found to be labelled, 
presumablyy corresponding to the basal contacts formed by OFF-bipolar dendrites 
(dataa not shown; see 84,87). An association with rod spherules was never observed. 
Noo labelling could be assigned to the bipolar and horizontal compartments of the 
typicall triad structure of either rods or cones. 

Doublee staining of GluR1 and PKC, a rod bipolar ceil marker, did not reveal a 
significantt co-localization with either one of the two tested PKC antibodies (Fig. 4a,b). 
Onlyy 6 cases of co-localization were found in 831 PKC-positive somata, representing 
0.7%% of the PKC-positive population (Table 2). 

Goa-IR,, as shown above is an alternative marker for rod ON-bipolar cells; a 
totall of 441 Goa-IR cells were inspected for co-localization with GluR1 and 20 cells 
revealedd co-localization (4%; Fig. 4e,f; Table 2). In the outer zone of the INL 
occupiedd by the inspected Goa-IR cell bodies, approximately 120 GluR1-IR 
somataa were found, which indicates that GluR1-IR cells in this zone of the INL 
representt a different population than the Goa-IR cells. 

Recoverinn labels cell bodies in the outer one third of the INL. Labelled 
processess traverse the INL and form two distinct layers in the IPL (Fig. 4g,h). In 
differentt experiments, a total of 451 recoverin immunopositive somata were 
inspectedd for a co-localization with GluRL In only two cells a faint GluR1-IR was 
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found,, representing 0.4% of the recoverin-positive cells. Of the GluR-1 positive 
cellss none was found to express recoverin. 

Attemptss to co-localize GluR1 with mGluR6 failed due to the reduced ability to 
detectt GluRI-IR somata in the outer INL. This is probably due to a slight loss of 
sensitivityy related to the protocol that was used to combine two rabbit primary 
antibodies. . 

FigureFigure  4. 

S'r***iF'*S'r***iF'* mm**  * J**-. 
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PhotomicrographsPhotomicrographs  of  vertical  sections  through  the rat  retina  double  labelled  for  GluR1 and different 
bipolarbipolar  cell  markers,  a-b:  Section  labelled  for  both  GluR1 and PKC. The number  of  GluR1-IR somata  in 
thethe  outer  zone of  the INL « tow  and the intensity  of  the immunostaining  is  distinct  but  weak (»). The 
correspondingcorresponding  position  of  the GtuR1-IR cells  is  indicated  in  the PKC channel,  showing  no co-
localization,localization,  c-d:  Control  experiment.  Section  was incubated  with  PKC antibody  followed  by detection 
withwith  both  goat-anti-mouse  FITC and goat-anti-rabbit  Cy3. No residual  staining  of  PKC was observed  in 
thethe  Cy3 channel  presented  in  panel  c. e-f:  GluR1 and Goa. GluR1-IR somata  do not  co-localize  with 
GoaGoa expressing  somata  g-h:  The GluR1 and recoverin-IR  populations  do not  overlap.  The position 
ofof  GluR1-IR somata  is  indicated  (*). Bar  = 25 urn. 

GluR2GluR2  expression  pattern  and co-localizations 
Thee overall intensity of the in situ hybridization signal with the GluR2 probe was 
slightlyy higher than that of GluR1 (Fig. 2b). The INL was labelled over the complete 
widthh of the layer. Most somata in the GCL presented substantial amounts of 
labelling. . 

Threee different antibodies against different GluR2 specific epitopes were used. 
Thee polyclonals, directed against the C-terminus (rabbit-GluR2C and goat-GluR2C; 
thee adsorption experiments indicated that these antibodies bind to different epitopes) 
andd the polyclonal against the N-terminus (goat-GluR2/V), showed comparable IR 
patterns.. The GluR2A/ staining pattern was somewhat fainter than the GluR2C 
patterns.. The GluR2 antibodies resulted in a strong punctate immunostaining pattern 
inn the OPL. The number of labelled punctae in the OPL was much higher than the 
numberr of GluR1 positive punctae. Most somata of the outer INL were outlined by 
immunostaining.. At high magnifications and at the ultrastructural level a patchy 
distributionn pattern of the labelling was visible (Fig. 8e). Some cells in the outer halve 
off the INL showed a somewhat more prominent GluR2 staining. These somata were 
characterizedd by a strong IR for recoverin, but did not stain with PKC, mGluR6, or 
Goa.. Our interpretation is that this subpopulation represents cone-OFF bipolar cells. 

Double-labellingg of PKC and rabbit-GluR2C revealed a high level of co-
localization.. A total of 1283 PKC-IR somata were studied of which 964 showed 
clearr GluR2C immunostaining (75%; Fig. 5a,b). No cross-talk was detected 
betweenn the two antibodies as is shown in figures 5c,d and figures 5e,f. Double-
labellingg of PKC and goat-GluR2C showed that of 476 PKC-IR cells, 301 were 
foundd to be also goat-GluR2C-IR (63%; Fig. 5g,h). 

Theree was no difference in the outcome of the double labelling between the two 
PKCC antibodies used and no difference was found between young and adult 
animals.. Different dilutions of the rabbit anti-GluR2C were tested ranging from 0.2 
ug/mll (1: 500) to 0.03 ug/ml (1:3000). The intensity of both the punctate labelling in 
thee OPL and the somatic labelling in the INL turned gradually fainter at higher 
dilutionss than 0.1 ug/ml. But even at 0.03 ug/ml, co-localization with PKC could be 
shown.. Some of the somata in the outer third of the INL displayed a somewhat 
moree prominent GluR2 staining and were never PKC-positive. In the OPL, the 
undulationss in the position of the GluR2-IR punctae followed strictly the outlines of 
thee PKC-IR. An experiment with sections cut horizontally through the OPL, 
corroboratedd the close spatial association of GluR2C and PKC in the OPL. In the 
INLL of these sections, of the 611 studied PKC-IR cells, 318 were clearly rabbit-
GluR2CC positive (52%; Fig. 5i,j). This percentage is slightly lower than in trans-
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FigureFigure 5. 

38 8 



GlutamateGlutamate receptors in bipolar cells 

PhotomicrographsPhotomicrographs of vertical sections through the rat retina double labelled for GluR2 and PKC. a-b: 
SectionSection labelled for both rabbit-GluR2C and PKC. Most of the PKC-IR somata are also detected with the 
GluR2GluR2 specific antibody (*). However, several GluR2-IR somata are not PKC-positive  Bar =10 pm. 
c-d:c-d: Control experiment. Section was incubated with GluR2 antibody was followed by detection with 
goat-anti-mousegoat-anti-mouse FITC and goat-anti-rabbit Cy3. No fluorescence of GluR2~goat-anti-mouse FITC was 
detecteddetected in the FITC channel presented in panel c. Bar = 25 pm. e-f: Control experiment. Section was 
incubatedincubated with PKC antibody followed by detection with goat-anti-mouse FITC and goat-anti-rabbit Cy3. 
NoNo staining of PKC~goat-anti-mouse-Cy3 was detected in the Cy3 channel presented in panel e. Bar = 
2525 pm. g-h: Double staining with goat-GluR2C antibody and PKC. The intensity of the GluR2 staining is 
lessless than with the rabbit anti-GluR2. Most GluR2-IR somata are PKC positive (*), however a strong 
GluR2GluR2 expressing cell is not PKC positive (*). Bar = 10 pm. i-j: Sections cut horizontally through the 
retina.retina. The gradual transition from the ONL via the OPL to the INL is shown. Note that the pattern of 
GluR2GluR2 in the ONL-OPL zone matches the PKC pattern. Isolated spots of GluR2 are also positive for 
PKCPKC (arrows). In the INL most PKC expressing somata are GluR2-IR (*). A subpopulation of somata 
withwith GluR2 staining is not PKC-IR  Bar = 25 pm. 

versee sections because GluR2-IR somata are more difficult to identify in horizontal 
sections.. With the goat-GluR2/V antibody, GluR-IR positive somata were weakly 
stainedd in the INL, nevertheless, 32% of the PKC-IR somata (n=129) were scored 
ass GluR2/V-IR. 

Double-stainingg for Goa and GluR2 is illustrated in figure 6a,b. In total, 430 
somataa with a Goa labeling were inspected, 325 of these were found to express 
rabbit-GluR2CC (76%). 

Double-stainingg for recoverin and GluR2 is illustrated in figure 6c,d. Of 191 
inspectedd recoverin-IR cells, 175 were also rabbit-GluR2C (93%). In another series 
off 167 recoverin-IR somata, 147 were also goat-GluR2C-IR (88%). In total, 90% of 
thee recoverin stained somata displayed GluR2 specific labeling. Two different 
typess of recoverin-positive cells are present in the INL. The first type had a slender 
somaa close to the OPL and was less intensely stained for GluR2. The second type 
wass positioned deeper into the INL, displayed stronger recoverin immunoreactivity, 
andd generally displayed a stronger GluR2-IR. 

Double-stainingg for mGluR6 and GluR2 (Fig. 6e,f). In total, 424 mGluR6 somata 
weree studied of which 170 showed goat-GluR2C staining (40%). 

Att the ultrastructural level, the analysis of focused on the association of GluR2 
withh rod spherules using the rabbit-GluR2C antiserum. In total, 94 rod spherules with 
distinguishablee triad synaptic complexes were sampled. In most triads no labelling 
wass found. In 15 triads, one of the two horizontal cell compartments was stained (Fig. 
8d).. Not a single case of a labeled bipolar process associated with the triad itself was 
encounteredd but at least nine examples of a labelled compartment near the base of a 
rodd spherule were found. Analysis of serial sections enabled us to follow the bipolar 
dendritee from the triad into the OPL. The electron micrographs of Fig. 7a-c show an 
examplee of GluR2 staining of the horizontal process and labelling of the bipolar 
dendritee at some distance from the rod synapse. 
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GluR3GluR3  (213) expression  pattern  and co-localizations 
Thee overall RNA expression level for GluR3 was slightly lower than that of GluR1. 
Highh expression levels of GluR3 in somata located over the total width of the INL and 
inn the GCL were observed (Fig. 2c). 

FigureFigure  6. 
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DoubleDouble  labeling  for  GluR2 and different  bipolar  cell  markers,  a-b:  Rabbit-GluR2C  and Go J. Most  of  the 
Goa-IRGoa-IR somata  are also  detected  with  the GluR2 specific  antibody  (*). Some GtuR2-IR somata  are not 
PKC-positivePKC-positive  (*). Bar  = 25 pm. c-d:  Goat~GluR2C  and recoverin.  Most  recoverin  expressing  somata 
areare GluR2-IR (*) but  some  GluR2 somata  are not  recoverin  positive  (*). Bar  = 10 pm. e-f:  Goat-
GluR2CGluR2C  and mGluR6-IR  cells  are indicated  (*), some  cells  are only  GluR2-IR  while  some  cells  are 
exclusivelyexclusively  mGluR6-IR  (0). g-h:  Double  labelling  for  GluR2/3 and PKC. Most  of  the PKC-IR somata 
areare detected  with  the GluR2/3 specific  antibody  (*) but  GluR2/3 somata  in  the outer  third  of  the INL are 
notnot  PKC-positive  (*). A minority  of  PKC expressing  cells  is  not  GluR2/3-IR (O). Arrow  points  at a soma 
inin  the ganglion  cell  layer  which  is  not  seen in  the PKC-channel,  illustrating  the absence  of  cross  talk 
betweenbetween  the two  antibodies.  Bar  = 10 pm. 

Incubationn with the GluR2/3 antibody showed in the OPL a strong, homogeneous 
stainingg in combination with bright punctae. Many somata in the INL were 
immunopositive.. Double-labeling of PKC-AM or PKC-TD and GluR2/3 revealed a 
highh degree of co-localization. A total of 481 PKC-AM IR somata were studied and 
3544 showed GluR2/3 immunostaining (74%; Fig. 6g,h). 

Twoo different antibodies, claimed to be GluR3 subunit specific, were tested for 
theirr use in immunocytochemistry. Both did not generate a differential staining 
patternn but instead a rather uniform staining of the whole retina. Preadsorption of 
thee antibody with up to 100 fold excess peptide did not prevent this staining. 

GluR4GluR4  expression  pattern 
Thee overall mRNA expression level of GluR4 was the least abundant of the four 
subunitss (Fig. 2d). After 4 weeks of exposure, some labelling was found over most of 
thee cell bodies in the GCL. In the INL, labelling was found over cells bordering the 
IPL,, and over a few cells close to the OPL. After 8 weeks of exposure, expression 
waswas found over the whole INL with a slight preference over somata adjacent to the 
IPL.. The GluR4 antiserum stained elongated spots in the ONL and in the OPL, a 
punctatee pattern of strong labelling was apparent. Some large somata near the OPL 
weree occasionally weakly stained. Although the strong labelling in the OPL indicates 
thatt horizontal/bipolar cells express GluR4, co-localization studies at the level of the 
somataa were not possible. 

HorizontalHorizontal  cells 
Thee rat retina contains a single axon-bearing B-type horizontal cell type that can 
bee labelled by an antibody against calbindin (CaBP D-28K)103. CaBP is located in 
large-sizedd horizontal cells positioned in the INL at the border with the OPL (Fig. 
8b,d).. The number of somata is low but their processes form an extensive network 
inn the OPL. 

Nonee of these somata are co-localized with GluR1; inspection of 31 somata in 
differentt regions of the retina did not reveal co-localization (Fig. 8a,b). 
Furthermore,, the typical large-sized horizontal cell somata were never observed in 
anyy of the GluR1-immunostained sections. 

Figuree 8c,d illustrates a double-staining for CaBP and GluR2. The characteristic 
large-sizedd CaBP-IR somata were never observed in GluR2 immunostained 
sections.. A test on 15 CaBP-IR somata did not show a single case of co-
localizationn with rabbit-GluR2C. However, at the ultrastructural level GluR2 
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immunoreactivityy was found in horizontal cell compartments contacting rods (Fig. 
7a-c,d)) and cones (not shown). There is ample evidence that horizontal cells are 
drivenn by AMPA receptors 83'84'110'111

i but probably the protein levels in the somata 
aree too low to be detected. 

FigureFigure  7. 

UltrastructuralUltrastructural localization of rabbit GluR2-C immunoreactivity in the OPL of the rat retina, a-c: Serial 
sectionssections through the base of a rod spherule. Indicated are the presynaptic ribbon (Rb), the two 
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horizontalhorizontal processes (H) and the invaginating bipolar process (Bp). The bipolar compartment is not 
labelledlabelled within the synaptic complex itself but when the process is followed labelling is localized 
somewhatsomewhat farther away (long arrows). One of the two horizontal cell processes is labelled (short 
arrows)arrows) showing GluR2 immunostaining closer to the triad. Bar = 0.5 pm. d: Labelling of one of the 
horizontalhorizontal processes invaginating into the base of a rod sperule. The bipolar compartment is not 
labelled.labelled. Bar = 0.25 pm. e: Localization of GluR2 in the outer zone of the INL is confined to the 
cytoplasmcytoplasm of neurons. The OPL is positioned at the left side just outside the picture frame. The neuron 
atat the bottom shows GluR2 labelling concentrated in three spots (arrowheads) while the neuron at the 
toptop is not labelled. Note the absence of labelling over the nuclei (Nu). Bar = 0.5 pm. 

FigureFigure  8. 

a-b:a-b: GluR1-IR somata located in the INL (arrows) are a different population than CaBP-IR horizontal 
cellscells (o). c-d: Rabbit-GluR2C and CaBP. No co-localization was observed. Bar = 10 pm. 

Discussio n n 
Thee most important finding of this study is that somata in the INL identified as ON-
bipolarr cells by specific markers (PKC, mGluR6, recoverin, Goa) are for the greater 
partt immunopositive for GluR2. An overview of the co-localization percentages is 
givenn in Table 2. Based on physiological studies, it is generally accepted that the 
signall transfer between the photoreceptors and the ON-bipolar pathway is mediated 
byy the metabotropic mGluR6 receptor operating a cGMP-gated cation channel 
78.79,98,112-1144 However, the immunocytochemical evidence presented herein shows 
thatt the rod and cone ON-bipolar cells express not only the mGluR6 receptor but also 
thee AMPA-type subunit GluR2. This finding may have consequences for our insight in 
thee processes underlying signal transduction of light-evoked responses along the 
ON-pathwayy in the outer retina. 
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Riboprobess of similar length were used for in situ hybridization, showing that 
GluR22 is the most abundantly expressed subunit in the rat retina followed by GluR1, 
3,, and lastly GluR4. The patterns described in the present study are in good 
agreementt with earlier reports 81,82. At the protein level, the localization of AMPA-type 
GluRsGluRs in the retina has been described for cat 85^790, rat 4 M 8 6 9 , goldfish BM«*115, 
andd carp 116. We will, therefore, restrict the discussion mainly to the localization of 
AMPA-typee GluR subunits in the outer retina with respect to their localization in 
bipolarr cells. 

GluR1 GluR1 
Thee relatively low mRNA transcript level in the outer INL suggests that the somata in 
thatt region do not express the GluR1 subunit at high levels. Indeed, using 
immunocytochemistry,, a small fraction of the cell bodies located in the outer zone of 
thee INL was shown to express low levels of the GluR1 subunit. These cells are 
probablyy the source of the relatively low number of labeled punctae in the OPL. 
Ultrastructurally,, these punctae were related to non-invaginating synaptic contacts 
withh cones. This confirms earlier reports in the rat83,84. Also in the OPL of the cat, 87, 
andd mouse, w it was found that GluR1 immunoreactivity is located in the apical 
processess of (OFF) bipolar cells making flat non-invaginating contacts with cone 
pedicles.. As predicted by these observations, co-localizations of GluR1 and ON 
bipolarr specific markers did not reveal the presence of GluR1 in ON-bipolar cells. In 
conclusion:: most observations, including ours, locate GluR1 protein expression in the 
OPLL postsynaptically in the basal synaptic contacts with cones, indicative for a 
specificc role in the cone-OFF pathway. Unexpectedly, no evidence was found for an 
expressionn of GluR1 in strong recoverin-IR somata, claimed to be a characteristic 
featuree of OFF-bipolar cells 77. Although we do not consider this as a proof for the 
absencee of GluR1 in OFF-bipolar cells, it does show that there is a subclass of 
GluR1-IRR cells that consists of recoverin-negative OFF bipolar cells. Recently, Hack 
ett al. showed that besides the localization of GluR1 immunoreactivity in flat basal 
contactss with cones, the localization of GluR1 in similar contacts with rods 83,84. 
However,, we are unable to validate their claim of an association with rods. This may 
bee explained by the fact that the staining intensity for GluR1 in our hands was less 
strongg in the OPL in comparison to their results, or that such contacts are extremely 
rare. . 

GluR2 GluR2 
Thee GluR2 transcript level was equal over the complete width of the INL. Despite the 
factt that the spatial resolution of autoradiography is not very high, it indicates that the 
GluR22 gene is expressed by many of the cells bordering the OPL, which corresponds 
withh the position of rod-bipolar cells. Moreover, it has been reported that a GluR2 
riboprobee labels dissociated rat retinal cells with typical rod bipolar cell morphology 
81.. In line with these hybridization data, all three GluR2 subunit specific antibodies 
labeledd many of the cell bodies in the INL bordering the OPL and their dendritic 
processess extending into the OPL. The ultrastructural localization of GluR2 in the 
cytoplasmm of the INL neurons showed a patchy distribution, which may reflect the site 
off GluR2 subunit synthesis or the pool of GluR2 retained in the endoplasmatic 
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reticulumm 117. Protein Kinase C is a recognized marker for rod ON bipolar cells 
72,77,93,94,1188 anc j o n | y a m i n o r fraction (5%) of the rod bipolar cell population may not 
bee detected by PKC 77. Different combinations of the two different PKC antibodies 
andd the three GluR2 antibodies directed against different epitopes of the subunit 
resulted,, invariably, in a high level of co-localization with percentages up to 75%. A 
similarr degree of co-localization was observed with a monoclonal antibody against 
GoaThiss protein is involved in the downstream signal cascade of mGluR6. It is 
interestingg to note that Goa is confined to PKC-IR bipolar cells and not localized in 
conee bipolar cells, which suggest that the cone ON-bipolar pathway makes use of a 
differentt mGluR6 driven G-protein. 

GluR22 with recoverin, a marker for both ON and OFF cone bipolar cells, 
demonstratedd that about 90% of the cone bipolar cells express GluR2. From a 
theoreticall point of view, these bipolar cells could be all OFF type, but the 
combinationn of recoverin and mGluR6 showed that only 65% of the cone bipolar cells 
wass identified as OFF-type. These results demonstrate that GluR2 is expressed by 
rodd and cone ON-bipolar neurons. The experiments combining a marker of ON 
bipolarr cells, mGluR6 90,10 , with GluR2 resulted in a somewhat lower degree of co-
expressionn (40%) but this is probably due to the use of the goat GluR2C antibody, 
whichh detects GluR2 somewhat less efficiently. In direct support of our findings is the 
labelingg of putative rod bipolar cells by GluR2 antibodies in dissociated cell 
preparationss from mouse81 and rat retina 4. 

Att the ultrastructural level, the localization of GluR2C on one of the two horizontal 
celll processes at the rod ribbon synapse is in agreement with Hack et al. 1999, 2001. 
Wee also observed frequent labelling of compartments associated with the base of the 
rodd terminal, which may reflect flat non-invaginating synaptic contacts M . In addition, 
wee found examples of bipolar processes that clearly invaginated the rod terminal and 
expressedd label outside the invaginating part of dendrite. To which bipolar cell class 
thesee GluR2 containing processes belong has not yet been elucidated. It was 
suggestedd that they represent processes from OFF bipolar cells with a mixed input 
fromm rods and cones, underlying a direct pathway from rods to OFF ganglion cells 
observedd in coneless mice and in mGluR6 deficient mice 119120. A reconstruction 
studyy identified an OFF bipolar type with rod and cone input with an axon terminal in 
thee OFF stratum of the IPL 121. No specific marker is known for this particular type of 
bipolarr and, consequently, no information is available on their relative number. 
However,, the morphology of this mixed input bipolar is clearly different from the 
typicall PKC-IR cell terminating in the ON stratum of the IPL. In view of the GluR2 
localizationn in rod bipolar cells together with the fact that PKC-positive processes 
contactingg cone pedicles have never been found, it must be considered that the 
GluR22 positive structures contacting rods represent dendrites from rod ON-bipolar 
cells94-95122. . 

Reviewingg the literature on the ultrastructural localization of GluRs in the OPL 
gavee several other reports of a localization of GluRs associated with ON bipolar 
dendrites.. In the cat, the invaginating dendrites contacting cones expressed GluR2/3 
andd GluR4, while dendrites contacting rods expressed only GiuR2/3 
immunoreactivityy in the tip of their dendrites 85,9 . The presence of GluR2/3 
immunoreactivityy on dendrites invaginating into rod spherules has been described for 
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thee rat and mouse retina 3. The GluR2/3 immunoreactivity was depicted as being 
concentratedd at the site of the invagination of the dendrite into the rod spherule, and 
appearss to differ from the localization of GluR2 at non-invaginating dendrites M . In 
thee carp, ON and OFF bipolar processes contacting red cones were GluR2/3-IR 116. 

GluR3GluR3  and GluR4 
Thee GluR3 transcript level was uniformly over the width of the INL suggesting an 
expressionn by ON-bipolar cells. Unfortunately, the antibodies tested did not give rise 
too specific immunocytochemical labelling patterns in the retina. The use of the 
GluR2/33 antibody yields only limited information due to its limited specificity. The 
observationn that 74% of the PKC-IR cells were also GluR2/3 positive confirms the 
findingg with the GluR2 specific antibodies but may not be regarded as evidence for 
thee expression of GluR3 by rod ON-bipolar cells. 

Thee hybridisation signal over the INL for GluR4 was, in comparison to the other 
threee subunits, far less strong 81. The punctate immunostaining pattern in the OPL 
indicatess expression by horizontal or bipolar cell processes; however, the staining of 
somataa in the INL was very weak and did not allow us to commence double staining 
procedures.. GluR4 localization in the cat retina revealed a localization in the dendritic 
tipss of invaginating (ON) cone bipolar cells85. 

FunctionalFunctional  studies  on the presence  ofAMPA-type  GluRs  in  bipolar  cells 
Fromm the above it is concluded that gene expression and immunocytochemical 
studiess have produced ample evidence that, in addition to OFF-bipolar cells, ON-
bipolarr cells also express AMPA-type GluRs. It is, therefore, of interest to address 
thee question whether there is physiological evidence in support of this. In OFF cone 
bipolarr cells, AMPA-receptor mediated depolarisations have consistently been found 
3,72,75,76,102,123,1244 Current-voltage analysis revealed a linear relation indicating that the 
receptorss contain the GluR2 subunit associated with a low calcium permeability of 
thee glutamate operated ion channel76,123. In the ground squirrel, kainate receptors in 
additionn to AMPA-receptors have been implicated to mediate the transmission 
betweenn cones and certain morphological types OFF bipolar cells 125126. 

Inn contrast, most electrophysiological examinations on the sensitivity for AMPA 
rodd and cone ON bipolar cells failed to detect direct AMPA-type GluR mediated 
responses.. In retinal bipolar cells dissociated from the cat, all of the 15 sampled 
PKC-IRR cells displayed a glutamate elicited outward current that was cGMP-
dependentt and APB sensitive 72. In the rabbit, all of the recorded 49 cone ON-bipolar 
sevenn rod bipolar cells responded to the mGluR6 agonist AP-4, while none showed a 
responsee to the application of kainate or showed a change in membrane resistance 
124.. In a study with rod bipolar cells isolated from rat retina, 4 out of 11 cells yielded a 
kainatee response but no further details were given 118. In rat retinal slices, 
morphologicallyy identified cone ON-bipolar cells displayed, in about 40% of the 
studiedd cells, a 6-cyano-7-nitoquinoxaline-2,3-dione (CNQX)-sensitive, short-latency 
responsee to kainate-application 76. Most likely, these responses are indirectly 
generatedd by AMPA-receptors on All amacrine cells that are coupled via gap 
junctionss to cone ON-bipolar cells. In a retinal slice preparation of the rat, rod bipolar 
cellss responded to kainate application. Although this response could be blocked by 
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co-applicationn of CNQX, suggesting the involvement of AMPA receptors, the 
responsee was also blocked by bicuculline and strychnine, indicating an indirect 
GABAergtcc effect via glutamate receptors on horizontal cells 75. In a study on rod 
bipolarr cells in the rat retinal slice, application of kainate or AMPA elicited via an 
indirectt route a conductance increase for chloride 127. 

Howw can it be that physiological studies have been unsuccessful to detect AMPA-
receptorr mediated responses while morphological studies indicate the expression of 
thesee receptors? Recently, it has become clear that the membrane expression of the 
GluRR subunits is under the control of a complex molecular machinery balancing 
insertionn and removal of GluRs from the membrane (receptor trafficking) 43'128. 
Differentt extracellular stimuli can alter the equilibrium and trafficking is now 
consideredd an important mediator for functional changes of synaptic strength. For 
instance,, stimulation may activate "silent synapses", contacts lacking AMPA-
receptorss in the postsynaptic membrane, by triggering insertion of GluR subunits into 
thee membrane. In view of our observations that the GluR2 subunit is located at some 
distancee from the site of glutamate release, the recent finding that GluR2-containing 
AMPAA receptors display rapid lateral movements may be of interest 60. It may be 
assumedd that these dynamic systems, or adaptations thereof, are present in the 
dendritess of bipolar cells and that, under the conditions studied (slices and 
dissociatedd cells) the ionotropic GluRs are predominantly stored in a cytoplasmic 
compartmentt near the active zone. These AMPA-receptors may then become 
functionallyy active after membrane insertion only under certain light or adaptive 
conditions.. Finally, the functional role of co-activation of mGluR6 and AMPA-type 
GluRs,, which will give rise to an antagonising electrical response, is not clear, and 
awaitss further study. 
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GeneGene expression  ofAMPA-type  glutamate  receptor 
subunitssubunits  in  rod-type  ON-bipolar  ceils  of  rat  retina 

WillemWillem Kamphuis, Frederike Dijk and Brendan J. O'Brien 

EuropeanEuropean journal of neuroscience 18:1085-1092 (2003) 

Abstract t 
Thee retinal rod bipolar cell type is involved in the sign-inverting depolarising ON-type 
responsee to light. This response is mediated by the metabotropic glutamate receptor 
typee 6 (mGluR6) expressed on the rod bipolar dendrites. In a previous 
immunocytochemicall study, an unexpected colocalisation was reported of mGluR6 
withh the ionotropic AMPA-type glutamate receptor subunit GluR2 in rod bipolar cells 
off rat retina (Chapter 2)129. The aim of the present study was to investigate whether 
expressionn of both genes could be found at the single-cell level. Two approaches 
weree followed: (i) Retinal cells were isolated by enzymatic and mechanical treatment. 
Singlee cells with a bipolar morphology were harvested, subjected to multiplex PCR 
withh PKC, mGluR6, and GluR1-4 specific primers, followed by a real-time quantitative 
PCRR assay. Of 23 studied cells, 74% expressed PKC, 87 % expressed mGluR6. 
Usingg the presence of both transcripts as the criterion for a rod bipolar cell signature 
(n=15),, 73% of these cells expressed GluR2, with a minor contribution of GluR1 
(20%),, GluR3 (7%), and GluR4 (20%). Quantification of the transcript levels 
demonstratedd that mGluR6 and GluR2 genes are expressed at similar levels in rod 
ON-typee bipolar cells, (ii) Rod bipolar cells were identified in retinal sections by 
immunolabellingg with a protein kinase C antibody and isolated using laser pulse 
catapultingg (LPC). Quantitative PCR was employed to assess gene expression levels 
off reference genes, PKCa, mGluR6, and the GluR subunits. However, in samples 
fromm PKCa immunopositive somata no significant enrichment of PKCa transcript 
levelss was observed when compared with control samples from immunonegative 
somata.. We conclude that this approach lacks sufficient spatial specificity. 
Inn conclusion, the results show co-expression of mGluR6 and GluR2 in rod bipolar 
cells,, which is in good agreement with the results of previous immunocytochemical 
studies.. The functional implications of AMPA-type glutamate receptors for ON-type 
rodd bipolar mediated signal transduction remains to be elucidated. 
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Introductio n n 
Inn the outer retina photoreceptors make glutamatergic synaptic contacts with 
horizontall and bipolar cells. The light-induced variations in photoreceptor glutamate 
releasee are detected by glutamate receptors expressed by horizontal and bipolar 
cells.. Two functional classes of bipolar cells are present which either depolarise (OFF 
bipolarr cells) or hyperpolarise (ON bipolar cells), in response to glutamate released 
fromm photoreceptors 72>75-77'130. A single morphological type of rod bipolar exists in the 
mammaliann retina, while cone bipolar cells comprise diverse morphological classes 
thatt are divided into ON- and OFF-types 78. The general consensus is that the sign-
invertedd ON-response to light increment is mediated by the metabotropic glutamate 
receptorr type 6 (mGluR6) while the sign-conserving OFF response is elicited through 
activationn of ionotropic a-amino-3-hydroxy-5-methyl-isoxazole-4-propionate (AM PA) 
typee and kainate type glutamate receptors (GluR)3707879126. 

Thee subunits of the ionotropic AMPA type GluR are encoded by four different 
geness (GluR1 to 4) that combine to form heteroligomeric receptors 23. In Chapter 2 
wee describe the colocalisation of GluR2-immunoreactivity in the distal inner nuclear 
layerr of the rat retina with specific markers for ON-type bipolar cells 129. 
Approximatelyy 75% of the PKCa- immunopositive rod ON-type bipolar cells were 
immunoreactivee for GluR2-specific antibodies. Moreover, a large fraction of the 
mGluR6-immunopositivee somata co-expressed GluR2 immunoreactivity. These and 
otherr studies indicate that the expression of AMPA-type GluRs is not just restricted to 
thee cone driven OFF-pathway but that they may also be involved in the transduction 
off rod generated signals4818390. 

Inn this chapter, this issue was further explored at the level of gene expression by 
assessingg the levels of PKCa, mGluR6 and GluRs1-4 transcripts, using real-time 
quantitativee PCR. Two approaches were followed: (i) Single bipolar cells were 
harvestedd from a dissociated cell preparation of rat retina 118, and (ii) tissue samples 
containingg PKC-immunopositive somata were isolated using laser pressure 
catapultingg (LPC). Our results demonstrate that GluR2 is expressed in 73% of the rat 
rodd bipolar cells at levels that are similar to the levels of PKCa and mGluR6. 

Material ss  & Method s 

DissociationDissociation  of  retina  and single-cell  harvesting 
Animall handling and experimental procedures were reviewed and approved by the 
ethicalethical committee for animal care and use of the Royal Netherlands Academy for 
Sciences,, acting in accordance with the European Community Council directive of 24 
Novemberr 1986 (86/609/EEC) and the ARVO statement for the use of animals in 
ophthalmicc and vision research. All efforts were made to minimize suffering and 
numberr of animals used for the study presented here. 

Adultt rats (Wistar) were sacrificed and the eyes enucleated. The ocular globes 
weree hemisected behind the ora serrata, the vitreai body was removed, and the 
retinaa gently brushed free from the eyecup. The details of the enzymatic dissociation 
proceduree have been described previously 118. The cells contained in the dissociation 
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solutionn were plated onto poly-D-lysine coated coverslips and allowed to settle for 20-
300 min. Bipolar cells were selected on the basis of their characteristic shape (Fig. 1). 
Mostt of these cells were previously shown to be PKC-immunopositive and therefore 
off the rod ON-bipolar class77>94'118. 

FigureFigure  1. 

PhotomicrographPhotomicrograph of a bipolar cell dissociated from adult rat retina. The dendritic arborisations (arrow) 
andand the long axon together with its large terminal (arrowhead) are preserved. Scale bar is 10 \im. 

Coverslipss were transferred to a recording chamber fitted on a Zeiss Axioscope 
andd imaged with a CCD camera through a 40x water immersion objective 
supplementedd by a 3x lens inserted into the light path. Bipolar-shaped cells were 
targetedd with thick wall (1.5/0.86 mm) borosilicate glass pipettes which had been 
previouslyy baked for > 4 hours at C to inactivate RNases. Pipettes (2-5 MQ) 
weree filled with internal solution (in mM: KCI 140, MgCI2 3, HEPES 10, EGTA 0.5-5) 
thatt had been sterile filtered and autoclaved. Individual cells with bipolar morphology 
(Fig.. 1) were harvested into the micropipette using gentle suction and expelled into a 
PCRR tube containing: random primers 5 uM, dNTPs 5 mM, DTT 0.01 mM, RNase 
inhibitorr (Promega, 20 U), and Superscript II reverse transcriptase (Invitrogen, 100 U) 
whosee total volume was 10 ul. Any remaining membrane attached to the pipette after 
harvestingg was removed by passing the tip one or more times through the air/bath 
interfacee before expelling the pipette contents. In addition, control experiments were 
performedd in which the micropipette was introduced into the perfusion chamber; a 
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smalll sample of bath solution was sucked into the pipette tip (without harvesting a 
cell),, and then expelled as above. 

Single-cellSingle-cell  cDNA synthesis  and multiplex  PCR 
cDNAA was made from cellular mRNA in the above-described PCR tubes overnight at 
377 . These tubes were subjected to a PCR (Qiagen) in a final volume of 100 pi (94 

,, 2 min; 20 cycles of , 30s; , 30s; , 45s, followed by a 10 min 
extensionn step at ) containing 20 pmol of all multiplex primers listed in Table 1; 
somee previously tested and employed by Porter et al.131. Of the resulting multiplex 
PCRR mixture, 1 ul was used as a template for each, transcript specific, quantitative 
PCRR (qPCR) assay (45 cycles). 

ImmunolabellingImmunolabelling  and Laser  Pressure  Catapulting 
Wistarr rats (200-300 g) were killed by 50 mg sodium pentobarbital (i.p.). Cornea, iris 
andd lens were removed and the vitreous overlying the retina was carefully brushed 
away.. The eyecup was placed in 2% paraformaldehyde (PFA) in 0.1 M Phosphate 
Bufferedd Saline (PBS), pH 7.4, for 60 min. The eyecup was then rinsed a few times in 
PBS,, cryoprotected in 15% sucrose-PBS (15 min), 30% sucrose-PBS (30 min), 
embeddedd in Tissue Tek and frozen over dry ice. All solutions were 
diethylpyrocarbonatee (DEPC; 0.1%) treated and autoclaved, or prepared with DEPC-
treatedd water. Cryosections of 6-8 urn were cut and thaw-mounted on poly-L-lysine 
coatedd slides. Blocking was performed by preincubation with 10% normal goat serum 
(preparedd from 500 ul undiluted normal goat serum treated with 2 pi RNAseOUT 
(40U/ul;; Invitrogen)), 1% bovine serum albumin, 0.4% Triton X-100, 1 U/ul 
RNAseOUTT in 0.05M Phosphate Buffer (PB), pH 7.4, for 30 min. Subsequently, the 
sectionss were incubated with a monoclonal anti-PKCa antibody (Transduction 
Laboratories)) diluted 1: 3000 in PB containing 3% normal goat serum, 1% BSA, 0.4% 
Triton-- X-100, and 1 U/ul RNAseOUT. Incubations with the primary antibodies were 
carriedd out for 1 hour at room temperature. Slides were rinsed in PB and incubated 
withh goat anti-mouse F(ab')2-Cy3 secondary antibodies for 30 min (Jackson 
ImmunoResearchh Laboratories; 2-3 mg/ml). Sections were washed, dehydrated in 
70%-100%% ethanol and air-dried. Immunofluorescent detection was preferred over 
peroxidase-- or phosphatase-activity dependent detection 132. 

Thee immunofluorescence was visualized with a microscope fitted with a 
PALM®MicroBeamm System (P.A.L.M. Microlaser Technologies). A high-sensitivity 
CCDD camera provided a clear image of the position of the PKC-immunoreactive 
somataa in the distal inner nuclear layer. Areas of interest, clusters of PKC-positive 
somata,, were selected and were laser pressure catapulted (LPC), contact-free, 
againstt gravity into collecting caps coated with 4 pi mineral oil. After collecting 50 
"LPC-shots",, 10 pi of lysis buffer (4 M guanidine thiocyanate, 25 mM tri-
sodiumcitrate,, 0.5% Sarcosyl) was added to the cap. The cap was placed on a tube, 
frozenn in dry ice and stored at -80 . After LPC isolation, sections were embedded 
inn Vectashield containing DAPI (Vector) and viewed with a Leica DMRE fluorescence 
microscope. . 
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RNARNA isolation  and cDNA synthesis  ofLPC  isolated  samples 
Thee cap containing LPC samples was thawed and the tube was centrifuged. To the 
content,, 100 pi digestion buffer (10 mM Tris, 50 mM NaCI, 5mM EDTA, 100 ug 
Proteinasee K (Invitrogen)) was added in order to improve mRNA recovery 132. The 
tubess were incubated for 2 hr at C on a shaking heating block (1000 rpm, 20 s 
interval).. The proteinase K was inactivated at C for 10 min. Total RNA was 
isolatedd using 400 pi TRIzol Reagent (Invitrogen) and 72 pi chloroform. To facilitate 
precipitation,, 20 pg glycogen was added. After centrifugation, the supernatant was 
collectedd and RNA was precipitated with 225 pi isopropanol for 15 min. After 
centrifugationn at , the pellet was washed with 75% ethanol and dried. The RNA 
samplee (dissolved in 6.2 pi DEPC-treated H20) was DNase I treated (0.5 unit DNase 
I,, Amplification Grade, Invitrogen; 15 min at 20 ) to degrade possible genomic DNA 
contamination.. DNase was heat-inactivated and the total sample was reverse 
transcribedd into first strand cDNA with 50 U/pl of Superscript II Pius RNase H' 
Reversee Transcriptase (Invitrogen) and 50 ng/pl random hexamer primers, during 50 
minn at . Of the resulting 20 pi of cDNA sample, 1 pi was used for each qPCR 
assay. . 

Real-timeReal-time  quantitative  PCR 
Thee quantitative assessment of mRNA levels was carried out using a detection 
systemm (ABI Prism 5700 Sequence Detection System; Applied Biosystems Inc.) 
dedicatedd to the real-time monitoring of SYBR® Green I dye fluorescence (SYBR® 
Greenn Core Reagent Kit). The outcome of the qPCR is expressed as the number of 
PCRR rounds (Ct) needed to pass a fixed threshold level of fluorescence (Rn = 0.125). 
Thee final qPCR reaction conditions were: 1x SYBR Green PCR buffer, 3 mM MgCI2, 
2000 mM dATP, 200 mM dGTP, 200 mM dCTP, 400 mM dUTP, 0.5U AmpliTaq Gold, 
0.2UU AmpErase UNG (uracil-N-glucosylase), 2 pmol primers, and 1 pi of the LPC-
isolatedd cDNA sample or of the multiplex PCR mixture in a total volume of 20 pi. An 
initiall step of 50 C for 2 min was used for AmpErase incubation followed by 10 min 
att 95 C to inactivate the AmpErase and to activate the AmpliTaq. Cycling conditions 
were:: melting step at 95 C for 15 s and annealing/extension at 60 C for 1 minute, 
withh 45 cycles. The dissociation curve, generated at the end of the PCR run by 
rampingg the temperature of the sample from 60  to , meanwhile continuously 
collectingg fluorescence data, showed a single product with a melting temperature 
(Tm)) distinct from that of primer-dimer products. 

Non-templatee controls were included for each primer pair to check for any 
significantt levels of contaminants. Primer-dimer products were present in non-
templatee controls of the GluR3 amplification, but had a significantly lower Tm. 

Preliminaryy experiments were performed on cDNA samples prepared from total rat 
retinaa to establish the amplification efficiency for each of the primer pairs; allowing a 
comparisonn of the expression levels of different target genes and a transformation of 
thee Ct values to the linear domain 133. Different dilutions of a retina-cDNA sample 
weree subjected to qPCR. The resulting Cf values are plotted against the logarithm of 
thee dilution factor, and the slope of the best-fit line is a measure for the reaction 
efficiencyy E = 10 -<1/6k)Pe> (see for details Applied Biosystems User Bulletin #2). The Cf 
valuess were highly correlated with the dilution factor (R2 > 0.99). 
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Result s s 

ControlControl  experiments  on total  RNA samples  from  rat  retina 
Thee multiplex primers were tested on total rat retina cDNA samples and were found 
too yield single PCR products with the anticipated size based on agarose gel 
electrophoresiss (not shown; Table 1). The qPCR primers were tested on serial 
dilutionss of total rat retina cDNA samples. All primer combinations had an 
amplificationn efficiency (E) with a value close to 2. For all subsequent calculations 
E=22 was used. The dissociation curve and the agarose gel electrophoresis showed 
thee formation of a single product with the correct size (Tables 1 and 2). 

TableTable  1a 

Targett  Sense Antisens e e bp p GenBan n 
k k 

GluR11 TTACCACAGAGGAAGGCATGATC 

GluR22 TGTGTTTGTGAGGACTACCGCA 

GluR33 GCAGAGCCATCTGTGTTTACCAA 

GluR44 GCAGAGCCGTCTGTGTTCACTAG 

mGluR66 GCCTACTGATGGCCGGAC 

PKCaa TGAACCCTCAGTGGAATGAGTCCT 

CAGTCCCAGCCCACCAATCC 365 

GGATTCTTTGCCACCTTCATTCC 453 

AGTTTTGGGTGTTCTTTGTGAGTTT 472 

TTTGTTTCTTGTGGCTTCGGAA 480 

AGCACAGATGGCTGCACAAA 652 

ATGGCTGCTTCCTGTCTTCTGAAGG 327 

M36418 8 

M36419 9 

M36420 0 

M36421 1 

D13963 3 

X07286 6 

PrimerPrimer sequences for multiplex PCR reaction, anticipated amplicon length, GenBank accession number 

TableTable  1b 

Targett  Sense Antisens e e bp p GenBank k 

GluR11 GAGCAACGAAAGCCCTGTGA 

GluR22 AACGAGTACATCGAGCAGAGGAA 

GluR33 TTCGGAAGTCCAAGGGAAAGT 

GluR44 GGCTCGTGTCCGCAAGTC 

mGluR66 GCCCTTAGACTGGATATGGAAGTTC 

PKCaa CGGACGACACGGAATGACTT 

GAPDHH TGCACCACCAACTGCTTAGC 

HPRTT ATGGGAGGCCATCACATTGT 

CaBPP TGAAGCTGTTCGACTCAAATAATGAT 

GFAPP TGGTATCGGTCCAAGTTTGCA 

CCCTTGGGTGTCGCAATG G 

GATGCCGTAGCCTTTGGAATC C 

CACGGCTTTCTCTGCTCAATG G 

TTCGCTGCTCAATGTATTCATTC C 

CTTCACCATCIII I I ICCGTTCAC 

TTGTAGTATTCACCCTCCTCTTGGTTT 116 

GGCATGGACTGTGGTCATGA A 

ATGTAATCCAGCAGGTCAGCAA A 

CCTGGAATTTAAGAAGGAAATTTTC C 
C C 

TGGCGGCGATAGTCATTAGC C 

80 0 

78 8 

76 6 

77 7 

111 1 

116 6 

87 7 

77 7 

76 6 

98 8 

80.1 1 

79.8 8 

80.7 7 

80.5 5 

85.7 7 

79.7 7 

83.0 0 

81.1 1 

79.2 2 

85.2 2 

M33197 7 

M31642 2 

NM_031984 4 

NMM 017009 

PrimerPrimer sequences for quantitative PCR reaction, anticipated amplicon length, and observed Tm CQ. 
Abbreviations:Abbreviations: CaBP, calcium binding protein; GFAP, glial fibrillary acidic protein. 

Thee sensitivity of the qPCR detection was sufficient to study the LPC-cDNA 
samples,, representing approximately 50-100 cells, without need for a 
preamplificationn step with a multiplex PCR. However, the samples obtained from 
single-cellss had to be pre-amplified with a multiplex PCR (20 cycles), followed by 
transcript-specificc amplification with nested primers under qPCR conditions. Since 
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ourr intention was to design a sensitive protocol that allowed for a quantitative 
assessmentt of expression levels from a single cell, it was essential to test whether 
thee outcome of the qPCR assay would reflect different levels of input into the 
heteroduplexx PCR. For this purpose, different amounts of whole rat retina cDNA 
weree diluted in the internal solution used to fill the pipette. The following amounts, 
correspondingg with the amount of RNA input in the cDNA synthesis, were tested: 
1000 - 200 - 400 - 800 - 1600 - 3200 - 6400 pg. This corresponds with the RNA 
contentt of approximately 1 - 60 cells. A control sample without cDNA was included to 
checkk for false-positive results caused by contamination of the solutions used. Three 
differentt whole retina cDNA samples (A, B, C) were tested. 

Thee different amounts were subjected to 20 cycles of the multiplex PCR followed 
byy qPCR analysis. The resulting Cf values were related to the logarithm of the 
amountt of input (pg). Since we found that the amplification efficiency of the qPCR 
reactionn is close to optimal, with the amount of target doubling each cycle, the 
relationn between Cf and amount is determined by the efficiency of the heteroduplex 
PCR.. As is shown in Table 2, the efficiency (E) of the complete amplification chain is 
stilll close to optimal; with average E values for PKC, 1.90; mGluR6, 1.95; GluR1, 
1.82;; GluR2, 1.97; GluR3, 1.93; GluR4, 1.94. The Cf showed a high correlation 
coefficientt with the amount. The relative expression levels of the six studied genes 
afterr multiplex PCR preamplification was comparable to the levels assessed directly 
onn retinal cDNA. This outcome shows that the combination of heteroduplex followed 
byy qPCR can indeed disclose quantitative information on specific transcript levels in 
thee original sample. The above E-values were used to calculate the gene expression 
levelss in single cells, but the outcome of the study was not different when E=2 was 
usedd for all transcripts. 

TableTable  2. 

Target t 
PKCa a 
mGluR6 6 
GluR1 1 
GluR2 2 
GluR3 3 
GluR4 4 

sampl ee A 
E E 
2.06 6 
1.85 5 
1.72 2 
2.11 1 
1.75 5 
1.88 8 

Rz z 

0.993 3 
0.995 5 
0.990 0 
0.989 9 
0.996 6 
0.939 9 

sampl ee B 
E E 
1.98 8 
1.90 0 
1.86 6 
2.09 9 
1.83 3 
2.01 1 

RR1 1 

0.942 2 
0.952 2 
0.991 1 
0.931 1 
0.923 3 
0.901 1 

sampl ee C 
E E 
1.70 0 
2.10 0 
1.88 8 
1.71 1 
1.87 7 
1.80 0 

R' ' 
0.994 4 
0.981 1 
0.932 2 
0.996 6 
0.997 7 
0.935 5 

AmplificationAmplification efficiency (E) and correlation coefficient (R2) of the single cell assay conditions of multiplex 
PCRPCR followed by gene specific qPCR. The experiment was carried out on a wide range of amounts of 
threethree différent whole retina cDNA samples (A, B, C). 

Single-cellSingle-cell  samples  from  dissociated  retina 
Inn total, 25 cells with bipolar cell morphology were harvested (Fig. 1) and analysed. 
Twoo cells showed no expression of any of the transcripts or just a single transcript at 
ann extremely low level; these cells were not included in the study. Applying the 
LinRegPCRR tool to analyse the increase of SYBR Green fluorescence in the course 
off the PCR showed that all amplifications developed in a log-linear way with 
efficiencyy around 1.95 134. The threshold that the fluorescence had to cross was 
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chosenn in the log-linear phase of the reaction and set at Rn = 0.125. For samples in 
whichh the correct product was amplified, the number of cycles (Ct) ranged between 
18.77 and 32.9; all other samples were classified as having no detectable expression 
forr that particular gene. Control samples (n=8) taken from the bath solution and 
subjectedd to the same amplification protocol; in three different samples weak positive 
amplificationn signals were found for GluR1 (Ct = 36.6), GluR2 (Ct = 32.9), and GluR4 
(Ct(Ct = 34.2). Furthermore, non-template controls did not result in amplification of 
specificc products. 

Off the final 23 cells, 17 expressed PKC, 20 mGluR6, 3 GluR1, 15 GluR2, 1 
GluR3,, and 3 cells revealed GluR4. Of the 17 PKC positive cells, 15 also expressed 
mGluR66 (88%) and these cells were considered to be rod bipolar cells. Of this group, 
GluR11 was detected in 3 cells (20%), GluR2 in 11 (73%), GluR3 in 1 (7%), and 
GluR44 in 3 cells (20%). GluR2 was found without other subunits in 6 out of 11 cells, 
andd combinations of GluR2 with GluR4 (3 cells), GluR1 (1 cell), and GluR3 (1 cell) 
weree encountered. 

Ass shown above, the multiplex PCR and subsequent qPCR are characterized by a 
linearr amplification of specific transcripts from the original cDNA. Based on the 
controll tests, the determined E values were applied to each gene to convert the 
exponentiall Ct values into the linear domain. The results for the group of 15 cells 
positivee for PKC and mGluR6 are presented in Table 3. The levels of PKC and 
mGluR66 were significantly correlated (R2 = 0.72; P<0.01), and also the levels of 
GluR22 were correlated with PKC levels (R2= 0.82; P < 0.001) and with mGluR6 (R2 = 
0.69;; P < 0.01). For the 11 cells that expressed PKC, mGluR6, and GluR2 similar 
correlationss were found. This indicated that the differences in expression level 
betweenn the studied cells are most likely caused by variations in the amount of cDNA 
generated.. Normalization against the levels of PKC reduced the variation in the 
levels.. The normalized levels of mGluR6, and GluRs1-4 are presented in Fig. 2. Two 
cellss had exceptionally high mGluR6 levels compared to PKC (Table 3; cells 7 and 
13)) and these cells were not included in Fig. 2. 

Off the 23 cells studied in total, 5 cells showed expression of mGluR6 without PKC. 
Thesee cells might represent the cone-ON bipolar cell type. In 2 of these cells GluR2 
wass detected. However, this class is not represented by enough cells to draw any 
definitee conclusions. 

FigureFigure  2. 

1.0 0 

0.8 8 

0.6 6 

mGluR66 GluR1 

I.. . 
6luR22 GluR3 GluR4 
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ExpressionExpression  levels  of  mGluR6  and GluR1-4 normalized  against  the PKC level  (mean  SEM; n=9) in 
cDNAcDNA  samples  obtained  from  single  cells.  Two other  cells  that  showed  expression  of  PKC, mGluR6  and 
GluR2GluR2  were not  included  because  of  exceptionally  high  mGiuR&PKC  ratios:  cell  7, 20.0 and cell  13, 
40.7. 40.7. 

TableTable  3. 

celM M 

celll 2 

celll 3 

celll 4 

celll 5 

celll 6 

celll 7 

celll 8 

celll 9 

celll 10 

celll 11 

celll 12 

celll 13 

celll 14 

celll 15 

mean n 

SEM M 

PKC C 

4735 5 

35 5 

1398 8 

7534 4 

2664 4 

436 6 

96 6 

657 7 

13209 9 

249 9 

3614 4 

4 4 

6 6 

244 4 

522 2 

2360 0 

959 9 

mGluR 6 6 

11263 3 

78 8 

1871 1 

2664 4 

3467 7 

962 2 

1923 1923 

2664 4 

14861 1 

102 2 

2875 5 

18 8 

244 4 

220 0 

117 7 

2889 9 

1124 4 

GluFM M 

--
30 0 

--
--
--
--
28 8 

929 9 

--
--
--
--
--
--
--

66 6 

62 2 

GluR2 2 

7640 0 

--
5291 1 

12497 7 

--
2335 5 

35 5 

--
23646 6 

80 0 

1168 8 

5 5 

1 1 

15 5 

--

3514 4 

1723 3 

GluR 3 3 

--
--
1184 4 

--
--
--
--
--
--
--
--
--
1 1 

--
--

79 9 

79 9 

GluR4 4 

--
--
--
--
--
--
--
--
14657 7 

163 3 

--
--
--
106 6 

--

995 5 

976 6 

DetectedDetected  levels  of  gene expression.  Presented  levels  do not  represent  absolute  copy  numbers  but  are 
derivedderived  from  the qPCR determined  Ct value  and represent,  therefore,  relative  copy  numbers.  -, not 
detected. detected. 

LPCLPC samples  from  PKC-immunoreactive  cells 
Followingg the immunolabelling procedure, laser pressure catapulting (LPC) was 
employedd to isolate spots with a diameter of 10-20 urn from the section. For LPC, 
areass were selected where two or more PKC-positive cells were adjoining, in order to 
reducee contamination of the sample by other cell types. Figures 3a and 3 b illustrate 
thee position of two spots and the resulting isolation of three PKC-immunoreactive cell 
bodies.. Inspection of the sections after embedding and DAPI -DNA staining showed 
thee accurate removal of PKC-immunoreactive somata (Fig. 3c,d). After preliminary 
tests,, final analysis was performed on eight samples, each of which contained 50 
spotss of PKC positive somata, and on one sample that was processed without 
reversee transcriptase. Control spots were taken from the outer nuclear layer (ONL; 3 
timess 50 spots) and from positions in the proximal inner nuclear layer (INL) where no 
PKC-immunoreactivee cells were observed (3 times 50 spots). 

Noo qPCR signal could be derived from the sample treated without reverse 
transcriptasee or in a sample that did not contain LPC collected tissue. All control 
sampless obtained from the ONL presented significant amounts of the housekeeping 
geness glyceraldehyde-3-phosphate dehydrogenase (GAPDH) and hypoxanthine 
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phosphoribosyll transferase (HPRT), but expression of the other studied genes was 
nott detected. All eight samples collected from PKC-positive spots in the inner retina 
revealedd expression of GAPDH, HPRT, PKC, mGluR6, and GluR2. CaBP and GluR4 
weree found in seven samples, GluR1 in six samples, GluR3 in four, and GFAP in one 
sample.. However, in the samples collected from PKC-negative spots in the INL a 
similarr qualitative profile was found. After conversion of the Cf values to amounts, it 
showedd that the levels of the two genes included as reference were similar in PKC-
positivee (GAPDH: 26.7  4.8; HPRT 1.22  0.25) and PKC-negative spots (GAPDH: 
22.88  7.0; HPRT 1.05  0.19) but also that PKC was not enriched in the PKC-
positivee spots (0.62  0.15) compared to PKC-negative spots (PKC: 0.68  0.28). 
Normalizationn against the levels of the reference genes, either GAPDH or HPRT 
(illustratedd in Fig.4) did not improve this ratio. 

Inn conclusion, LPC-isolation is able to isolate somata from the INL without 
contaminationn of the ONL but the dense arrangement and the heterogeneous 
distributionn of different cell types in the INL does not allow for the selection and/or 
enrichmentt of a particular cell type within the INL. 

FigureFigure  3. 
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ExamplesExamples of PKC-immunostained retinal sections. (a,b) Images taken before (a) and after (b) LPC 
isolation.isolation. Asterisks indicate the position of a group of PKC-positive somata. Arrow indicates a single 
PKC-positivePKC-positive cell not selected for isolation. (c,d) After LPC assisted isolation, sections were stained with 
DAPIDAPI and embedded for inspection of PKC-immunoreactivity (c) and distribution of DAPI stained nuclei 
(d).(d). Note that the diameter of the LPC isolated spots is about the size of the somata in the INL but that 
somesome contamination of surrounding cells cannot be excluded. Abbreviations: ONL, outer nuclear layer; 
OPL,OPL, outer plexiform layer; INL, inner nuclear layer; IPL, inner plexiform layer. Scale bars, 10 pm. 
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FigureFigure  4. 
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GeneGene expression levels (mean  SEM) in LPC-isolated spots that contained PKC-immunopositive 
somatasomata or negative somata. Levels were normalized against the expression levels of HPRT. GAPDH 
expressionexpression was much higher and is not included in the figure: 23.7  (PKC-positive) and 25.0
(PKC-negative).(PKC-negative). The expression levels in the two samples types were not significantly different, only 
GluR4GluR4 expression was significantly lower in the PKC-positive samples (P < 0.01; Student t-test). 

Discussio n n 
Thee aim of the present study was to test the hypothesis that rod ON-type bipolar cells 
expresss both the metabotropic glutamate receptor mGluR6 as well as ionotropic 
AMPA-typee glutamate receptors (GluR1-4). Recent developments in real-time 
quantitativee PCR and laser dissection microscopy allow for an evaluation of the 
expressionn level of multiple genes at the single cell level 132'135<136. The first approach 
madee use of harvesting single-cells with a characteristic bipolar morphology, that 
weree enzymatically dissociated from adult rat retina 72,118. The combined procedure of 
multiplexx PCR followed by specific amplification with primers designed for qPCR, 
wass shown to have linear characteristics, permitting quantification of the mRNA 
levelss at the cellular level. Control samples taken from the bath solution did not show 
significantt detection of transcripts. The outcome of our study demonstrates that a 
largee fraction of cells expressing both PKCa and mGluR6 also contained the AMPA-
typee subunit GluR2 transcript (73%). In most cells, GluR2 was encountered as a 
solitaryy subunit, while combinations with GluR1, 3, and 4 were less frequent. 
Quantificationn of the transcript levels showed that levels of mGluR6 and GluR2 are 
comparable;; exceeding PKC mRNA levels by a factor of two. Since PKC is a 
recognizedd marker for rod ON bipolar cells 7277'9394118

i w e conclude that rod ON-type 
bipolarr cells express mGluR6 as well as GluR2. 

Becausee the dissociation procedure may lead to alterations in the gene 
expressionn pattern we attempted to study paraformaldehyde fixed cells. 
Unfortunately,, the technique of laser pressure catapulting to isolate PKC-
immunoreactivee somata from the INL of rat retinal sections lacks sufficient spatial 
resolutionn due to the high density of somata in this layer. 

Thee conclusion that rod ON-type bipolar cells express mGluR6 as well as GluR2 is 
consistentt with morphological observations described in other reports. In situ 

 PKC-positive 
DD PKC-negative I 

wBttóL^ i i 
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hybridizationss have localized high levels of GluR2 gene expression in the INL close 
too the border with the outer plexiform layer (OPL), which corresponds with the 
positionn of rod-bipolar cells 81129-137. Moreover, it has been reported that a GluR2 
riboprobee labelled dissociated rat retinal cells with typical rod bipolar cell morphology 
81.. A GluR2 specific monoclonal antibody labelled all cells with bipolar cell 
morphologyy in a dissociated mouse retinal cell preparation. The labelling was largely 
localizedd in dendrites and soma while labelling of the axon terminal was fainter81. 
Pengg et al. (1995) reported GluR2 immunoreactivity in dissociated rat bipolar cells. At 
thee ultrastructural level in the cat, dendritic tips of invaginating cone bipolar cells 
expressedd GluR2/3 and GluR4 immunoreactivity90. However, in mouse and rat OPL, 
noo GluR2 immunoreactivity was detected on dendrites of cone or rod ON-bipolar 
cells,, but in about one third of the rod spherules GluR2/3 immunoreactivity was found 
inn dendrites of invaginating bipolar cells 83. In most cases, labelling was concentrated 
nearr the site of invagination and not at the tip of the dendrite facing thee ribbon. 

Inn Chapter 2 we describe an extensive series of double-labelling experiments in 
thee rat retina of various combinations of two different PKC antibodies and three 
GluR22 antibodies directed against different epitopes of the subunit. Results 
consistentlyy showed that about 75% of the PKC-positive somata were GluR2-
immunopositivee and that PKC-positive dendrites in the OPL colocalized with GluR2 
129.. Similar results were obtained for PKC and GluR2/3. Additional proof was 
obtainedd by showing that mGluR6 and Goq a protein involved in the downstream 
signall cascade of mGluR6, both co-localized with GluR2. With immuno-electron 
microscopy,, we found examples of bipolar processes that clearly invaginated the rod 
terminall and expressed GluR2 label outside the invaginating part of dendrite. In light 
off our present data, it may be concluded that rod ON-type bipolar cells express 
metabotropicc and ionotropic GluRs. 

Basedd on physiological studies, it is generally believed that the signal transfer 
betweenn the photoreceptors and the ON-bipolar pathway is exclusively mediated by 
thee metabotropic mGluR6 receptor. A light stimulus reduces the glutamate release 
fromm photoreceptors resulting in the inactivation of the mGluR6 coupled G-protein 
signall cascade, followed by the opening of a nonselective cation channel; the 
classicall depolarising ON-response 78-7998-112-114. ionotropic GluRs in OFF bipolar 
cellss close in response to a light stimulus hyperpolarising the cell. Expression of 
AMPAA receptors on the surface of ON-type bipolar cells may be expected to react in 
thee same way. However, as discussed in Chapter 2, most electrophysiological 
examinationss have so far been unable to detect direct AMPA-type GluR mediated 
responsess of rod and cone ON bipolar cells 72727576124129_ -rne 6-cyano-7-
nitoquinoxaline-2,3-dionee (CNQX)-sensitive responses of morphologically identified 
conee ON-bipolar cells to kainate-application, could be attributed to an indirect 
stimulationn of AMPA-receptors on All amacrine cells that are coupled via gap 
junctionss to cone ON-bipolar cells 76127138'139 

Thee discrepancy between morphological and electrophysiological data can at 
presentt not be explained. It may be that the relative strength of the AMPA-mediated 
responsee is small in comparison with the synaptic current mediated by mGluR6, and 
iss simply difficult to detect. Another possible explanation for the absence of AMPA-
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receptorr mediated responses is perhaps found in the existence of a network of GluR 
subunitt interacting proteins that regulates the synaptic distribution of AMPA-receptors 
viaa insertion and endocytosis of the receptor complexes 28-43-140-141. The distribution of 
thesee proteins in the retina is only partly studied 142. It may be that AMPA-receptors in 
rodd bipolar cells are localized primarily cytosolic but can rapidly be brought to the cell 
surfacee under, as yet unspecified, physiological conditions 49. In this context, the 
presencee of high levels of the a-isoform of PKC in rod bipolar cells may be of 
particularr importance. It is known that the C-terminus of GluR2 is a PSD-95, DGL, 
20-11 (PDZ)-binding domain and the interaction with the PDZ-domains of proteins like 
GRIPP (glutamate receptor interacting protein), ABP (AMPA-receptor binding protein) 
andd PICK1 (protein interacting with C-kinase) is essential for surface expression at 
synapsess 59. Activation of PKC leads to internalisation of GluR2 and reduced plasma 
membranee levels 141143144. it has been suggested that the activation of PKCa leads to 
thee formation of PICK1-PKCa complexes which are targeted to the synaptic complex 
144.. Subsequent PKC-mediated phosphorylation of the serine 880 residue in the PDZ-
bindingg domain of GluR2 disrupts the binding between GluR2 and GRIP/ABP, 
releasingg the GluR2 from its synaptic anchors. Assuming that activation of PKCq in 
rodd bipolar cells leads to similar effect, we may speculate the following. In dark-
adaptedd retina, the rod bipolar mGluR6 operated pathway is activated by the 
continuouss release of glutamate from rod photoreceptors and the cGMP-operated 
cationn channel is closed. Since no calcium influx takes place, PKC is no longer 
activatedd and GluR2 receptors may now appear in the plasma membrane. Most 
previouss electrophysiological studies were performed under light-adapted conditions 
(withoutt continuous glutamate present) that, according to the proposed mechanism, 
willl prevent translocation of membrane-expressed GluRs. Further studies are needed 
too investigate this hypothesis and provide insight into the intriguing question of what 
functionall role AMPA-type GluRs might be in such conditions. The ionotropic GluRs 
wouldd generate a sustained depolarising response to the continuous high glutamate 
releasee thus limiting further rod bipolar hyperpolarization. This would allow these 
cellss to ability to generate fast mGluR6 responses even under extreme dark 
conditions.. The dominant contribution of GluR2 subunits in the receptor complex 
preventss calcium influx that may re-activate PKCa. 

Inn conclusion, our findings provide strong support to the view that rod ON-bipolar 
cellss do not exclusively express mGluR6 but also AMPA-type GluRs. The functional 
rolee of the AMPA-receptors in the synaptic transmission between photoreceptors and 
rodd bipolar cells remains to be determined. 
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IschemialreperfusionIschemialreperfusion  in  the rat  retina 

asas a model  for  human  glaucoma 

Glaucom a 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-induce dd ocula r ischemia : the ischemia/reperfusio n mode l 

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. 

Inductio nn phas e of retina l ischemia-induce d cel l deat h 

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. . 

Executio nn phas e of retina l ischemia-induce d cel l 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. 

Conclusion s 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. 
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Ischemia-inducedIschemia-induced  alterations  of  AMPA-type  glutamate 
receptorreceptor  subunit  expression  patterns  in  the rat  retina 

-- An immunocytochemical  study  -

FrederikeFrederike Dijk and Willem Kamphuis 

BrainBrain Research 997:207-221 (2004) 

Abstract t 
Thiss study investigates whether retinal ischemia/reperfusion leads to alterations in 
thee expression of AMPA-type glutamate receptor subunits GluR1-4. In ischemia-
vulnerablee hippocampal neurons, a subunit-specific downregulation of GluR2 
precedess the actual neurodegeneration. Our purpose was to study whether retinal 
ischemiaa induces a similar downregulation of GluR2 preceding the loss of ganglion 
andd amacrine cells. A 60-minute ischemic period was followed by reperfusion lasting 
betweenn 2 hours and 7 days. Changes in the expression patterns of GluR1-4 were 
assessedd using immunocytochemistry. In the same sections, alterations in cell 
density,, thickness of retinal layers, and density of apoptotic cells were investigated. 
Twoo hours postischemia, GluR1 immunoreactivity was nearly absent from in the 
innerr plexiform layer (IPL). Thereafter, labeling intensity recovered slowly and was 
closee to control levels at 7 days, albeit in a thinner IPL. The decrease in GluR2/3 
labelingg intensity was most profound at 4 hours. The recovery of GluR2/3 staining 
intensityy was slow, and staining was still decreased at 7 days. GluR2 
immunoreactivityy was not attenuated after ischemia. GiuR4 labeling showed a similar 
timee course as observed for GluR1, but the decrease in immunoreactivity was less 
profoundd and the recovery was nearly complete. The immunostaining of PKCa, a rod 
bipolarr cell marker, was unaffected at all reperfusion times. The reduction of GluR 
stainingg preceded both the typical thinning of the IPL and the peak of cell loss, but 
coincidedd with a significant swelling of the IPL. In conclusion, retinal 
ischemia/reperfusionn leads to differential changes in the expression of the different 
AMPA-typee GluR subunits, which may affect excitatory synaptic transmission in the 
innerr retina. However, no evidence was found for a preferential loss of GluR2 
immunoreactivityy that could account for selective neurodegeneration of amacrine and 
ganglionn cells after retinal ischemia. 
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Introductio n n 
Retinall ischemia has been implicated in a variety of neuroretinal disorders, including 
glaucoma.. Glaucoma is characterized by a slow and progressive deterioration of the 
visuall field, which can be attributed to the loss of retinal ganglion cells (RGCs) and 
theirr axons in the optic nerve. The histological pattern of neuronal cell loss in the 
glaucomatouss retina is remarkably similar to that found after experimentally induced 
retinall ischemia 67145-163. A characteristic feature of ischemia-induced 
neurodegenerationn in both brain and retina is that neurons are not lost 
instantaneouslyy after ischemia. It is only several days later that the 
neurodegenerationn becomes apparent31169206-326-327. | n the ischemia-vulnerable CA1 
neuronss of the hippocampus, specific changes in AMPA (a-amino-3-hydroxy-5-
methyl-4-isoxazoie-propionicc acid) - type glutamate receptor (GluR) subunit 
expressionn profiles have been claimed during the phase preceding the actual 
degenerationn 29. The AMPA-type GluR (AMPAR) mediates most of the fast excitatory 
neurotransmissionn in brain and retina 3'23. AMPARs are composed of four different 
subunitss (GluR1-4) that combine to form homomeric or heteromeric receptor 
complexess with a central ion channel. GluR1, 2, 3, and 4 subunits are differentially 
expressedd in brain and retina 3419328

i and changes in the expression patterns of 
GluR1-44 genes are associated with development, aging, epilepsy, and alterations in 
synapticc efficacy 423. The relative presence of the GluR2 subunit determines the 
permeabilityy for calcium and other divalent cations. Most neurons exhibit high levels 
off GluR2 expression, which renders these cells impermeable to calcium influx via 
AMPARss 32B. Reports on postischemic selective down regulation of GluR2 subunits in 
thee ischemia-vulnerable CA1 area of the hippocampus led to the formulation of the 
so-calledd "GluR2 hypothesis". This hypothesis states that a specific downregulation 
off GluR2 expression leads to the formation of calcium-permeable AMPARs, followed 
byy an increased calcium influx triggering the mechanisms of programmed cell death 
29,31,313,329,330 0 

Wee hypothesized that similar changes may also occur in RGCs and amacrine cell 
types,, explaining their vulnerability to ischemia. In contrast to the situation in the 
hippocampus,, retinal cells that are sensitive to ischemia are not spatially separated 
fromm resistant cells. As a consequence, in the early phases after the ischemic insult, 
itt is not possible to identify and to follow specifically those cells that are destined to 
die.. However, retinal ischemia causes a preferential damage to the inner plexiform 
layerr (IPL) leading to a volume loss of about 60-70%. This decrease in volume 
resultss from the degeneration of amacrine and ganglion cell populations whose 
dendritess extend into this layer and express GluRs 331. If a specific loss of GluR2 is 
involvedd in ischemia-mediated neurodegeneration, one would expect to observe a 
selectivee loss of GluR2 immunolabeling in the IPL 329-330. Immunocytochemistry and 
blottingg techniques were used to study the effects of retinal ischemia/reperfusion on 
thee expression patterns of AMPA-type GluR subunits in the rat. The observed 
changess in the expression patterns of the GluR subunits were related to the time 
coursee of alterations in density of apoptotic cells, cell density, and thickness of retinal 
, a y e r ss 67.168,169.206 
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Materia ll  and Method s 

AnimalsAnimals  and Anesthetics 
Animall handling and experimental procedures were reviewed and approved by the 
ethicall committee for animal care and use of the Royal Netherlands Academy for 
Sciences,, acting in accordance with the European Community Council directive of 24 
Novemberr 1986 (86/609/EEC) and the ARVO statement for the use of animals in 
ophthalmicc and vision research. All efforts were made to minimize suffering and 
numberr of animals used for the study presented here. 

Adultt male Wistar rats (Harlan, the Netherlands) weighing 200-300 g were used in 
thiss study. Prior to surgery, each animal was anesthetized by an intramuscular 
injectionn of Hypnorm (fentanylcitrate and fluanisone; 0.5 ml/kg body weight;Janssen 
Pharmaceuticalss B.V., Beerse, Belgium) in combination with an intraperitoneal 
injectionn of Valium (diazepam; 0.5 ml/kg body weight; Hoffman-La Roche Ltd., Basel, 
Switserland).. Neither Hypnorm nor Valium is known to have neuroprotective 
properties.. A local anesthetic, Oxybuprocain (benzalkoniumchloride; 0.4% w/v; Smith 
&& Nephew, Hoofddorp, the Netherlands) was applied to both eyes. The anesthetized 
ratt was mounted onto a stereotactic frame. To keep the animal in a horizontal 
position,, the nose bar was set at -5.0 mm. Lidocain (2%; Fresenius AG, Bad 
Homburgg v.d.H., Germany) was applied to the ear bars. During surgery, the animal 
waswas kept warm with a heating blanket. After surgery, Chloramphenicol (0.5%, 
5mg/ml;; Holland Pharmaceutical Supply B.V., Aplhen a/d Rijn, the Netherlands) was 
appliedd to the eye to prevent superficial infections. 

Ischemia-reperfusion Ischemia-reperfusion 
Followingg the procedure described by Osborne et al. 69,163, a steel 30-gauge infusion 
needlee was connected to a saline reservoir by means of an infusion set. The needle 
waswas replaced after each operation to avoid retrograde transfer of infections. The 
needlee was placed in the middle of the anterior chamber of the right eye. The 
reservoirr was opened and lifted to 1.70 m, corresponding to approximately 120 
mmHg.. The reservoir remained in this position for 60 minutes. The white anemic 
funduss reflex diagnosed the induction of ocular ischemia. After the ischemic period, 
thee reservoir was lowered and the pressure in the eye was allowed to equilibrate. 
Reperfusionn started immediately. Before retracting the needle from the eye, an 
additionall drop of Oxybuprocain was applied. The animal was allowed to regain 
consciousnesss in a temperature-controlled room and monitored throughout the 
reperfusionn period. Reperfusion times were 2, 4, 6, 12, 24, 48, 72 hours, or 7 days. 
Sham-operations,, in which a needle was inserted into the anterior chamber without 
elevatingg IOP, were performed to study the possibility that the process of cannulation 
alonee induced differences between ischemic and control eyes. In addition, several 
animalss were subjected to shorter ischemic periods, reported not to induce cell loss 
[49].. A 30-minutes (n=7) and a 45-minutes (n=17) ischemic insult were studied at 
variouss reperfusion times. After the reperfusion time, each animal was given an 
overdosee of Nembutal (sodium-pentobarbital 60 mg/ml) intraperitoneally. The 
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superiorr part of the eye was marked to allow orientation for immunocytochemical 
analysis. . 

PreparationPreparation  of  tissue 
Immunocytochemistryy was carried out as described previously 129. In short: eyes 
weree enucleated and eyecups were prepared, placed in freshly prepared 2% 
paraformaldehydee (PFA, pH 7.0) in 0.1 M phosphate buffer (PB, pH 7.0), for 30 
minutess and subsequently rinsed thoroughly in PB (pH 7.0). To cryoprotect the 
tissue,, fixed eyecups were incubated in 15% and subsequently 30% sucrose in PB 
(0.055 M, pH 7.0). Eyecups were flat embedded in Tissue-Tek, rapidly frozen with 
solidd C02, and stored at . Cryosections (8 urn) were cut in the same orientation 
fromm superior to inferior, and thaw-mounted on poly-L-lysine-coated slides. In total, 
344 retinas that were ischemic for 60 minutes were prepared for 
immunocytochemistry.. For each reperfusion time at least 4 retinas were used: 2h 
(n=4),, 4h (n=4), 6h (/7=4), 12h (n=4), 24h (n=4), 48h (n=5), 72h (n=5), or 7 days 
(n=4).. The untreated contralateral eye was used as control in 22 animals, 12 sham 
operationss were performed. Sections of ischemic and contralateral control eyes were 
putt on the same slide in order to minimize methodological variation during 
immunostaining. . 

ImmunohistochemicalImmunohistochemical  staining 
GluR11 to GluR4 subunits were localized using affinity purified primary antibodies. All 
antibodiess were obtained from commercial sources; their specificity is well 
documentedd and has been tested by preadsorption tests and Western blots of rat 
retinall tissues and on transfected cell lines 4-91129. Sections were pre-incubated for 
onee hour in 0.05 M PB (pH 7.0) containing 10% normal goat serum <NGS), 0.4% 
Triton-X100,Triton-X100, and 1% bovine serum albumin (BSA) at room temperature. Sections 
weree subsequently incubated overnight with primary antibody diluted in 0.05 M PB 
containingg 2% NGS, 0.4% Triton-XlOO, and 1% BSA, at room temperature. Negative 
controlss were included, by omitting the primary antibody, but these never yielded 
stainingg patterns. The following primary antibodies were used in this study: 

GluR1:GluR1: A rabbit polyclonal primary antibody directed against the sequence 
SHSSGMPLGATGLL in the C-terminus of GluR1 subunit in rat (GluR1), used at 0.3 ng/ml 
(Chemiconn International Inc., Temecula, CA, USA). A rabbit polyclonal antibody 
directedd against the sequence RTSDSRDHTRVDWKR near the N-terminus of GluR1 
subunitt in rat (GluRIN), used at 0.5 ng/ml (Oncogene Research Products; 
Cambridge,, UK). 

GluR2:GluR2: Various antibodies were used to identify GluR2 subunits. A rabbit 
polyclonall antibody, directed against the sequence VAKNPQNINPSSSQNS near the C-
terminuss of GluR2 in rat (GluR2C), used at 0.2 ng/ml (Chemicon International). A 
goatt polyclonal antibody directed against the C-terminus of GluR2 in human 
(GluR2C20),, used at 0.13 ng/ml (Santa Cruz, Biotechnology; Heerhugowaard, the 
Netherlands).. Thirdly, a rabbit polyclonal antibody directed against the sequence 
EGYNVYGIESVKII of the C-terminus of GluR2 in rat, which cross-reacts with the almost 
identicall C-terminus of GluR3 (GluR2/3), used at 0.13 ng/ml (Chemicon 
International). . 

86 6 



Ischemia-inducedIschemia-induced changes in AMPA-type GluRs 

GluR3:GluR3: Two different antibodies raised against GluR3 were tested: a goat anti-
GluR33 (Santa Cruz), and a mouse anti-GluR3 (Zymed Laboratories Inc., San 
Fransisco,, USA). However, these antibodies did not yield specific immunostaining 
underr the fixation conditions used. 

GluR4:GluR4: A rabbit polyclonal antibody directed against the sequence RQSSGLASDLP 
inn the C-terminus of GluR4 in rat (GluR4) used at 0.14 ng/ml (Chemicon 
International). . 

PKCa:PKCa: A mouse monoclonal antibody against protein kinase C a/p (PKCa), which 
iss a cell specific marker for rod ON bipolar cells in the rat, used at 1:3000 (BD 
Biosciences,, Erembodegem, Belgium) 

Immunoreactivityy was visualized using indocarbocyanine (Cy3)-conjugated 
affinity-purifiedd F(ab')2 secondary antibodies, either goat anti-rabbit, or rabbit anti-
goatt IgG (1:600; Jackson Immuno Research; Brunschwig Chemie B.V., Amsterdam, 
thee Netherlands). Sections were washed and coverslipped in Vectashield (Sigma-
Aldrichh Chemie B.V., Zwijndrecht, the Netherlands) and viewed with a Leica DMRE 
fluorescencee microscope using a 63x objective with an iris diaphragm. 
Immunoreactivityy patterns were documented on color slides. Microscope settings and 
exposuree times were kept identical for the control and ischemia-treated retina to 
obtainn an accurate representation of the differences in immunolabeling intensities. 
Photographicc films were scanned and Adobe Photoshop was used to scale and 
arrangee the TIFF files for presentation. 

Forr densitometric assessment of GluR1, 2, 2/3, and 4 immunoreactivity levels in 
thee inner plexiform layer (IPL), images were recorded with a Leica 350F 16-bit CCD-
cameraa with fixed settings for the experimental and contralateral control retina of the 
samee animal. The images were subjected to densitometric analysis using the public 
domainn ImageJ program (http://rsb.info.nih.gov/ii/). The IPL was selected following 
thee border of the inner nuclear layer with the IPL, and the outer edge of 
immunoreactivee punctae was used to outline the IPL from the nerve fiber layer. The 
areaa analyzed had a fixed width but the thickness of the IPL varied in response to 
ischemia.. Two parameters were determined: (i) label intensity: average pixel gray 
valuee over the selected IPL area, and (ii) total amount of labeling: average pixel gray 
valuee x number of pixels selected. The values of the experimental retina were 
normalizedd against the contralateral control retina (=100%). 

WesternWestern  blot  analysis 
Westernn blots were prepared as described previously 21,129. In short, isolated retinas 
weree homogenized in a buffer containing 320mM sucrose, 4 mM HEPES, and a 
cocktaill of different protease inhibitors (1x Complete, Roche Applied Science). The 
homogenatee was centrifuged; supernatant was collected and the pellet was 
resuspendedd in homogenization buffer. Both fractions were pooled and samples 
weree loaded (10 ug protein/lane) on a 7.5% acrylamide gel for electrophoresis, and 
transferredd onto Hybond-P nitrocellulose membrane (Amersham Health; UK). 
Membraness were blocked for 1 hour at room temperature and incubated overnight 
withh primary antibodies directed against the GluRs and PKCa. After thorough rinsing, 
membraness were incubated with horseradish peroxidase-conjugated secondary anti-
rabbitt (1:5000) or anti-mouse antibody (1:10.000) in 5% dry milk for 1 hour at room 
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temperature,, and rinsed in TBS. The membranes were developed using the 
enhancedd chemiluminescence Western blot analysis system (ECL; Amersham). 

DeterminationDetermination  of  cell  loss 
Retinall sections were counterstained with 0.5 ug/ml Hoechst 33258 (Molecular 
Probess Europe B.V., Leiden, the Netherlands), a DNA-specific dye. We assessed cell 
densityy within each nuclear layer at the different reperfusion times, in control and 
ischemicc retinas. For each retina, the number of nuclei in ONL, INL, and GCL was 
countedd in several 250 um wide columns that were randomly selected from both 
centrall and peripheral locations in at least three different sections. Counts are 
presentedd as mean number of cells per mm column width. The thickness of the outer 
nuclearr layer (ONL), inner nuclear layer (INL), inner plexiform layer (IPL), and 
ganglionn cell layer (GCL) was determined (in um). 

Too follow the process of cell death over time, Hoechst-staining was combined with 
enzymaticc in situ labeling of apoptosis-induced DNA strand breaks, using the 
terminall deoxynucleotidyl transferase (TdT)-mediated FITC-dUTP nick-end labeling 
(TUNEL)) assay (Promega Benelux B.V., Leiden, The Netherlands). The number of 
TUNELL - positive cells as a fraction of the total number of Hoechst positive somata 
withinn each layer was used as a parameter for the percentage of neurons undergoing 
apoptosiss at each reperfusion time. 

Statistics Statistics 
Forr immunocytochemistry, each reperfusion time was represented by at least four 
animals.. The Mann-Whitney U test was performed on the densitometric analysis of 
stainingg in the IPL to determine the statistical significance of differences between the 
ischemicc groups and the control group. Histological analysis was performed on a 
seriess of sections obtained from different eccentricities of the retina. Thickness of 
retinall layers, cell-density in the nuclear layers, and number of TUNEL-positive 
somataa were determined in columns of 250 um wide, with readings obtained from at 
leastt three different sections from different eccentricities. There were no significant 
differencess in cell density, layer thickness, or number of apoptotic cells between 
controll eyes (n=22) and sham-treated eyes (n=12). Sham-treated and control eyes 
weree therefore grouped into a single group of control eyes (n=34). Animals within 
eachh reperfusion group were compared to this control group using Student's t-test. 
Dataa are presented as group average with corresponding SEM. 

Result s s 
Thee protein expression pattern of the AMPA-type GluR subunits in the retina of rat 
andd several other species has been documented before 129332. The presentation of 
resultss will therefore focus primarily on ischemia-induced alterations. The alterations 
inn immunocytochemistry were related to changes in the number of TUNEL-positive 
cells,, layer thickness, and cell density. 
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ChangesChanges  in  AMPA-type  GluR immunoreactivity  following  ischemialreperfusion 
GluR1 GluR1 
Thee distribution of immunoreactivity of GluR1 in control and ischemia-treated retinas 
iss illustrated in Fig. 1. In control retinas the outer nuclear layer (ONL) was devoid of 
labeling.. In the outer plexiform layer (OPL), GluR1-immunoreactivity had a punctate 
appearance,, and in the outer one third of the inner nuclear layer (INL) a small 
numberr of somata was weakly immunoreactive. In the inner two thirds of the INL 
manyy stained somata were observed, with the highest concentration near the border 
withh the inner plexiform layer (IPL). The IPL showed a characteristic stratified pattern 
off immunoreactivity with a punctate appearance, concentrated in distinct layers. 
Finally,, a subset of somata in the ganglion cell layer (GCL; about 20% of the cells) 
showedd strong immunostaining. 

FigureFigure  1. 

GluR1GluR1 immunoreactivity in control and ischemic retinas at different reperfusion times. Control:  GluR1 is 
locatedlocated in several somata of the INL, mainly in the inner part (arrowhead). In the IPL, a characteristic 
stratifiedstratified staining pattern is present. Several somata in GCL are labeled (arrow). 2h: GluR1 
immunoreactivityimmunoreactivity is profoundly decreased at all locations, except in the OPL. 4h:  Immunoreactivity 
recoversrecovers to some extent in all layers. 24h:  recovery has slightly progressed but staining remains low. 
72h72h and  7d: At 7 days the thickness of the IPL has decreased but the GluR1 staining intensity has 
furtherfurther recovered. Labeled somata in INL and GCL are present at all reperfusion times beyond 2 h 
(arrowheads(arrowheads and arrows). All photographs were taken with identical exposure times for control and 
ischemicischemic eyes. Scale bar represents 10 pm in all figures. Abbreviations: ONL outer nuclear layer: OPL 
outerouter plexiform layer; INL inner nuclear layer; IPL inner plexiform layer; GCL ganglion cell layer. 
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Thee pattern of labeling in post-ischemic retinas was found to be very different from 
thatt in controls. At 2 hours of reperfusion, immunoreactivity was drastically 
decreasedd in all three bands of the IPL, in fact only a few puncta were detected in the 
mostt inner and outer band. Labeling of somata in the INL was reduced but less 
conspicuouss than the reduction in the IPL. Staining intensity of the punctate labeling 
inn the OPL and of cell bodies in the GCL had not noticeably changed. In the groups 4 
-- 72 hours, there was some recovery of labeling in the IPL with the re-appearance of 
aa punctate pattern of labeling scattered over the IPL. GluR1 immunoreactivity of cell 
bodiess located in the INL remained slightly decreased. After 48 hours, progressive 
thinningg of the IPL started. Between 72 hours and 7 days, further recovery took 
place,, as staining intensity in the narrow IPL of the 7 days group was closer to control 
levels. . 

FigureFigure 2. 
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DensitometricDensitometric analysis of immunoreactivtiy in the IPL for GluR1-4: Gray bars represent the label 
intensityintensity (average pixel gray value; mean  SEM) of the IPL and black bars represent the total amount 
ofof labeling (number of pixels x average pixel gray value; mean  SEM). The values of the ischemic 
retinaretina were normalized against the contralateral control retina of the same animal (=100%). For the 
GluR1GluR1  subunit, label intensity was consistently lower in all ischemic reperfusion groups (p<0.05); the 
totaltotal amount of labeling was significantly reduced in all reperfusion groups (p<0.05), except in the 6 
hourshours group (=0.06). GluR2  label intensity was significantly lower only in the 12 hours group (p=0.03); 
totaltotal amounts of labeling were reduced in the 72 hours and 7 days groups (p<0.05). For GluR2l3.  both 
thethe label intensity and the total amount of labeling were lower in ischemic groups than in the control 
groupgroup (p<0.05). GluR4  label intensity was significantly lower only in the 2 hours group (p<0.05), and 
totaltotal amount of labeling was reduced in the 72 hours and 7 days groups (p<0.05). 

Densitometricc analysis of the staining in the IPL confirmed the alterations in the 
GluR11 label intensity after ischemia (Fig. 2). Label intensity had decreased to 
approximatelyy 10% of the control value at 2 hours of reperfusion. Thereafter, label 
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intensityy gradually increased to around 40% of the control value at 6-24 hours. At 7 
days,, label intensity was on average 70% of the control value, but due to the thinning 
off the IPL, the total amount of labeling was reduced to about 20%. 

Inn order to study whether the GluR1 immunostaining had decreased because the 
C-terminall epitope may have been lost due to proteolytic calpain activity333, a second 
antibodyy directed against the N-terminal of the subunit (GluRIN) was used. In control 
retinas,, GluRIN immunoreactivity in the IPL was intense and showed the same 
stratifiedd distribution as with GluR1 (Fig. 3). Labeling was observed in the OPL, and 
weakk staining was observed in somata of INL and GCL. In post-ischemic retinas, the 
samee pattern of changes was seen, the decrease of labeling at 2 hours post-
ischemiaa was as profound, and some recovery of GluRIN immunoreactivity was 
observedd at 4 hours and later as was also observed with the C-terminal antibody. 

FigureFigure  3. 

GluRINGluRIN immunoreactivity in control and ischemic retinas at short reperfusion times. 
Control:Control:  GluRIN shows the characteristic stratified staining pattern in the IPL, as well as labeling in the 
OPL.OPL. Only weak staining of some somata in INL (arrowhead) and GCL (arrow) is observed. 2h: Only 
residualresidual immunoreactivity is observed in the IPL. 4h: Some recovery of immunoreactivity is observed. 

GluR2 GluR2 
Wee used various GluR2-specific antibodies, directed against different epitopes of the 
intracellularr C-terminal domain of the subunit. Staining with these antibodies 
(GluR2C,, GluR2C20, and GluR2/3) resulted in almost identical immunoreactivity 
patternss in controls. GluR2C and GluR2C20 antibodies yielded similar alterations of 
immunostainingg patterns in ischemic retinas; we will focus on the GluR2C pattern. 
Inn control retinas, a strong punctate labeling pattern was observed in the OPL, and 
throughoutt the entire INL stained cell bodies showed heterogeneous levels of 
labelingg (Fig. 4). Immunolabeling of the IPL was intense and composed of a dense 
patternn of fine, punctae that were uniformly distributed. Staining was strongest over 
thee outer one third of the IPL. Most of the somata located in the GCL exhibited 
immunostaining,, some strong and others weak. 

Inn the ischemia-treated retinas, no apparent differences in immunoreactivity for 
GluR2CC were noted in OPL, INL, or GCL. In the IPL, no clear change in the overall 
stainingg intensity was observed, although the overall staining pattern was less 
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smoothh in appearance. The IPL of ischemic retinas showed a pattern of irregularly 
dispersedd and enlarged punctae rather than the evenly distributed pattern of punctae 
foundd in the IPL of control retinas. At all reperfusion times, staining was observed in 
thee GCL, and despite the loss of many cells, brightly stained somata were identified 
evenn at 7 days postischemia. 

Densitometricc analysis of the immunolabeling in the IPL confirmed that alterations 
inn the label intensity of GluR2 after ischemia were limited (Fig. 2). The label density 
wass slightly enhanced at 2 hours of reperfusion, showed a minor decrease in the 12 
andd 24 hours group, and was around control values in the 48 hours to 7 days groups. 
Ass presented in Table 1, the thickness of the IPL was significantly increased in the 2-
122 hour groups. Taking this into account, the total amount of labeling over the IPL 
hadd increased by about 40% at 2 and 4 hours, but decreased thereafter reaching a 
reductionn of 60% at 72 hours and 7 days. 

FigureFigure  4. 

GluR2GluR2 immune/reactivity in control and ischemic retinas at different reperfusion times. 
Control:Control:  GluR2C shows strong labeling of the OPL, labeling throughout the INL with a few intensely 
stainedstained somata (arrowhead), a smooth pattern of fine punctea in the IPL, and labeling of differential 
intensityintensity in somata of the GCL (arrow). 2 and  4h: In the IPL, the staining intensity is not decreased but 
thethe appearance of immunostaining is different compared to controls. The punctae are irregularly 
dispersed,dispersed, giving rise to an overall less smooth appearance of the staining pattern. Note the swelling of 
thethe IPL. 24b - 7d: Staining intensity in the IPL not noticeably different from control. Labeled somata are 
presentpresent in the INL and GCL at all reperfusion times (arrows). At 72 h and 7 d the immunoreactivity is 
confinedconfined to the narrow IPL. 
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GluR2/3 GluR2/3 
Inn controls, the pattern of GluR2/3 immunoreactivity was comparable to the GluR2C 
stainingg pattern, although labeling of the INL was less discrete and labeling of the IPL 
wass more granular than with GluR2C (Fig. 5). 

Att 2 hours post-ischemia, a clear decrease of labeling in IPL was noted, 
associatedd with a more scattered distribution of seemingly larger punctae. 
Immunoreactivityy in the INL decreased only slightly. No changes were observed in 
thee ONL, OPL, and GCL. At 4 hours, labeling intensity in the IPL was further 
reduced.. At 6-24 hours, the IPL immunoreactivity partially recovered. At 48 hours to 7 
days,, there was some degree of recovery of the staining intensity in the IPL but it 
remainedd lower compared to controls. A decrease in labeling of neurons in primarily 
thee INL, but also the GCL, became evident but labeling persisted in a few somata of 
thee INL and the GCL at all reperfusion periods. 

Densitometricc measurements in the IPL corroborated these observations (Fig. 2). 
Att 4 hours, label intensity reached a minimum at 20% of the control value; at 24-48 
hourss label intensity had increased to around 55% of the control value. 

FigureFigure 5. 

GluR2/3GluR2/3 immunoreactivity in control and ischemic retinas at different reperfusion times. Control:  The 
GluR2/3GluR2/3 immunoreactivity pattern shows labeling of many somata in the INL (arrowheads), uniform, 
punctatepunctate staining pattern in the IPL, and labeling in several somata of the GCL (arrows). 2h: The 
immunoreactivityimmunoreactivity in the IPL is decreased and is at 4h even further diminished. Immunoreactivity of the 
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INLINL also decreases slightly. 24h and 72h:  The low staining levels in INL and IPL persist in these retinas. 
7d:7d:  Partial recovery has taken place at 7days. Labeling of RGCs is still observed at 7 days (arrows). 

FigureFigure  6. 

GluR4GluR4 immunoreactivity in control and ischemic retinas at different reperfusion times. 
Control:Control:  GluR4 immunoreactivity is found in the ONL and in both plexiform layers. 2h and 4h:  There is 
aa decrease of immunostaining in the IPL, but not the OPL. 24h:  Large variation is observed between 
animalsanimals in the extent to which the IPL shows immunoreactivity; in this case an animal without recovery 
isis shown. 72h, 7d:  GluR4 immunopositive punctae were located in the IPL with a density near control 
levels. levels. 

GluR4 GluR4 
Thee GluR4 subunit distribution is more restricted than that of the other AMPA-type 
GluRR subunits. Labeled somata in INL or GCL were not observed. Immunoreactivity 
off GluR4 (Fig. 6) is confined to the plexiform layers and a punctate labeling located in 
thee ONL, the latter corresponding with Muller cell processes (unpublished EM 
observations).. The immunoreactivity patterns observed in the ONL and OPL did not 
changee in response to an ischemia/reperfusion event. In contrast, the staining pattern 
observedd in the IPL, which in controls is composed of two immunopositive bands, 
showedd a clear decrease at 2 hours of reperfusion, predominantly in the outer band. 
Att 4 and 6 hours, some recovery towards the control intensity occurred, but the 
degreee of recovery was variable between animals of the same group. At 12 - 48 
hours,, this variance further increased; some animals demonstrated an almost 

94 4 



Ischemia-inducedIschemia-induced changes in AMPA-type GluRs 

completee absence of labeling (Fig. 6), while in others labeling was comparable to 
controlss (not shown). At 48 and 72 hours, and at 7 days, the IPL thickness was 
significantlyy reduced and GluR4 immunostaining had a density near control levels. 

Thesee findings were confirmed by the densitometric analysis performed on the IPL 
(Fig.. 2). The label intensity decreased at 2 hours to approximately 50%, and 
graduallyy increased thereafter. At 7 days, the label intensity was 80% of the control 
value,, while the total amount of label was reduced to 35%. 

PKCa PKCa 
Labelingg of PKCa is restricted to rod bipolar cells in the outer part of the INL. The im 
munoreactivityy pattern of PKCa was not affected by ischemia (Fig 7). At longer 
reperfusionn times, the number of cells in the INL is drastically reduced, but there is no 
evidentt reduction in the number or brightness of PKCa immunoreactive somata. 
Evenn at 7 days of reperfusion, brightly stained axons extend into the GCL 

FigureFigure  7. 

PKCaPKCa immunoreactivity in control and ischemic retinas at different reperfusion times. Control:  PKCa is 
observedobserved in rod bipolar cells, with their somata in the outer part of the INL (arrowheads) and their axons 
extendingextending into the proximal IPL (arrow). 6h: No alterations can be detected in the immunoreactivity of 
PKCaPKCa following ischemic/reperfusion in any of the retinal layers. 7d: Although the IPL is much reduced 
inin thickness, no changes are observed in immunoreactivity of PKCa. 

WesternWestern  Blots 
Westernn blots for PKCa showed a single dense band of 82 kDa and for GluRsI, 2, 
2/3,, and 4, a single band of around 100-110 kDa was observed demonstrating the 
specificityy of the antibodies (Fig. 8). The GluR1 N antibody did not result in a positive 
blottingg signal. Retinal protein samples from control and ischemia-treated animals at 
differentt reperfusion intervals were tested on Western blots. In our hands, the density 
off the detected GluR bands in protein samples from control animals was highly 
variable,, with an unsystematic pattern in successive trials, preventing analysis of 
changess after ischemia. The lack of reproducibility may be related to the fact that the 
Westernn blot procedure for the GluR detection in the retina required a combination of 
highh antibody concentration (1 ug/ml) and stringent blocking conditions21. In contrast, 
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strongg and stable GluR signals were detected in 10 |jg rat cortex protein with the 
samee GluR-antibodies diluted to 0.2 ug/ml. In an attempt to increase the 
reproducibilityy of the signal density, we applied 10 ug of protein of all samples directly 
too blotting membrane with a slot blot technique thus circumventing electrophoresis 
andd transfer steps. For PKCa, each of the slots showed a comparable density, 
confirmingg that PKCa is not regulated in response to ischemia and can be used as a 
referencee protein 231. With the density of PKCa in controls set at 100%, the levels at 
2,, 6, and 24 hours and at 7 days postischemia were 101%, 101%, 95%, and 113%, 
respectively.. However, for all the GluR antisera, the large variation between the 
variouss control samples persisted thus precluding a quantitative analysis of the 
changess in the GluR subunit protein levels after ischemia. Within this context, a 
singlee qualitative observation for GluR1 is worthy to note: in the samples from 2 and 
66 hours postischemia no immunoreactivity could be detected while at 24 hour in 
severall trials a positive signal was found. 

FigureFigure  8. 
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ImmunoblotsImmunoblots of proteins from rat retina incubated with the specific antibodies used in this study against 
PKCaPKCa and the different GluRs. The positions of the marker proteins are given on the right (Mr). 

DevelopmentDevelopment  of  changes  in  cell  density,  layer  thickness,  and TUNEL-staining 
afterafter  ischemia-reperfusion 
Inn order to relate the ischemia-induced changes observed for GluR immunoreactivity 
too the overall morphological changes of the tissue, we assessed alterations in cell 
density,, thickness of retinal layers, and the time course of TUNEL-reactivity. 
Inn control and ischemic groups, the number of cells in a 1 mm wide column of ONL or 
INLL was significantly correlated with the thickness of the layers in that column (ONL, 
R22 = 0.676; INL R2 = 0.604). The thickness of a particular nuclear layer is a therefore 
reliablee indicator for the number of somata present. Hence, this finding validates the 
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usee of thickness measurements commonly applied to monitor tissue damage after 
retinall ischemia-reperfusion injury 169. 

Inn correspondence with reports that cell loss in the ONL after ischemia is 
insignificant69,169,, there were no significant changes in the thickness of the ONL in 
thee different reperfusion groups. Normalizing the thickness of the other retinal layers 
againstt the ONL thickness reduced the variance from 16% to 12% (INL-control 
group)) and 18% to 13% (IPL-control group). The development of these parameters 
andd the statistical analysis are presented in Table 1. The thickness of the GCL was 
difficultt to establish, and in this layer the number of cells in a 1 mm wide area were 
counted.. The thickness of the INL was unaltered up to 24 hours, and the process of 
INLL thinning initiated between 24 and 48 hours. At 7 days, the thickness was 
significantlyy diminished by 17% compared to controls. The thickness of the IPL first 
increasedd between 2 and 12 hours, returned to control values at 24 hours, and 
decreasedd thereafter with an average loss of 61% at 7 days. In the GCL, the number 
off somata was constant up to 12 hours, and then gradually reduced reaching a loss 
off 37% at 7 days. This 37% loss in the GCL corresponds with 43 cells per mm. In the 
INLL of controls, the mean number of counted somata in a 1 mm wide INL column was 
7433 cells, and the loss in thickness of 17% reflects 126 cells. This leads to the 
conclusionn that although a relatively small fraction of somata in the INL is lost, the 
losss in terms of absolute number of somata is about 3 times greater in the INL in 
comparisonn to the GCL. 

TUNEL-stainingg revealed positive somata in the ONL, INL, and GCL of most 
ischemia-treatedd animals, whereas in the control group only a few animals (3 out of 
34)) showed labeling in sporadic somata. The time course of the percentage of 
TUNEL-positivee somata in the ONL, INL, and GCL following ischemia is presented in 
figuree 9. Apoptosis started in the GCL; a weak TUNEL-staining in a few somata in the 
GCLL at 2 hours was the first indication for apoptosis. At 4 hours, 9% of somata in the 
GCL,, and 1% of somata in the INL were positive. At 6 hours, the peak of TUNEL-
reactivityy was reached in the GCL (16%), while the peak of TUNEL-positivity in the 
INLL was found at 12 hours (7%). At 24 hours, many TUNEL-positive cells were still 
presentt in GCL (6%) and INL (6%). At 48 hours, apoptosis reached a maximum in 
thee ONL; however, this affects merely 0.8% of the photoreceptor ceil population. At 
722 hours and at 7 days, the number of TUNEL-positive somata was not different from 
controls.. The mean total number of TUNEL-positive somata counted in all ischemic 
animalss was for the ONL 49, INL 155, and for the GCL 48. These numbers are in 
agreementt with the conclusion that the loss in absolute number of neurons is 
greatestt in the INL. 
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FigureFigure  9. 
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ChangesChanges  in  AMPA-type  GluR immunoreactivity  following  shorter  ischemic 
intervals intervals 
AA potential cause for the changes in GluR immunoreactivity and the loss of cells may 
bee that the increased pressure applied to the rat retina causes mechanical damage. 
Too study this, we have treated various retinas with shorter periods of ischemia. Thirty 
minutess ischemia-treated animals showed no TUNEL-positive cells or alterations in 
GluRR immunoreactivity. The 45-minute ischemia treated group showed a few 
TUNEL-positivee cells, and immunoreactivity showed only minor changes. In addition, 
inn a few animals the ischemic insult was not complete because the applied pressure 
wass too low to completely obstruct blood flow. In these animals without anemic 
funduss reflex, no changes were observed at any of the reperfusion times. This set of 
observationss indicates that it is not likely that the pressure itself causes cell loss or 
changess in GluR immunoreactivity. 

Discussio n n 
Thee main finding based on the changes of immunostaining levels is that the induction 
off retinal ischemia leads to rapid changes in protein expression levels of AMPA-type 
GluRR subunits. The subunits manifest differential changes in the IPL; we observed a 
nearr complete loss of GluR1 immunoreactivity at 2 hours of reperfusion, and a less 
profoundd reduction of GluR 2/3 and 4 immunostaining, while the staining for GluR2 
wass not affected until at 24 hours when the thinning of the IPL started. For all 
subunits,, some degree of restoration of the levels of staining in the IPL was 
observed.. Correlating these changes in GluR subunit immunoreactivity with 
morphologicall parameters (cell density, layer thickness, and cell loss) demonstrates 
thatt the alterations in GluR subunit levels are part of the very early ischemia-induced 
morphologicall changes. 
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Followingg brain ischemia, protein synthesis is inhibited immediately after the start 
off reperfusion and returns gradually thereafter, reaching about 60% of the control 
valuee at 4 to 7 hours of reperfusion 334"337. Yet the tissue level of most proteins does 
nott change 3X. This was confirmed by our observations on PKCa, which did not show 
anyy ischemia-induced changes at any of the reperfusion times. However, specific 
dataa concerning protein synthesis after retinal ischemia is not available. Our 
observationss show that the levels of the GluR subunits are subjected to 
downregulationn at a much faster rate than can be expected from their estimated 
metabolicc half-life, which is around two to four days 337338. inhibition of GluR subunit 
synthesis,, combined with subunit-specific breakdown rates and/or degradation 
mechanisms,, may underlie the rapid reduction after ischemia. Recovery of protein 
synthesiss after 4-24 hours and a de novo protein synthesis may give rise to the 
subsequentt restoration of the GluR levels 335-336. | n the following section, possible 
mechanismss for the loss of immunoreactivity are discussed. 

Ischemia-inducedIschemia-induced  changes  in  GluRs1-4 
Twoo hours postischemia, GluR1 immunostaining is almost completely absent from 
thee IPL. Qualitative observations on blotted retinal protein samples supported this 
finding.. Preliminary immunocytochemical observations indicate that one hour 
postischemiaa the development of GluR1 reduction is not yet complete. Impairment of 
stainingg was not observed in the OPL, the layer where photoreceptors make synaptic 
contactss with horizontal and bipolar cells, both of which are relatively resistant to 
ischemia.. A potential mechanism that may give rise to the rapid alterations of GluR1 
immunoreactivityy is the degradation of GluR1 subunits by calpain, a calcium-
dependentt cysteine protease with a ubiquitous distribution 317339. Global brain 
ischemiaa activates calpain and breakdown products of spectrin, a substrate sensitive 
too calpain, accumulate 24 hours postischemia in CA1 neurons, coinciding with the 
earlyy signs of degeneration and with the loss of synaptic transmission 326. Moreover, 
thee calpain inhibitor MDL 28170 protects against postischemic damage 339,34 . 
Westernn blot analysis and immunostaining showed that calpain-mediated proteolysis 
mayy degrade up to 80% of GluR1 in brain tissue 341,342. Recently, Sakamoto et al.333 

foundd that after occlusion of the central retinal artery for 1 hour, spectrin breakdown 
productss were detected 1 to 24 hours after reperfusion had started, and a calpain 
inhibitorr was able to reduce the neuronal degradation. Two calpain specific truncation 
sitess are present in the C-terminal domain of GluR1, with one site (I) resulting in the 
formationn of an isoform 7 kDa smaller than the native subunit, and another site (II) 
nearr the end of the C-terminal341-342. Site I and II are cleaved by calpain at high and 
loww calcium concentrations, respectively M1. Because the epitope of our GluR1 
antibodyy overlaps with site II, cleavage at this site may explain the loss of 
immunoreactivity.. To investigate this possibility, we used an antibody directed 
againstt the N-terminal part of the subunit, which is expected not to be degraded by 
calpain.. Labeling with GluRIN showed a similar loss of immunoreactivity as the C-
terminall GluRl. This suggests that a putative calpain-mediated truncation is rapidly 
followedd by a breakdown of the entire GluRl subunit protein 52. 

Thee time course of the changes of GluR2/3 immunoreactivity in the IPL after 
ischemiaa showed some differences with that of GluRl. The reduction of GluR2/3 
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labelingg intensity was less extreme and the minimum was reached at 4 hours. 
Unexpectedly,, the two GluR2 subunit specific antibodies gave a different result, 
showingg no significant loss of label intensity or total amount of GluR2 
immunoreactivity.. Even at longer reperfusion times, 72 hours and 7 days, label 
intensityy was not affected although the total amount of labeling was diminished as a 
resultt of IPL shrinkage. The GluR2/3 antibody is directed against the common 13-
aminoo acid C-terminal sequence of the GluR2 and GluR3 subunits, while the GluR2 
specificc antibodies are directed against unique regions. The GluR2/3 epitope is also 
aa known target for calpain degradation 52,342. The precise cutting site within the 
GluR2/33 terminal domain is not yet determined but structural features for a 
preferentiall calpain-sensitive cutting site are present317. In view of the undiminished 
GluR22 immunoreactivity, it may be speculated that the GluR2 subunit protein is not 
completelyy degraded but that ischemia leads only to truncation in the C-terminus 
whilee the residual protein remains intact. Due to the lack of specific GluR3 antibodies, 
ourr immunocytochemical study does not allow us to draw definite conclusions 
concerningg this subunit. From RT-PCR analyses and in situ hybridizations it is known 
thatt GluR3 gene expression in the rat retina is abundant 19,82, and it may be 
hypothesizedd that a truncation of the GluR3 subunits contributes to the loss of 
GluR2/33 staining. 

GluR44 immunoreactivity is affected by ischemia with a rapid reduction of 
immunoreactivityy at 2 hours, followed by a recovery reaching levels not noticeably 
differentt from controls. The GluR4 antibody recognizes the C-terminal sequence of 
thee subunit but no information is available concerning its calpain sensitivity. Since we 
usedd only this antibody we are not able to draw conclusions as to whether the loss of 
thiss epitope is accompanied by a loss of the remainder of the subunit protein. 

AMPARss are highly concentrated in the postsynaptic membrane and the actual 
numberr of functional receptors is determined by a dynamic balance between 
insertionn and removal of AMPARs 43-343-344. in cultured hippocampal neurons, 
pharmacologicall activation of AMPARs induces a rapid internalization of the 
receptors,, which is mediated by dynamin-dependent endocytosis of clathrin-coated 
pits,, and followed by a rapid redistribution of the receptors away from the synapses 
343.3455 Q | U R I _ a n ( j GluR2 (2/3)-stainmg accumulated intracellularly in dendritic shafts 
andd cell bodies, and was found to co-localize with endosomal markers, indicating a 
sortingg of subunits for degradation 3344346. Since ischemia is accompanied by 
increasedd levels of extracellular glutamate, a similar rapid retraction of GluRs from 
thee active zone followed by degradation could be triggered in amacrine and ganglion 
celll dendrites 65-145-214. The retraction may be initiated by the calpain-mediated 
truncationn of the C-terminal domain of GluRs, which leads to the loss of the domain 
essentiall for interaction with PDZ-containing proteins involved in the anchoring of 
AMPARR in the post synaptic membrane44-51-348. 

TheThe "GtuR2 hypothesis" does not apply to the retina 
Thee involvement of AMPARs in the process of delayed postischemic 
neurodegenerationn has been implicated in global brain ischemia 29313329338347. 
Hippocampall CA1 neurons are particularly vulnerable to ischemia, and there is 
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evidencee that global ischemia triggers a molecular switch in these cells that 
specificallyy downregulates GluR2 gene expression while leaving other subunits 
unaffected.. The ensuing introduction of calcium-permeable AMPARs is postulated to 
significantlyy contribute to the degeneration of CA1 neurons. However, evidence has 
alsoo been presented that reduced levels of GluR2 are not predictive for delayed 
neuronall death in general 330-337'348. We initiated our studies in order to investigate the 
hypothesiss that retinal ischemia triggers a similar downregulation of GluR2 
expressionn in RGCs (and amacrine cells). Our observations show a reduction of all 
subunits,, which does not support an involvement of the "GluR2 hypothesis" in retinal 
ischemia.. Whether changes at the GluR2 mRNA level in the retina are also lacking in 
thee time-window preceding the actual cell loss will have to be verified at the gene 
expressionn level348. 

Severall other differences between hippocampal and retinal ischemia can be 
noted.. For instance, the manifestation of neurodegeneration, determined by the 
appearancee of TUNEL or caspase-staining after an ischemic insult, is much earlier in 
thee retina 169-202309 than in hippocampal CA1 neurons 31313327. The latter do not show 
TUNEL-stainingg or DNA laddering at one day postischemia, and significant damage 
occurss only after three days 327,349. Furthermore, the minimal duration of the ischemic 
periodd needed to induce neuronal damage differs between these regions (45-60 min 
inn the retina, versus 5-10 min in CA1). These data indicate that different pathways 
underliee the process of cell loss in retina and hippocampus. 

HistologicalHistological  changes  and apoptosis 
Thee thickness between the internal limiting membrane and the OPL is often used as 
aa parameter to assess the overall histological damage resulting from ischemia, but a 
validationn of this method has not been provided so far. Our data show that the 
correlationn between the number of somata counted and the thickness of both the 
ONLL and the INL found in control retinas is not changed after ischemia, and we 
concludeconclude that the thickness of ONL and INL is indeed a reliable and easy to 
determinee parameter for the number of somata present. 

Celll counts have estimated that the mean loss of neurons from the GCL at 7 days 
afterr ischemia is in the range of 37-45% 202-220. Some of these cells may be displaced 
amacrinee cells, but the loss of retrogradely Fluoro-Gold-labeled ganglion cells is 
approximatelyy within the same range 206. In accordance with other investigators, we 
reportt a thinning of the INL after ischemia,169,187 and the relative number of cells lost 
fromm the INL was assessed to be 15%. Supported by the data from the TUNEL 
staining,, it is concluded that the number of cells lost from the INL exceeds the 
numberr of cells lost in the GCL by a factor three. Because most of the TUNEL-
positivee somata were located in the inner third of the INL, it may be anticipated that 
thee degeneration of amacrine cells substantially contributes to the thinning of the IPL. 
Thee loss of amacrine cells has not been well characterized, although Osborne has 
reportedd a loss of parvalbumin-, and choline acetyltransferase-immunoreactivity, 
indicatingg the degeneration of the All and cholinergic amacrine cells, respectively 
188,202,231,350 0 

Inn conclusion, ischemia induces differential changes in AMPA-type GluR subunit 
immunoreactivity,, which precede the histological signs of actual neurodegeneration. 

101 1 



ChapterChapter 5 

Thee physiological implications of the profound alterations in AMPAR levels are 
presentlyy not clear, but most likely the AMPAR mediated synaptic transmission will 
bee significantly affected after ischemia. This could point toward an adaptive 
mechanismm limiting the glutamatergic synaptic transmission functioning as a 
neuroprotectivee response. The synaptic transmission may recover slowly thereafter 
butt the long-lasting reduction of GluR1 and GluR2/3 suggests some persistent 
changes. . 
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Ischemia-inducedIschemia-induced  changes  ofAMPA-type  glutamate 
receptorreceptor  subunits  expression  pattern  in  the rat  retina 

-- A Real-Time  Quantitative  PCR study  -

FrederikeFrederike Dijk, Elza Kraal-Muller, and Willem Kamphuis 

InvestigativeInvestigative ophthalmology & visual science 45:330-341 (2004) 

Abstract t 
Thee aim of this study was to investigate whether the previously observed decrease in 
immunoreactivityy of the AMPA-type glutamate receptor subunits GluR1, -2, -3, and -4 
afterr ischemia/reperfusion in the rat retina, described in Chapter 5, is associated with 
changess at the mRNA expression level. Furthermore, to study possible changes in 
thee ratios of alternative splice variants of GluR2 and GluR4 and possible changes in 
thee subunit composition of the receptor complex following ischemia/reperfusion. The 
ischemia-inducedd changes were related to expression levels of immediate early 
genes,, c-fos and c-jun, and to expression levels of different cell type specific 
transcripts. . 

AA 60 minute-ischemic event was administered unilaterally to the rat eye by 
cannulatingg the anterior chamber and raising the intraocular pressure. Reperfusion 
wass allowed to occur for 2 hours up to 28 days. Total RNA was isolated from the 
retinass and transcript levels were assessed using real-time quantitative PCR (qPCR). 

Followingg ischemia and 2 hours of reperfusion, a differential decrease was 
observedd in the expression levels of all AMPA-type GluR subunits, with a significant 
downregulationn of GluR2 and GluR3 transcript levels. At the long-term (72 hours-4 
weeks),, expression levels for all four subunits were decreased by about 64%. No 
changess were observed either in the expression ratio of GluR2 and GluR4 splice 
variants,, or in the relative expression of the different subunits. Immediate early genes 
c-foss and c-jun were transiently upregulated. Expression levels of ganglion cell-
specificc transcripts Thy-1 and neurofilament, and of All-amacrine specific transcript 
paralbuminn decreased following ischemia/reperfusion, while ON bipolar cell 
transcriptss mGluR6 and PKCa did not show ischemia-induced changes. 

Inn conclusion, shortly after ischemia/reperfusion immunolabeling of GluR1, 
GluR2/33 and GluR4 is strongly decreased while the corresponding mRNA levels are 
nott affected, indicating degradation at the protein level. In contrast, the GluR2 mRNA 
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levell is reduced while immunostaining is not yet affected, suggesting that the GluR2 
proteinn is relatively stable under post-ischemic conditions. The decrease in mRNA 
levelss of all AMPA-type GluR subunits suggests that ischemia affects a main 
componentt of the excitatory retinal neurotransmission. It remains to be investigated 
whetherr these changes contribute to the subsequent neurodegeneration. 

Introductio n n 
Retinall ischemia leads to a loss of ganglion ceils and ischemic conditions have 
thereforee been implicated in a variety of neuroretinal disorders, including glaucoma 
10,174,1999 |n a p r e v i0 U S study we have shown that induction of ischemia in the rat 
retinaa leads to rapid changes in the protein expression levels of AMPA-type GluR 
subunits,, as was determined using immunocytochemistry 366. AMPA-type GluRs are 
involvedd in excitatory retinal signal transmission between the different types of retinal 
neuronss in both outer and inner plexiform layers, forming an extensive and complex 
neuronall circuitry 3'367368. The AMPA-type GluR is composed of four different 
subunitss (GluR1-4) that combine to form homomeric or heteromeric receptor 
complexess with a central ion channel. The relative presence of the GluR2 subunit 
determiness the permeability to calcium and other divalent cations 323341. 

Afterr a 60 minutes ischemic period, we demonstrated differential changes in GluR 
subunitt specific immunostaining levels in the inner plexiform layer (Chapter 5). 
Immunoreactivityy against GluR1 was almost completely lost 2 hours post-ischemia, 
GluR2/33 and GluR4 staining showed a significant reduction at 4 hours. Thereafter, 
levelss for GluR1 and 4 recovered, while the staining for GluR2/3 was persistently 
reducedd up to 7 days after ischemia 366. GluR2 subunit specific immunoreactivity was 
nott significantly affected by ischemia before the onset of inner plexiform thinning. 
Howw these differential changes in GluR subunits may take place is not well 
understood,, but downregulation of the gene expression of GluR1-4 subunits may be 
thee underlying mechanism. The main aim of the present study was to assess the 
evolutionn of GluR1-4 transcript levels. 

Forr this purpose the technique of real-time quantitative PCR (qPCR), a sensitive, 
reliablee and flexible method to assess gene expression levels, was applied 369-371. 
Theree are several other reasons why an investigation of the transcript levels of 
AMPA-typee GluR subunits is of interest in relation to the immunocytochemical study 
alreadyy carried out. Real-time qPCR assay is suited for the detection and 
quantificationn of known splice variants 372,373. For GluR2 and GluR4 subunits, 
alternativee splicing has been described in the C-terminal region 25"27. This is of 
particularr relevance because the antibodies used in our previous study were raised 
againstt the C-terminus sequence of the most abundant variants of GluR2 and GluR4 
butt did not detect the other variants. In addition, the short (i.e. GluR2-short, GluR3, 
andd GluR4-short), but not the long (i.e. GluR1, GluR2-long, and GluR4-long) variants 
off the GluR subunits contain a PDZ-binding domain at the extreme C-terminus. 
Amongg the PDZ-containing proteins that interact with (short) AMPA subunits are 
PKCa-bindingg proteinl (PICK1), glutamate receptor binding protein (GRIP), and 
AMPAA receptor-binding protein (ABP) 27,28. All of these proteins are involved in 
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receptorr targeting into and removal from the postsynaptic membrane. A potential 

alterationn in the relative expression of the different splice variants after ischemia 

couldd therefore underlie a loss of the antibody epitope sequence explaining the 

decreasee in immunoreactivity, and indicating a change in the functional interaction 

withh PDZ- proteins 51. Furthermore, a quantification of the transcript levels of the 

AMPA-typee GluR subunits will also provide information on a possible change in 

permeabilityy properties of the expressed receptor complex due to a shift in the 

subunitt composition 29.31.342.3e2.374.375 

Thee use of real-time qPCR is a new approach in the retinal ischemia/reperfusion 

modell and we tested gene expression levels in response to ischemia of several 

geness that may serve as reference gene(s). Furthermore, transcript levels of genes 

withh a known response to an ischemic insult were determined: (i) c-fos and c-jun, 

proto-oncogeness with a recognized role in apoptosis and a fast transient upregulation 

afterr ischemia 312376-377.> (jj) cell-specific transcripts including two retinal ganglion cell-

specificc transcripts, Thy-1 and neurofilament 69'214-215378
M one amacrine cell transcript, 

parvalbuminn (PV) 379380. | and two bipolar cell-specific transcripts, PKCa and mGluR6 
9,381.. The ganglion and All cell transcripts are expected to be downregulated after 

ischemiaa as a result of cell loss while the bipolar cell transcripts are expected to be 

relativelyy resistant to an ischemic insult69,378. 

Experimenta ll  procedure s 

Ischemia-reperfusionIschemia-reperfusion  model 

Animall handling and experimental procedures were reviewed and approved by the 

ethicall committee for animal care and use of the Royal Netherlands Academy for 

Sciences,, acting in accordance with the European Community Council directive of 24 

Novemberr 1986 (86/609/EEC) and the ARVO statement for the use of animals in 

ophthalmicc and vision research. All efforts were made to minimize suffering and 

numberr of animals used for the study presented here. 

Thee ischemia/reperfusion procedure has been described in detail previously 
69.169.215,3666 | n s h o r t > a d u | t m a | e Wlstar r a t s (Harlan, the Netherlands) weighing 200-

3000 g were anesthetized and mounted onto a stereotactic frame. A steel 30-gauge 

infusionn needle connected to a saline reservoir was placed in the middle of the 

anteriorr chamber of the left eye. The reservoir was opened and lifted to 1.70 m. After 

600 minutes of ischemia, the reservoir was lowered and the pressure in the eye was 

allowedd to equilibrate. Reperfusion started immediately. After the reperfusion time, 

eachh animal was given an overdose of sodium-pentobarbital (0.8 ml; 60 mg/ml) 

intraperitoneally. . 

Sham-operations,, in which a needle was inserted into the anterior chamber 

withoutt elevating IOP, were performed (n=30) to evaluate the possibility that the 

processs of cannulation itself induced differences between ischemic and control eyes 

(n=21).. Since there was no statistical significant difference between the expression 

dataa of control and sham retinas, it was decided to pool these groups into one single 

controll group (n=51). The ischemic retinas (in total n=50) were grouped according to 

105 5 

http://342.3e2.374.375


ChapterChapter 6 

thee reperfusion time: 2 h (n=8), 6 h (n=5), 12 h (n=6), 24 h (n=6), 48 h (n=5), 72 h 
(n=5),, 7 days (n=4), 14 days (n=5) and 28 days (n=5). 

RealReal  rime  Quantitative  PCR 
IsolationIsolation of total RNA from rat retinas 
Afterr enucleation, retinas were isolated and either stored at C or processed 
immediately.. Retinal tissue was homogenized and total RNA was isolated by a 
single-stepp method, based on guanidine thiocyanate extraction, following the 
manufacturer'ss instructions (Ultraspec™, Biotecx Laboratories, Inc., Houston, USA). 
Isolatedd RNA was dissolved in 8ul diethylpyrocarbonate (DEPC)-treated water. In a 
seriess of preliminary trials, the concentration and quality of total retinal RNA was 
determinedd (2100 Bioanalyser, Agilent Technologies Netherlands BV, Amstelveen, 
thee Netherlands) and found to be around 10 ug/retina with sharp ribosomal RNA 
bands. . 

ReverseReverse transcription 
Totall RNA (dissolved in 8 ul DEPC-treated H20) was DNase I treated (1 unit 
DNAsel,, Amplification Grade, Invitrogen BV, Breda, the Netherlands) to degrade 
possiblee genomic DNA contamination. Of this mix, 4 pi was reverse transcribed into 
firstt strand cDNA with 50 U/pl of Superscript II Plus RNase H" Reverse Transcriptase 
(11 pi; Invitrogen) and 50 ng/ul random hexamer primers, during 50 min at . To 
thee resulting cDNA sample, 15 pi 10 mM Tris -1 mM EDTA was added, bringing the 
volumee to a total of 35 pi. From all samples a 1: 20 dilution was made to be used for 
qPCRR analysis. All samples were stored at C until analysis. 

Too check the cDNA for any genomic contamination, a conventional end-point PCR 
forr B-actin was carried out using intron-spanning primers, under the following 
conditions:: annealing at 60 , elongation at 74 , denaturing at , 90 s each 
stepp for 30 cycles, with Mg2+ concentration at 1.5 mM and 0.75 U Taq DNA 
Polymerasee (Qiagen, Westburg, the Netherlands). The resulting PCR products were 
analyzedd by 1 % agarose gel electrophoresis and single bands of the anticipated size 
weree found. For control purposes, non-template controls were subjected to PCR 
amplification;; these never yielded PCR products. 

qPCRqPCR Primer design 
qPCRR primer pairs were designed using PrimerExpress V 2.0 software (PE Applied 
Biosystems,, Warrington, UK). The length of the amplicons was kept as close as 
possiblee to 80-100 bp and the melting temperature of the primers was set at C 
373.. Details of the primers and the GenBank Accession Numbers are given in Table 1. 
Specificityy of the primers was confirmed by BLAST searching. 

RealReal Time Quantitative PCR 
Reall time qPCR is based on the real-time monitoring of SYBR Green I dye 
fluorescencee by the ABI Prism 5700 Sequence Detection System (Applied 
Biosystemss Inc, Nieuwekerk a/d Ussel, the Netherlands). SYBR Green I dye is 
fluorescentt only when bound to double stranded DNA, and can be used as a 
parameterr for the amount of DNA specifically amplified during the PCR reaction 
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369,382.. A passive reference dye (ROX) is included in the PCR buffer providing an 
internall reference to which the SYBR Green dsDNA complex signal is normalized. 

TableTable 1. 

Gene e Forwar dd prime r Reversee prime r bpp GenBank 

HPRTT ATGGGAGGCCATCACATTG T 

GAPDHH TGCACCACCAACTGCTTAG C 

B-adi nn GCTCCTCCTGAGCGCAAG 

GluR11 CGAGTTCTGCTACAAATCCC G 

GluR2-shor tt  TTGAGTTCTGTTACAAGTCAAGGG C 

GluR2-lon gg GCCTTGGTTTGGCAATGC 

GluR33 GGGCAGAGTCCAAACGCA T 

GluR4-shor tt  TGATAGAGTTCTGTTACAAGTCCAGG G 

GluR4-lon gg CCAGGGCAGAGGCGAA G 

C-foss CCAAGCGGAGACAGATCAACT T 

O-junn CGACCCCCACTCAGTTCTTGT 

Thy-11 ACAAGCTCCAATAAAACTATCAATGTG A 

NFF TCGCCGCATATAGGAAACTACT G 

PVV AGGCGATAGGAGCCTTTACTG C 

PKCaa TCCAAATGGGCTTTCGGA T 

mGluR 66 TTGCGCCTGTTTGCGATAC 

ATGTAATCCAGCAGGTCAGCA A A 

GGCATGGACTGTGGTCATGA A 

CATCTGCTGGAAGGTGGAC A A 

TGTCCGTATGGCTTCATTGATG G 

AGGAAGATGGGTTAATATTCTGTGG A A 

GACATCACTCAAGGTCATCTTCATT C C 

TGTAGCGTAATTCTGAGTGTTGGT G G 

C6AGGAAGTTGGGTTAAAAGTCTG T T 

CGTTTTCTCCCACACTCCCA A 

TCCAGTTTTTCCTTCTCTTTCAGTAGA T T 

GCAGCGTATTCTGGCTATGCA A 

GGAAGTGTTTTGAACCAGCAG G G 

GAGGGCTGTCGGTGTGTGTAC C 

ACATCATCCGCACTCTTTTTCTT C C 

TGGATCGGATGGTTTTGGTT T 

GAGGCACCACTCGGGAGA A A 

77 7 

87 7 

75 5 

91 1 

81 1 

92 2 

86 6 

86 6 

93 3 

87 7 

108 8 

84 4 

97 7 

91 1 

92 2 

97 7 

M31642 2 

M33197 7 

NMM 031144 

M38060 0 

M38061 1 

NM_017261 1 

M38062 2 

S94371 1 

NM_017263 3 

X06769 9 

XI7163 3 

NM_012673 3 

NM_017029 9 

NM_022499 9 

X07286 6 

D13963 3 

PrimerPrimer sequences, GenBank accession codes, 
differentdifferent genes studied. 

andand anticipated size of the amplified product tor the 

Thiss allows for a correction for fluorescent fluctuations caused by variations in 
concentrationn or volume. The amount of product resulting in detectable fluorescence 
att any given cycle within the exponential phase of the PCR is proportional to the 
initiall number of template copies. The number of PCR cycles needed to pass a set 
thresholdd of SYBR Green fluorescence (Cycle threshold, Ct) reflects, therefore, the 
templatee concentration in the original cDNA sample. 

Thee PCR conditions were as following: 1x SYBR Green PCR buffer, 3 mM MgCI2, 
2000 uM dATP, dGTP, dCTP, and 400 uM dUTP, 0.5 U AmpliTaq Gold. 0.2 U 
AmpErasee UNG (uracil-N-glucosylase), 2 pmol primers, and 2 ul of the 1: 20 dilution 
off the cDNA in a total volume of 20 ul. This amount of cDNA corresponds to 
approximatelyy 14 ng total RNA. An initial step of C for 2 min was used for 
AmpErasee incubation followed by 10 min at C to inactivate AmpErase and to 
activatee the Ampli Tag. Cycling conditions were: melting step at C for 15 s and 
annealing/elongationn at C for 1 min, with 40 cycles. The real-time detection of 
doublee stranded allows for a construction of a dissociation curve at the end of the 
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PCRR run by ramping the temperature of the sample from C to C while 
continuouslyy collecting fluorescence data. The curves of the melting profiles showed 
aa single product and did not reveal accumulation of primer-dimers as was confirmed 
byy electrophoresis (data not shown). 

Non-templatee controls were included for each primer pair to check for any 
significantt levels of contaminants. These samples always resulted in at least in a 
differencee of 8 cycles of the Q values compared to the template containing samples. 

PCRPCR amplification efficiency 
Duringg PCR amplification the number of molecules synthesized (Xn) depends on the 
numberr of molecules present at the start of the reaction (Xo), the reaction efficiency 
(E;; ideally equals 2), and the number of amplification rounds (n): Xc^X^E01 (or 
XX00=C*E"=C*E"ctct).). For presentation reasons, we have set C at 1010. Preliminary experiments 
weree performed to establish the amplification efficiency for each of the primer pairs; 
allowingg a comparison of the expression levels of different target genes and 
transformm the observed changes in Ct to the linear range369,383. Part of the cDNA of 
controll and sham retinas was pooled and used to make two independent dilution 
rangess (1:20, 1:40, 1:80, 1:160) in DEPC-treated water. The pooled cDNA dilution 
rangess were subjected to qPCR. The resulting Ct values are related to the logarithm 
off the dilution factor, and the slope of the best-fit line is a measure for the reaction 
efficiencyy E = 10 "<1/slope) (Applied Biosystems User Bulletin #2). The Q values were 
highlyy correlated with the dilution factor (R2 > 0.99). The reaction efficiency E had a 
valuee close to 2 for all primer combinations, and for all our calculations E=2 was 
used.. These preliminary experiments were also performed to determine the optimal 
dilutionn of the cDNA to position the Ct between 15-30 cycles as recommended by the 
manufacturer.. A dilution of 1:20 was found to be optimal for all primer sets, and all 
presentedd data were derived from the same aliquot of diluted cDNA. The actual 
analysiss of the samples was carried out by preparing a solution containing all PCR 
componentss including the primers. The wells of a 96-well PCR plate were filled with 
188 ul of this solution and 2 ul of each cDNA sample to be analyzed was added. In 
thiss way methodological variation was minimized. 

Normalization Normalization 
Ass outlined above, the amount of total RNA in the samples was not determined. To 
correctt for differences in cDNA load between the different samples, the target PCR 
hass to be normalized to a reference PCR, usually an endogenous reference gene. 
Fromm the obtained Ct values of individual retinas, E"0* was calculated for target and 
referencee genes. When the PCR reaches Q, the number of amplified molecules for 
thee target PCR and reference PCR are equal: X a = Xo, target * E"a tar9et = Xo, reference * E" 
ct.. reference p r o m t n j s j t f0||ows tna t the ratio of the number of cDNA target molecules 
overr the number of cDNA reference molecules at starting conditions: X0, target : Xo, 
Ireness = E^- *** : E A "***** 382-383. The selection of which gene is to be used as a 
referencee gene in a quantitative PCR approach is a matter of ongoing debate 
369,373,384-3866 Fundamental to a reference gene is that its expression is abundant and 
essentiall for basic maintenance of cells and typically a housekeeping gene is 
selected.. However, the fact that a gene is a housekeeping gene does not necessarily 
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meann that it will behave as reference gene in a particular paradigm, since its 
multifunctionall nature suggests versatility in the mechanisms regulating its 
expressionn 384. Three housekeeping genes that are often used as a reference gene 
weree studied: HPRT (hypoxanthine phosphoribosyl transferase) 386

1 GAPDH 
(glyceraldehyde-3-phosphatee dehydrogenase)371373, and 8-actin 373,383. 

Thee expression ratio of two ideal internal reference genes is identical in all 
samples,, regardless of the experimental condition. Variation in the expression ratios 
off two genes reflects the fact that one (or both) of the genes is (are) not constantly 
expressed.. Using the data from all 88 cDNA samples and from all 15 studied genes, 
forr each gene the pair wise variation in relation to all other genes was determined as 
thee standard deviation of the logarithmically transformed expression ratios. The 
internall gene stability measure M was defined as the average pair wise variation with 
alll other control genes. Stepwise exclusion of the gene with the highest M value 
identifiess the combination of two constitutively expressed genes that have the most 
stablee expression in the tested samples. This analysis is facilitated by the use of the 
virtuall basic applet GeNorm developed by Vandesompele et al 3S7. In our model, 
HPRTT and GAPDH were identified as the most stable genes. Indeed, statistical 
analysiss with ANOVA confirmed that these genes are not significantly altered by 
ischemia.. To measure expression levels accurately, normalization to multiple 
referencee genes is preferred. A normalization factor based on the expression levels 
off HPRT and GAPDH was calculated using the geometric mean of the Ct. In addition, 
normalizationn factors were calculated for HPRT-GAPDH-PKC, HPRT-GAPDH-
PKCa-Thy-1,, etc. The pair wise variation V was calculated between these 
normalizationn factors; a large V value means that the added gene has a significant 
effectt and should be included for the final normalization factor. V (HPRT-GAPDH) = 0.65; 
VV (HPRT-GAPDH-PKCa) = 0.15; V(HPRT-GAPDH-PKCa-Thy-i> =0.09. Following the suggested cutoff 
valuee of 0.15 by Vandesompele et al.387, we decided to use the geometric mean of 
thee Ct of HPRT-GAPDH-PKCa for final normalization. 

QuantitativeQuantitative assessment of target gene expression 
Thee qPCR Q values were converted to absolute amounts of cDNA present (E01), 
andd presented as C*E"ct with C=1010. For the target genes, the absolute amount 
valuee was normalized against the absolute amount derived from the normalization Ct. 

Immunocytochemistry Immunocytochemistry 
Ischemiaa was evoked as described above. The animals were sacrificed at different 
reperfusionn times (controls (n=14), 2 hours (n=2), 4 hours (n=2), 6 hours (n=4), 12 
hourss (n=4), 24 hours (n=4), 72 hours (n=3) and 7 days (n=3)) with an overdose of 
sodium-pentobarbital.. Immunocytochemical procedures have been described before 
366.. Primary antibodies used were: c-fos rabbit polyclonal (1:20,000; Santa Cruz) and 
c-junn mouse monoclonal (1:5,000; Santa Cruz Biotechnologies, Heerhugowaard, the 
Netherlands).. The antibodies were visualized with either rabbit-anti-goat Cy3 or goat-
anti-mousee Cy3 (1:600; Jackson ImmunoResearch, Brunschwig, Chemie BV, 
Amsterdam,, the Netherlands). In addition, a DNA-binding dye (Hoechst 33258 used 
att 1:2000; Molecular Probes Europe BV, Leiden, the Netherlands) was added in 
orderr to visualize all nuclei in the retina. 
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Thee number of labeled cells in the ganglion cell layer and the inner nuclear layer 
weree counted in a 250 urn wide column in two to four different sections of each 
animal.. Data is presented as the percentage of labeled cells of total number of cells 
off that layer. 

StatisticalStatistical  analysis 
Too demonstrate whether statistically significant differences existed among the 

differentt groups, single factor ANOVA was used. If the ANOVA indicated such 
differences,, Student's t-tests were performed comparing the different ischemic 
groupss with the control group. For the reference genes this approach was followed 
usingg the absolute amounts of cDNA, for all target genes the statistical analysis 
performedd on the normalized values. The amount of transcript in the control group is 
sett at 100%; ischemic groups were compared to the control group. Most changes 
showedd a time course whereby the levels reached a constant level after 72 hours of 
reperfusion.. The data from the animals of the 72 hours, 7, 14, and 28 days groups 
(n=20)) were taken together to acquire a more precise quantification of the long-term 
changes;; this group is referred to as long-term. On the control and the long-term 
groupp a POWER-analysis was performed, resulting in values over 0.99 for all of the 
targett primer sets, except in the case of GluR2-long (0.24) and GluR4-long (0.93), 
andd NF (0.94). For c-fos, the POWER-analysis was performed on the control group 
versuss the 2-hour group (0.87), for c-jun on the control versus the 6- and 12-hour 
groupss (0.84), and for B-actin on the control versus the 12-, 24-, 48-hour groups 
(0.95). . 

Result s s 

ReferenceReference  genes 
Thee absolute, not normalized, amounts of the housekeeping genes HPRT and 
GAPDHH showed no statistical significant ischemia-induced changes (ANOVA and 
Student'ss t-test). In contrast, B-actin showed a significant ischemia-induced 
upregulationn and was, therefore, not applicable as a reference gene in this paradigm. 
Inn addition to these housekeeping genes, the rod bipolar cell transcript PKCa showed 
alsoo no significant regulation. Fig. 1A-C shows the absolute amounts of the three 
referencee genes selected to normalize the target genes: HPRT, GAPDH, and PKCa 
38T.. There was a high correlation between the detected amounts of these genes in 
individuall samples of both the control and ischemia group; the correlation coefficient 
forr HPRT-GAPDH in control retinas and ischemic retinas was 0.73 and 0.72, 
respectively.. The ratio of these genes was 0.20  0.01 (mean  SEM) in control and 
0.200 + 0.02 in ischemic retinas. For HPRT-PKCa the correlation coefficient in control 
andd ischemic retinas was 0.30 and 0.42, with ratios of 0.45  0.04 and 0.51  0.03, 
respectively.. For GAPDH-PKCa the correlation coefficient for control and ischemic 
retinass was 0.40 and 0.48, with ratios of 3.05 + 0.30 and 3.38  0.28. Fig. 1D 
illustratess the relation between the amounts of the two most correlated genes, HPRT 
andd GAPDH. 
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FigureFigure 1. 

40000 0 

30000 0 

23000 0 

'0000 0 l l l J l l l l l l 0 0 
reperfusiortt time 

25000 0 

20000 0 

tam m 

I00OD D 

50DQ Q 

P K C C 

------ 1 .1 Uuu h i 
controll 2h 6h 12h 24h 4Bfi 72h 1w 2w 

reperff u*lon time 

140000 0 

120000 0 

100000 0 

gg soooo 

55 60000 

20000 0 

11 £  . 

10000 0 

HPRT T 

Absolute,Absolute, not normalized, amounts of reference genes calculated as X0=C*E , with C at 10 . Bars 
representrepresent the average per reperfusion group  SEM. A. HPRT, B. GAPDH, and C. rod ON-bipolar 
specificspecific transcript PKCa levels do not differ statistically significant between the groups (HPRT: F=1.91, 
PP =0.06; GAPDH: F=0.86, P =0.56; PKCa: F=1.61, P =0.12; ANOVA). D. Absolute amounts of HPRT 
plottedplotted against the absolute amounts of GAPDH, illustrating that over a wide range, the amounts of 
thesethese two genes are highly correlated in both control (closed circles) and ischemic (open circles) 
samples.samples. R2 is 0.73 for the control retinas, and 0.72 for the ischemic retinas. No significant differences in 
thethe ratio of HPRT/GAPDH between control  0.01) and ischemic (0.20+ 0.02) samples (p=0.98, 
Student'sStudent's t-test). 
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ExpressionExpression levels after normalization. Data are presented as mean value per group  SEM. The levels of 
A.A. HPRT, B. GAPDH, and C. PKCa did not show significant differences amongst the different groups 
(HPRT:(HPRT: F=0.55, P =0.83; GAPDH: F=0.95, P =0.48; PKCa: F=0.91, P =0.06; ANOVA). D. In contrast, 
thethe expression of p-actin was significantly different between the groups (F=7.14, P =5.23*10~7); levels 
reachedreached a maximum at 24 hours of reperfusion with a 145% increase compared to control levels. 
Thereafter,Thereafter, levels decreased again. P < 0.05; Student's t-test against the control group. 

GluR1-GluR1-  4 subunit  gene expression 
Alll AMPAR-subunit encoding transcripts were significantly changed after ischemia; 
thee development of the alterations over the different reperfusion times is presented in 
Fig.. 3A-F, together with the outcome of the statistical analysis. Compared to the 
levelss in the control group, all subunits were found to decrease over time after 
ischemiaa with an average reduction ranging between 55% for GluR1 and 69% for 
GluR4-shortt determined in the animals studied at and after 72 h of reperfusion 
(hereafterr referred to as the long-term reperfusion-group; n=20). 

GluR1 GluR1 
Followingg ischemia/reperfusion, a gradual decrease of GluR1 was observed over the 
firstt 24 hours of reperfusion (Fig. 3A). Levels of GluR1 stabilized in the long-term 
groupp at an average level 55% lower compared to control levels. The decrease was 
significantt at 12 hours and in all following reperfusion times. 

GluR2 GluR2 
Forr GluR2 expression two splice variants were studied. Levels of GluR2-short 
decreasedd rapidly after ischemia. In the long-term reperfusion group, levels stabilized 
att a level 63% lower than the control level (Fig 3B). The decrease was significant at 2 
hourss (44%) and remained significantly lower than control levels thereafter. The 
GluR2-longg expression levels showed a similar trend as the short splice variant, 
althoughh due to the higher variability in expression level in the control group, this 
decreasee was not statistically significant. However, expression stabilized in the long-
termm group at levels 56% lower than control levels (Fig. 3c). When both splice 
variantss were summed, the decrease was significant at 2 hours or more and resulted 
inn the long-term group in levels 66% lower than control levels (F=2.79, P 
=0.007;ANOVA). . 

Thee short splice variant was more abundant than the long splice variant in all 
studiedd samples. The short variant represented 89% (mean + SEM) of the total 
GluR22 transcripts. No significant changes were observed in this ratio following 
ischemia/reperfusionn (F=0.64, P =0.76; ANOVA). 

GluR3 GluR3 
Levelss of GluR3 decreased gradually following ischemia/reperfusion (Fig.3D). The 
reductionn was significant at 6 hours with 4 1 % lost. Compared to control levels, GluR3 
decreasedd significantly with an average loss of 68% at long-term reperfusion times. 
However,, at 48 and 72 hours, the mean level of GluR3 were 74 and 82% lower than 
controll levels, while in the last three weeks it was only around 63% lower than 
controll levels, indicating that some recovery took place. 
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GluR4 GluR4 
Off the GluR4 subunit two C-terminus splice variants exist. GluR4-short (Fig. 3E) had 
increasedd with 30% at 2 hours. However, at 6 hours levels had decreased with 26% 
comparedd to control levels. The decrease then progressed gradually, and was 
significantt at 12 hours and thereafter. Levels had decreased with 69% at long-term 
reperfusion-times.. Levels of the GluR4-long splice variant (Fig. 3F) were reduced 
faster.. Long-term levels were 60% lower than control levels. When the short and long 
splicee variants were summed, the decrease in the long-term group was 64% (F=3.31, 
PP =0.002; ANOVA). 

Inn control retinas, the short variant makes up 36  2% (mean  SEM) of the total 
GluR44 subunit transcripts. As with the GluR2 splice variants, the ratio between the 
GluR44 splice variants was not significantly different between the control and various 
ischemicc groups (F=1.37, P =0.21; ANOVA). 

FigureFigure  3. 
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NormalizedNormalized expression levels of GluR1-4. Data are presented as mean value per group  SEM. A. 
ExpressionExpression of GluR1 decreased gradually over time (F=3.34, P =0.001; ANOVA). Levels reached a 
minimumminimum at 24 hours and stabilized thereafter. The mean decrease over the 72 hours, 7, 14, and 28 
daysdays groups (long-term) was 55% compared to control values. B. Levels of GluR2-short were 
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significantlysignificantly downregulated already at 2 hours post-ischemia (F=2.98, P =0.004). Levels had decreased 
withwith 63% compared to control values at long-term. C. GluR2-long was not significantly regulated by 
ischemiaischemia (F=0.50, P =0.87), although the average decrease was 56% at long-term. D. Levels of GluR3 
decreaseddecreased gradually, and reached a minimum at 72 hours (F=3.26, P =0.002). At long-term, the 
decreasedecrease was 68% compared to control levels. £. Levels of the GluR4-short splice variant increased at 
22 hours and decreased thereafter up to 69% at long-term (F=2.27, P =0.03). F. The mean decrease of 
GluR4-longGluR4-long was 60% at long-term (F=2.73, P =0.007). * P < 0.05; ** P < 0.01; Student's t-test against 
thethe control group. 

AMPA-typeAMPA-type  glutamate  receptor  complex 
Too obtain an indication of possible changes in the subunit composition of the 
receptorr complex, calculations were made on the contribution that each of the 
subunitss and splice variants made to the total AMPA-receptor encoding transcript 
populationn (table 2). In the control retinas, the GluR1 subunit contributes 
approximatelyy 15%. The GluR2 subunit (short plus long splice variants) 
encompassess the largest proportion of the receptor complex with 39%. The GluR3 
andd GluR4 (short plus long variants) represent 25% and 22%, respectively. 

Followingg ischemia/reperfusion, the contribution of GluR1 to the AMPA-R complex 
iss not significantly altered. The contribution of GluR2 (short plus long splice variants) 
decreasedd from 39% in control retinas to 28% at 2 hours of reperfusion. After that the 
contributionn increased again. GluR3 contribution significantly decreased gradually 
fromm 25% in the control group to 13% at 48 hours. At 14 days, the contribution had 
returnedd to control levels (23%). The contribution of GluR4 (short plus long) initially 
increasedd from 23% to 32% at 2 hours, followed by a gradual decrease to control 
levels. . 

TableTable  2 

Controls s 

22 hours 

66 hours 

122 hours 

244 hours 

488 hours 

722 hours 

77 days 

144 days 

288 days 

ANOVA A 

GluR1 1 

155 % 

166  3% 

199 % 

177 % 

155 % 

188 % 

200 % 

188 % 

155 + 3% 

166 % 

F=0.61,P*0.78 8 

GluR2 2 

399  2% 

288  2% 

322  6% 

400 % 

411 % 

533  12% 

444 + 6% 

455  3% 

388  2% 

433  12% 

F=0.58,, P=0.81 

GIUR3 3 

255 % 

233 % 

222 % 

199 * 

199 % 

133 % 

144 " 

144  2%* 

233 % 

200  8% 

F=1.81,P=0.08 8 

GluR4 4 

222 % 

322  3% 

277  9% 

255 % 

244 % 

177 % 

222 % 

222 % 

244  2% 

211  2% 

F=1.01,P=0.43 3 

TheThe relative contribution of the GluR1-4 subunits to the total AMPA-type of GluR receptor complex does 
notnot differ among reperfusion groups. The GluR3 contribution is significantly affected; decreases 
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graduallygradually  until  at 7 days  it  is  44% lower  than  control  levels  but  is  at control  level  again  at 14 days.  No 
differencedifference  in  the ratio  of  the short  and long  variants  of  GluR2 and GluR4 was found  (F=0.64, P=0.76 and 
1.37,1.37, P=0.21; ANOVA, respectively).  * p < 0.05; "p<  0.01; Student's  t-test  against  the control  group. 

ImmediateImmediate  early  genes 
c-fos c-fos 
Transcriptt levels of c-fos were readily detectable under normal conditions (Fig. 4A). 
Ann ischemic insult caused a rapid and significant increase of the c-fos transcript 
levelss of 434% at 2 hours of reperfusion. Thereafter, mRNA levels gradually returned 
backk to control levels withinn 48 hours. 

Thee immunocytochemical data were in agreement with these findings, showing 
severall c-fos immunoreactive somata in the control retina. After 
ischemia/reperfusion,, a strong increase in immunoreactivity was observed. At 2 
hours,, 28% of the total number of cells in the INL and 49% of the total number of 
cellss in the GCL were immunopositive (Fig. 4B-C). Thereafter, the number of labeled 
cellss progressively decreased and had returned to the control level at 7 days levels. 
Noo c-fos positive cells were found in the ONL at any of the different reperfusion times 
off ischemic retinas. 

c-jun c-jun 
Levelss of c-jun mRNA in control retinas are similar to those found for c-fos (Fig. 4D). 
Highestt expression levels were observed at 6 hours with levels 209% higher than in 
controll animals. After 6 hours, over the course of a week, levels gradually decreased 
again. . 

Immunocytochemicall findings (Fig. 4E-F) showed that in control retinas, no c-jun 
immunoreactivee cells could be observed. Ischemia induced a rapid increase of c-jun 
immunoreactivityy in the INL, reaching a maximum at 2 hours with 10% of the total 
numberr of cells immunoreactive, and decreasing gradually thereafter. C-jun 
immunoreactivityy in the GCL showed a different development. A gradual increase 
wass observed reaching a maximum only at 72 hours with approximately 9% of the 
totall number of cells immunopositive. At 7 days, this number had decreased again to 
2%.. No c-jun positive cells could be detected in the ONL. 

Cell-typeCell-type  specific  markers 
Thy1 Thy1 
Att 2 hours of reperfusion, the expression of RGC marker Thy1 had decreased by 
15%% compared to control levels (Fig. 5A). Levels of Thy1 gradually decreased further 
andd at long-term transcript levels were 51% lower than in control retinas. Differences 
weree statistically significant at 24 hours of reperfusion and thereafter. 

Neurofilament Neurofilament 
Ischemia/reperfusionn resulted in a gradual decrease of neurofilament, the second 
RGC-markerr used (Fig. 5B). The decrease at 2 hours was 22% and progressed to a 
lossloss of 53% in the long-term reperfusion group. Differences were statistically 
significantt at 12 hours of reperfusion and thereafter. 
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FigureFigure  4. 
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A.A. Expression levels of immediate early gene (IEG) c-fos increased significantly with 434% compared 
toto control values at 2 hours, and returned back to control level within 48 hours (F=14.66, P =8.62*10'13; 
ANOVA).ANOVA). B. The percentage of c-fos immunoreactive cells in both INL and GCL is highest at 2 hours, 
andand gradually returned to control levels over 7 days. C. In a control retina, a small number of cells show 
c-fosc-fos immunoreactivtiy (arrow). An ischemic retina at 2 hours of reperfusion shows many 
immunopositiveimmunopositive cells in both INL and GCL (arrows). D. Mean levels of c-jun showed a maximum 
increaseincrease at 6 hours of 209% compared to control levels, and then gradually returned to control levels 
withinwithin 7 days (F=5.88, P =7.3*10'6). E. The percentage of c-jun immunoreactive cells showed a 
maximummaximum increase at 2 hours in the INL, but at 72 hours in the GCL. F. C-jun immunoreactivity in a 
controlcontrol retina showed no positive cells. At 2 hours of reperfusion, the maximum number of 
immunopositiveimmunopositive cells is reached in the INL. In the GCL various immunopositive cells could be detected 
(arrow),(arrow), but the maximum number of positive cells was reached only at 72 hours of reperfusion. * P < 
0.05;0.05; ** P <0.01; Student's t-test against the control group. 

Parvalbumin Parvalbumin 
Thee mRNA levels of the All amacrine cell-specific transcript PV decreased rapidly 
followingg ischemia/reperfusion showing a reduction of 59% at 6 hours (Fig. 5c). 
Levelss continued to decrease and reached an average decrease of 74% in the long-
termm group. 

mGluR6 mGluR6 
mGluR66 is expressed by both rod and cone ON-type bipolar cells. No significant 
changess in response to ischemia/reperfusion were observed between the groups in 
transcriptt levels of mGluR6 (Fig. 5D). 
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PKCa PKCa 
Thee rod ON-type bipolar cell-specific transcript PKCa did not show any significant 
differencess in post-ischemic retinas (Fig. 2C). As explained above, this transcript has 
beenn included in the final normalization factor. The findings on mGluR6 and PKCa 
indicatee that none of the ON bipolar cells are vulnerable to ischemia. 

FigureFigure  5. 

Thy-1 1 

| | | 

J J 
r r 1 1 11 " 

-- -

i i '. '. 

__ ii 

1 1 

controll 2li 24hh 48h 72h 1w 2 * 4w 

reporfusio nn tim e 

A.A. The expression of ganglion-cell-specific Thy-1 gradually decreased, and was 51% compared to the 
controlcontrol group at long-term (F=5.12, P =1.38"10'5; ANOVA). B. The level of ganglion-cell-specific 
neurofilamentneurofilament decreased by 53% at long-term (F=2.16, P =0.03). C. The level of All amacrine cell-
specificspecific parvalbumin (PV) decreased rapidly following ischemia. At 6 hours, levels had decreased with 
approximatelyapproximately 59% compared to control levels. At long-term, PV levels had on average decreased by 
74%74% (F=2.75, P =0.007). D. Levels of ON-bipolar-specific mGluRG did not show ischemia-induced 
regulationregulation (F=0.09, P =0.99). * P < 0.05; ** P < 0.01; Student's t-test against the control group. 

Discussio n n 
Usingg a real-time qPCR approach we set out to elucidate whether a downregulation 
off AMPA-type GluR subunits 1-4 gene expression underlies the previously observed 
changess in immunoreactivity (Chapter 5)366. The main finding of this study is that 60 
minutess of retinal ischemia results in a downregulation of all AMPA-type GluR 
subunit-encodingg transcripts (Table 3). The applicability of qPCR-based analysis to 
studyy alterations in gene expression in this experimental model was confirmed by 
showingg in the same cDNA samples: (i) a transient upregulation of immediate early 
geness (c-fos and c-jun) in parallel with an upregulation at the protein level as shown 
byy immunocytochemistry, (ii) a persistent downregulation of two ganglion cell-specific 
transcriptss (Thy-1 and neurofilament), (iii) a downregulation of the All-amacrine cell-
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specificc transcript parvalbumin, and (iv) unaffected levels of the bipolar cell markers 
PKCaa and mGluR6. 

AMPA-typeAMPA-type  glutamate  receptor  subunit  expression 
Whenn comparing gene expression levels with alterations observed at the protein 
levell detected using immunocytochemistry, it needs to be pointed out that the qPCR 
dataa are derived from the total retina, giving an average of all cell types expressing a 
particularr transcript. For the cell type specific transcripts (Thy-1, neurofilament, 
parvalbumin,, PKCa, and mGluR6) qPCR provides detailed information on changes 
off a particular cell type. However, AMPA-type GluRs are expressed by different 
retinall cell types, which makes the interpretation of qPCR data less straightforward. 
Ourr previous study showed that the reduction of AMPA-type GluR subunit staining 
waswas restricted to the inner retina (amacrine and ganglion cells) while staining of the 
outerr plexiform layer, coming from bipolar and horizontal cells, was hardly 
attenuated.. Because a relatively small proportion of the total GluR immunostaining is 
locatedd in the outer plexiform layer, it is reasonable to assume that most of the retinal 
GluRR subunit transcript in the cDNA sample originates from amacrine and ganglion 
cellss and that only a minor fraction is carried by horizontal and bipolar cells4'1119. 

Anotherr issue that needs to be taken into account is that ischemia induces cell 
loss,, which by its very nature, will lead to a reduction of ganglion and amacrine cell 
transcriptt levels. This raises the question whether the changes in GluR subunit gene 
expressionn are not simply a result of a loss of cells. TUNEL-positive staining, 
indicativee for apoptosis, is no longer observed at 72 hours and later (long-term 
group)180213-366.. The degree of expression reduction of GluR subunits at long-term is 
betweenn 55% and 69%, which corresponds well to the reduction found for the 
ganglionn and amacrine cell-specific transcripts; Thy-1, 51%; neurofilament, 53%; 
parvalbumin,, 74%. Therefore, the long-term decrease of the GluR subunit 
expressionn levels is most likely explained by the loss of amacrine and ganglion cells. 
Inn contrast, after the start of reperfusion the very first TUNEL positive cells appear 
aroundaround 4 hours with a peak in their numbers at 12-24 hours; leading to the 
conclusionn that changes in gene expression in the 2 and 6 hour groups are related to 
thee consequences of the ischemic insult and are not caused by a loss of cells 
180,213,321,3666 since the alterations in subunit immunoreactivity were also found in this 
timee window, we focus the discussion on these groups (Table 3). 

Followingg 60 minutes of ischemia, immunocytochemical observations revealed a 
nearr complete loss of GluR1 immunoreactivity at 2 hours of reperfusion, followed by 
somee recovery of immunoreactivity thereafter366. In contrast, the qPCR data show 
onlyy a minor 12% reduction of GluR1 expression levels at 2 hours. These results 
jointlyy show that the fast reduction of GluR1 immunostaining is not caused by a 
reductionn in gene expression, and indicates the involvement of selective GluR1 
proteinn degradation 33,52. 

GluR22 gene expression (short plus long splice variants) decreases with a much 
fasterr time course compared to GluR1, at 2 hours already a significant decrease of 
44%% was found. The two GluR2 splice variants were affected to a similar degree and 
thee ratio between the abundant (90%) short and the long variant was not significantly 
alteredd after ischemia/reperfusion. GluR2 subunit specific immunostainings showed 
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TableTable  3. 

GluR1 1 

GluR2-short t 

GluR2-k>ng g 

GluR2/3 3 

GluR3 3 

GluR4-short t 

GluR4-long g 

(|PCn n 

22 hours 

- 1 % % 

-25% % 

-22% % 

+34% % 

-19% % 

66 hours 

-15% % 

-57% % 

-59% % 

-41% % 

-25% % 

-47% % 

122 hours 

-38% % 

-62% % 

-43% % 

-62% % 

-53% % 

-34% % 

immunoTMCtivti y y 

22 hours 

-88% % 

+22% % 

-72% % 

-53% % 

66 hours 

-58% % 

- 1 % % 

-66% % 

+26% % 

122 hours 

-63% % 

-23% % 

-68% % 

-20% % 

SummarySummary of changes in AMPA-type GluR subunits following ischemia/reperfusion at the mRNA level 
(qPCR)(qPCR) and at the protein level (immunoreactivtiy). Immunoreactive changes were assessed in the inner 
plexiformplexiform layer (IPL) and have been quantified using densitometric analysis 366. 

noo detectable change in the total amount of GluR2 (short) labeling up to 24 hours 
afterr reperfusion 366.1 which leads to the conclusion that although GluR2 gene 
expressionn declines significantly after ischemia this does not seem to immediately 
affectt the protein level in the retina. 

GluR33 transcript levels were significantly decreased by 24% at 2 hours and 41% 
att 6 hours. The GluR3 expression data cannot be compared directly to 
immunocytochemicall data because no GluR3 subunit specific antibody is available. 

Att 2 hours of reperfusion, GluR4-short transcript levels showed a 30% increase 
andd levels of GluR4-long decreased with 20%. These changes were not significant. 
Thereafterr both splice variants showed a decrease in transcript levels compared to 
thee control levels. The immunocytochemical results 366

1 obtained with an antibody 
directedd against the more abundant GluR4-long splice variant showed a profound 
decreasee in labeling at 2 hours, presenting a comparable pattern as for GluR1 
wherebyy the decrease in protein levels precedes the decrease in expression levels. 

BalanceBalance  between  subunit  expression  levels  and splice  variants 
Thee functional characteristics of the AMPA-type glutamate receptor are principally 
determinedd by subunit composition 3-23-341. The presence of GluR2 underlies the 
linearityy of the current-voltage relation and imposes a low-calcium conductance, 
whilee the GluR4 subunit determines the desensitization kinetics 3M. For the rat 
hippocampall CA1 area, a subunit specific downregulation of GluR2 mRNA levels by 
aboutt 70% has been described at 24 hours of reperfusion after 10 min of global 
ischemiaa 29. Our immunocytochemical study on retinal ischemia/reperfusion, did not 
providee support for a selective loss of the GluR2 subunit at the protein level366. The 
dataa presented here show that the contribution of GluR2 gene expression also does 
nott change significantly following ischemia/reperfusion (Table 2). The absence of 
consistentt changes in the balance between levels of mRNA encoding AMPA 
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glutamatee receptor subtypes after retinal ischemia is in agreement with other gene 
expressionn studies after global brain ischemia375389. 

Thee experimental design of the study described in this chapter also addressed 
whetherr ischemia induces alterations in the splicing routes encoding for different C-
terminall variants of GluR2 and GluR4. interaction of PDZ-domain containing proteins 
withh C-terminal sequences of the GluR subunits is thought to localize proteins to 
specificc subcellular regions, and provides an important mechanism for clustering ion 
channelss and receptors 27'390. The short splice variants of the GluR subunits (GluR 2-
short,, GluR3, GluR4-short)25"27, contain domains that are the sites of interaction with 
PDZ-proteinss like PICK1, GRIP, and ABP 27'391"394. The long splice variants (i.e. 
GluR1,, GluR2-long, GluR4-long) do not contain such domains 27. In control retinas, 
thee short splice variant of GluR2 is nine times more abundant than the long splice 
variant.. These data concur with whole-brain data from mice27. The long splice variant 
off the GluR4 subunit is approximately twice as abundant as the short splice variant. 
Inn the murine brain, GluR4-short is preferentially expressed in granule neurons and 
Bergmannn glial cells in the cerebellum, while GluR4-long is expressed in Bergmann 
gliall cells and interneurons in the forebrain 26,27. Our observations did not provide 
evidencee for significant alterations in the ratio of the long and short variants in the 
retina,, suggesting that the splicing machinery of GluR2 and GluR4 gene expression 
iss not affected by ischemia/reperfusion. 

ValidationValidation  of  Vie qPCR approach 
Too our knowledge this is the first report using qPCR in the retinal 
ischemia/reperfusionn model and the potential pitfalls called for a validation of the 
techniquee 369. The normalization was based on the expression level of three genes 
basedd on the procedure described by Vandesompele et al 387. Furthermore, the gene 
expressionn response of some well-known genes was studied. The gene expression 
off the immediate early genes c-fos and c-jun, proto-oncogenes with a recognized role 
inn apoptosis, is characterized by a fast and transient upregulation after a 
(patho)physiologicall stimulus including ischemia 312376,377.395,396 T n e c_ fos qpQR 
findingss are in good agreement with immunocytochemical observations on c-fos 
proteinn expression. C-jun transcript levels showed a similar trend, although the peak 
off c-jun expression was observed at 6 hours instead of 2 hours. This was in partial 
accordancee with the c-jun immunodetection in the INL, where the peak was observed 
att 2 hours. Immunocytochemistry revealed that the trend in the ganglion cell layer 
wass opposite to the trend in the inner nuclear layer. Such a phenomenon of opposite 
changess within the retina is not detected by qPCR outcome and because the INL 
trendd involved many more cells this effect dominates the qPCR. These findings again 
showw that qPCR data have to be interpreted with caution and that parallel 
immunocytochemicall studies provide useful additional information. 

Thee second group of genes studied was composed of transcripts with a cell-
specificc expression. As expected, levels of the ganglion cell-specific transcripts Thy-1 
andd neurofilament decreased gradually following an ischemic insult, stabilizing at 48-
722 hours at around 50% of the control value. 69'215378. This value is in correspondence 
withh the value reported by Osborne et ai. using competitive PCR and also matches 
thee degree of cell loss observed in immunocytochemical stainings 174231-378397. 
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Paralbuminn is a cytosolic calcium-binding protein expressed by the All amacrine 
cellss in the inner nuclear layer of the retina 379M0. Real-time qPCR showed that the 
expressionn of PV decreases progressively following ischemia/reperfusion reaching a 
losss of about 75% at the long-term. This is in line with a gradual ischemia-induced 
decreasee observed in the number of detectable PV-immunopositive cells 242378. 
PKCaa was studied as a rod ON bipolar cell-specific transcript381. This cell type is 
resistantt to the effects of an ischemic insult as shown by immunocytochemistry 242-366 

andd our results confirmed that ischemia did not induce a significant regulation of 
PKCaa expression and could even be used as one of the reference genes in this 
paradigm.. mGluR6 is a marker for both rod and cone ON-bipolar cells 9, and also 
demonstratedd little variation between the various ischemic reperfusion groups. In 
conclusion,, qPCR confirms that ganglion and All amacrine cells are affected by 
ischemiaa while bipolar cells are able to maintain stable expression levels. 

Thee fact that the expression of both the immediate early genes and various cell-
typee specific transcripts aligns so well with immunocytochemical findings from 
literaturee demonstrates that real-time qPCR is a useful method to study alterations in 
thee ischemia/reperfusion paradigm. 

Conclusions Conclusions 
Thee main aim of this study was to investigate whether observed retinal ischemia-
inducedd changes in GluR1, 2/3, and 4 at the protein level are the result of changes at 
thee gene expression level. A gradual decrease in mRNA levels of all subunits was 
observed,, but the nature of these changes at 2 and 6 hours of reperfusion indicates 
thatt the observed immunocytochemical changes are not primarily the result of 
alteredd gene expression, but rather result from processes taking place at the protein 
level.. Furthermore, the relative expression of the splice variants of GluR2 and GluR4 
wass not affected after ischemia, and therefore no direct changes are introduced in 
thee functional interaction of GluR2 or GluR4 with PDZ-containing proteins. Finally, 
ischemiaa did not affect the subunit composition of the expressed receptor complex, 
andd alterations in the calcium conductance are not anticipated 398. 

Thee changes in GluR subunits show that ischemia affects a main component of 
thee excitatory neurotransmission, suggesting an impairment of synaptic 
communicationn at the level of the inner plexiform layer. Whether these changes 
contributee to the subsequent neurodegeneration remains to be investigated. 
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DifferentialDifferential  effects  of  ischemialreperfusion  on 
amacrineamacrine  cell  subtype  specific  transcript  levels  in  the 

ratrat  retina 

FrederikeFrederike Dijk, Selina van Leeuwen, and Willem Kamphuis 

Abstract t 
Retinall ischemia induces the loss of retinal ganglion cells. However, in absolute 
numberss approximately three times more cells are lost from the inner part of the inner 
nuclearr layer, where amacrine cells are located, compared to the number of cells lost 
fromm the ganglion cell layer (Chapter 5). The main goal was to determine the relative 
vulnerabilityy of the various amacrine subpopulations by measuring the levels of 
transcriptss that are known to be specifically expressed by different amacrine 
subpopulations.. A 60-minute ischemic period was administered to the rat eye by 
cannulatingg the anterior chamber and raising the intraocular pressure, followed by a 
reperfusionn period lasting between 2 hours and 4 weeks. Total RNA was isolated 
fromm the retinas and expression levels were assessed by real-time quantitative PCR 
(qPCR). . 

Retinall ischemia/reperfusion has differential effects on the levels of the various 
transcripts.. Three main patterns were identified: (i) a gradual decrease of transcript 
levell without recovery was observed for parvalbumin; this transcript is expressed by 
thee glycinergic All-cells, (ii) A gradual reduction to different levels until 72 hours of 
reperfusion,, followed by a partial or complete recovery thereafter (glycine transporter 
1,, glutamate decarboxylase, calretinin, and several other transcripts). The glycinergic 
amacrinee cell markers recovered to about 65-75% of the control level, while the main 
GABAergicc markers had completely recovered at 4 weeks, (iii) No significant 
changess of transcript levels were found for markers of several smaller GABAergic 
subpopulationss (including Substance P (Tad), somatostatin). Expression levels of 
photoreceptor,, horizontal cell and bipolar cell specific transcripts were not altered. 
Thesee patterns were confirmed by a cluster analysis of the data. 

Basedd on gene expression levels, it may be concluded that amacrine cells are 
vulnerablee to ischemic insults and that the glycinergic amacrine cells are relatively 
moree sensitive to ischemia than the GABAergic population. In particular the extensive 
lossloss of the parvalbumin containing All amacrine cells, which serve in the rod 
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pathway,, may have functional implications for vision under scotopic conditions. In 
Chapterr 8 241, the results are evaluated at the protein level by immunostaining for a 
selectionn of the amacrine cell markers. 

Introductio n n 
Glaucomaa is characterized by a slow and progressive deterioration of the visual field 
whichh is caused by a loss of retinal ganglion cells 10174-199. ischemic conditions have 
beenn implicated in this loss of ganglion cells 161170172. Experimentally induced 
ischemiaa leads to neurodegeneration of retinal ganglion cells, but also to a 
substantiall loss of amacrine cells, and from our previous experiments on retinal 
ischemiaa it was concluded that the absolute number of amacrine cells lost is 
approximatelyy three times higher than the number of retinal ganglion cells lost399197. 
Studiess by Osborne et al. have shown that the number of All and cholinergic 
amacrinee cells detected by immunocytochemistry are reduced 242, but so far an 
extensivee survey of ischemia-induced changes of the amacrine cell population is not 
available. . 

Thee amacrine cell population is formed by a heterogeneous group of mostly 
inhibitoryy interneurons that play an important physiological role in the signal 
transmissionn in the inner retina 368. Many different types of amacrine cells have been 
classifiedd on the basis of morphology, physiology, neurotransmitter content, or a 
combinationn of these 4WM02. About half the amacrine cell types uses glycine as 
neurotransmitter,, the other half uses GABA (Y-aminobutyric acid). Glycinergic 
amacrinee cells are classified as "small field" indicating that their processes extend 
verticallyy through different substrata of the I PL, and do not extend over large 
distancess horizontally. Morphologically, at least eight glycinergic subtypes have been 
identifiedd 403. GABAergic amacrine cells are generally "wide-field". They transmit 
signalss over large horizontal distances, but usually within one of the IPL substrata. 
GABAergicc amacrine cells often contain a secondary neurotransmitter (dopamine, 
serotonin,, substance P, somatostatin, vasointestinal peptide, etc), which may be 
involvedd in the fine-tuning of the GABAergic inhibition 404. 

Thee main issue addressed in this study is whether there is a differential 
vulnerabilityy to retinal ischemia among the various amacrine subpopulations. Real 
timee quantitative PCR (qPCR) on ganglion cell specific transcripts has shown to be a 
usefull tool in assessing the degree of ganglion cell loss 238 . Under the assumption 
thatt gene expression levels of amacrine subpopulation-specific transcripts are 
similarlyy informative on the number of amacrine cells present in the retina, we set out 
too determine these transcript levels at various times after ischemia/reperfusion. 
Furthermore,, a cluster analysis was performed on the qPCR data obtained in this 
andd previous studies. In the accompanying report, the results of the 
immunocytochemicall study on a selection of the encoded gene products are 
presentedd 241. 
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Experimenta ll  Procedure s 

Ischemia-reperfusionIschemia-reperfusion  model 
Animall handling and experimental procedures were reviewed and approved by the 
ethicall committee for animal care and use of the Royal Netherlands Academy for 
Sciences,, acting in accordance with the European Community Council directive of 24 
Novemberr 1986 (86/609/EEC). All efforts were made to minimize suffering and 
numberr of animals used for the study presented here. 

Thee ischemia/reperfusion procedure has been described in detail previously 
169,197.2388 ( n s h o | 1 a d u | t m a | e W jstar rats (Harlan, the Netherlands) weighing 200-300 
gg were anesthetized. A steel 30-gauge infusion needle connected to a saline 
reservoir,, elevated to 1.70 m, was placed in the middle of the anterior chamber of the 
rightright eye. The reservoir was open for 60 minutes, reperfusion was allowed for a 
periodd of 2 hours up to 4 weeks. Animals were killed by an overdose of sodium-
pentobarbitall (0.8 ml; 60 mg/ml) intraperitoneally. 

Sham-operations,, in which a needle was inserted into the anterior chamber 
withoutt elevating the IOP, were performed (n=24) to evaluate the possibility that the 
processs of cannulation itself induced differences between ischemic and control eyes 
(n=21).. Since there was no statistical significant difference between the expression 
dataa of control and sham retinas, it was decided to pool these groups into one single 
controll group (n=45). The ischemic retinas (in total n=50) were grouped according to 
thee reperfusion time: 2 h (n=8), 6 h (n=5), 12 h (n=6), 24 h (n=6), 48 h (n=5), 72 h 
(n=5),, 1 week (n=5), 2 weeks (n=5), and 4 weeks (n=5). 

RealReal  Time Quantitative  PCR 
IsolationIsolation of total RNA from rat retinas 
Thee processing of tissue for RT qPCR, and all controls for DNA contamination, has 
beenn described in detail 197. In short, the retina was isolated, homogenized and total 
RNAA was isolated by a single-step method, based on guanidine thiocyanate 
extraction,, following the manufacturer's instructions (Ultraspec™, Biotecx 
Laboratories,, Inc., USA). Isolated RNA was dissolved in 8 ul diethylpyrocarbonate 
(DEPC)-treatedd water. The concentration and quality of total retinal RNA was and 
foundd to be around 10 ug/retina with sharp ribosomal RNA bands (Agilent 
Technologiess 2100 Bioanalyser). 

Reversee transcription 
Totall RNA, dissolved in 8 ul DEPC-treated H20, was DNase I treated (1 unit DNAsel, 
Amplificationn Grade, Invitrogen). Of this mix, 4 ul was reverse transcribed into first 
strandd cDNA with 50 U/ul of Superscript II Plus RNase H" Reverse Transcriptase (1 
pi;; Invitrogen) and 50 ng random hexamer primers, during 50 min at . To the 
resultingg cDNA sample, 15 pi 10 mM Tris -1 mM EDTA was added, bringing the 
volumee to a total of 35 pi. From all samples a 1: 20 dilution was made and used for 
qPCRR analysis. All samples were stored at C until analysis. 
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TableTable  1. 

Gene e GenBank k 

.. . . 4 0 5 

rhodopsin n 

B-PDE405 5 

Calbb 1 4 0 6 

Gfap399'407 7 

... 399.407 
vimentin n 

Glylll * * * » 

Glytll [2] 

.. 410 
aqpl l 

GAD22 2 4 4 

GAD11 244 

THH 411 '412 

VIP404 4 

Tacrll 4 1 3 

Tacr3414 4 

Tadd 4 1 5 

SST416 6 

StxIA417 '418 8 

ChAT419'420 0 

Calretinin419 9 

Calretininn [2] 

NM_033441 1 

XM_214126 6 

NM_031984 4 

NM_017009 9 

NM_031140 0 

NM_053818 8 

NM_012778 8 

NM_012563 3 

NM_017007 7 

NM-012740 0 

X02341 1 

NM_012667 7 

NM_017053 3 

NM_012666 6 

NM_012659 9 

NM_053788 8 

L02952 2 

NM_053988 8 

NM_053988 8 

Forwardd primer 

GCAACAGGAGTCGGCTACCA A 

TTGGGAGGCTTGCTCTTGAA A 

TGAAGCTGTTCGACTCAAATAATGA A 
T T 

TGGTATCGGTCCAAGTTTGCA A 

ACTCCAAAAGAACACTCCTGATTAA A 
GAC C 

CCAGCTTCTCCTTGGTTGTCAT T 

CTCATGGCTTTGTCGTCTGTCA A 

AGTGTGTGGGAGCCATCGTT T 

GGTCAACTTCTTCCGCATGGT T 

GGGTGTGCTGCTCCAGTGTT T 

GCCATGAGCTGTTGGGACAT T 

CCTTGAGTCACTCATTGGCAAAC C 

ATCAACCCAGATCTCTACCTGAAGA A 
A A 

CAAATCCAGCCGCAAGAAGA A 

CGGTGCCAACGATGATCTAAA A 

CTGAGCCCAACCAGACAGAGA A 

ACCGAGAACGCTGCAAAGG G 

CTGGATTTCATTGTTTATAAGTTTGA A 
CAAC C 

GCCAACCGTCCCTATGATGA A 

CCACCTACAGGAAGAGCGTCAT T 

Reversee primer bp 

GCATAGGGAAGCCAGCAGATCC 99 

GATATCTGTTCCTAGCCCCTCCATT 78 

CCTGGAATTTAAGAAGGAAATTTTCC Q C 

CC y b 

TGGCGGCGATAGTCATTAGCC 98 

TGAGCCTGTGCAGTTTTTATTCAAA 108 

AGCATCATCTGAATGTCCTGGAAA 97 

CATTTTTCAAACGCTGAAGAAGTGTT 97 

GGTCATTTCGGCCAAGTGAGTT 84 

CTTGTCCCAGGCGTTCGATT 92 

GCACACATCTGGTTGCATCCTT 92 

CCCCAGAGATGCAAGTCCAATT 86 

TGAAGACTGCATCAGAGTGTCGTTT 86 

CAGCGGAAGGCGTGCTTT 149 

GTGGAGGCAGATTTGGAACCTT 84 

TCTTCGGGCGATTCTCTGAAA 109 

CTGCAGCTCCAGCCTCATCTT 89 

TGGCGGGATTCCCACTCTT 105 

CTGGAGGGCCACCTGGATT 96 

CCAATTTGCCGTCTCCATTTAAA 88 

GGCTCACTGCAAAGCACAATCC 85 

GeneGene nomenclature, GenBank accession code, primer sequences, and anticipated size of the amplified 

productproduct for the different genes studied. Sequences of primers specific for HPRT, GAPDH, PKCct, 

mGluR6,mGluR6, Thy-1, neurofilament and parvalbumin were published previously {550}. Abbreviations: R-PDE 

== B-phosphodiesterase; Calbl = calbindin-D28K; GFAP = glial fibrillary acidic protein; Glytl = glycine 

transportertransporter 1; Aqp 1 - Aquaporin 1; GAD1 = glutamate decarboxylase-65; GAD2 = glutamate 

decarboxylase-65;decarboxylase-65; TH = tyrosine hydroxylase; VIP = vasoactive intestinal polypeptide; Tacrl = 

tachykinintachykinin receptor 1; TacrZ = tachykinin receptor 3; Tcacl = substance P; SST = somatostatin; Stx 1A 

== syntaxin 1A; ChAT= choline acetyl transferase. 

qPCRqPCR Primer design 

qPCRR primer pairs were designed using PrimerExpress V 2.0 software (PE Applied 

Biosystems,, Warrington, UK). The length of the amplicons was kept as close as 

possiblee to 80-110 bp and the melting temperature of the primers was set at 59-60 C 

3 7 3 .. Details of the primers and the GenBank Accession Numbers are given in Table 1. 

Specificityy of the primers was confirmed by BLAST searching. 
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RealReal Time Quantitative PCR 
Alll methods for the assessment of changes in transcript levels due to ischemia have 
beenn described in detail before 2M. In short, transcript levels were derived from the 
accumulationn of SYBR green fluorescence in an ABI Prism 5700 Sequence Detection 
Systemm (Applied Biosystems Inc.). The PCR conditions were as follows: 1x SYBR 
Greenn PCR buffer, 3 mM MgCI2, 200 uM dATP, dGTP, dCTP, and 400 uM dUTP, 0.5 
UU AmpliTag Gold, 0.2 U AmpErase UNG (uracil-N-glucosylase), 2 pmol primers, and 
22 pi of the 1: 20 dilution of the cDNA in a totai volume of 20 ul. At the end of the PCR 
runn ramping the temperature of the sample from 60 C to 95 C while continuously 
collectingg fluorescence data allows for the construction of a dissociation curve of the 
amplifiedd DNA. The curves of the melting profiles showed a single amplified product 
andd the absence of primer-dimer formation. Non-template controls were included for 
eachh primer pair to check for any significant levels of contaminants. These samples 
alwayss resulted in at least in a difference of 8 cycles of the Q values compared to the 
templatee containing samples. All samples were analyzed together on a single 96-well 
plate. . 

PCRPCR amplification efficiency 
Forr all primer pairs, the amplification efficiency (E) was determined allowing for a 
comparisonn of the expression levels of different target genes and transformation of 
thee observed changes in Ct to a linear range. The reaction efficiencies had values 
closee to 2 for all primer combinations. The qPCR Ct values were converted to 
absolutee amounts of cDNA present in the sample (E'a), and presented as C*E_ct with 
Q __ A 010,238,369.383,421 

Normalization Normalization 
Ass outlined above, the amount of total RNA in the samples was measured. However, 
inn our experience the total amount of RNA in the samples as determined by OD2eo 
measurementt is not a good normalization factor (unpublished data). To correct for 
differencess in cDNA load between the different samples, we normalized the target 
PCRR to a set of reference PCRs. A high variation in the expression ratio of two genes 
reflectss the fact that one (or both) of the genes is (are) not constantly expressed and 
subjectt to regulation. The data from all 95 cDNA samples and from 55 studied genes 
(includingg previously studied genes 238 ), were used as input for a geNorm analysis 
3S7.. In our data set the following order was established; ranked from high to lesser 
stability:: photoreceptor-specific transcript rhodopsin, HPRT (hypoxanthine 
phosphoribosyll transferase) processed with a ABI-qPCR kit, HPRT processed with a 
Eurogentec-qPCRR kit, the B subunit of phosphodiesterase (B-PDE), GAPDH 
(glyceraldehyde-3-phosphatee dehydrogenase), and PKCa. 
Thee absolute amounts of these reference genes showed no statistical significant 
changess between the groups. Moreover, the ratios for the detected amounts of these 
selectedd reference genes do not differ significantly between control and ischemic 
groups.. The ratio of rhodopsin and HPRT(ABi)Was 419 + 24 (mean  SEM) in control 
andd 341  18 in ischemic retinas. For rhodopsin and HPRT(Eurogentec) the ratios were 
7399  61 and 599  42, and for HPRT(ABi> -HPRT(Eur09entec> the ratios were 1.54  0.02 
andd 1.61  0.02, respectively. 
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Basedd on the geNorm analysis, the geomean value was calculated of the two most 
stablee genes (NF2), of the three most stable genes (NF3), etc. Following 
VandeSompele'ss procedure, it was decided to use NF6 for normalization of our data 
387.. For all target genes, the absolute amount value was normalized against the 
absolutee amount derived from NF6. The normalization procedure led to a significant, 
butt modest, reduction of the coefficient of variation (SD/mean*100%). In the dataset 
off 55 transcripts and 45 control samples there was a reduction of the average 
coefficientt of variation from 77% to 70% (P<0.041; n=57; Paired Student's t-test). It 
maymay be concluded, in accordance with other reports, that transcript levels show an 
intrinsicc high degree of variability370373. 

StatisticalStatistical  analysis 
Too demonstrate statistically significant differences among the different groups, the P-
valuee of single factor ANOVA was calculated based on the normalized data. Results 
aree presented as mean  SEM. If the ANOVA analysis indicated such differences, 
Student'ss t-tests were performed comparing the different ischemic groups with the 
controll group. The data from the animals of the 1, 2, and 4 weeks groups <n=15) 
weree taken together to acquire a more precise quantification of the long-term 
changes;; this group is referred to as long-term. 

ClusterCluster  analysis 
Basedd on the data set obtained from the 95 samples for a total of 55 genes, including 
thee reference genes, amacrine cell markers, AMPA-type glutamate receptor subunits, 
glutamatee receptor binding proteins, and others, a cluster analysis was performed. 
Thee results of multiple assays for the same gene were averaged. A recent update of 
Clusterr 3.0 -Treeview 1.0 was used 422. The average normalized data of each group 
weree converted into a relative change compared to the controls, log2 transformed, 
andd without any further normalisation clustered, following a hierarchical strategy with 
centroidd linkage. The distance/similarity between the data was selected as Euclidian 
becausee this takes the magnitude of changes in gene expression levels into account. 

Result s s 
Thee selection of transcripts was based on a literature survey for immunocytochemical 
markerss expressed by subpopulations of amacrine cells and not by other retinal cell 
types.. Given the heterogeneity of the amacrine population it may be that not all 
amacrinee cell types are represented in this study, but the major populations are dealt 
with.. Following ischemia/reperfusion, most transcript levels were characterized by a 
transientt decrease with differences in rate and extent of reduction and also by 
diversityy in the degree of recovery at 1, 2, and 4 weeks of reperfusion. However, 
somee amacrine cell specific transcripts showed no significant changes in response to 
ischemia/reperfusion.. Details for the different transcripts are described below and 
presentedd in Fig 1. 
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GlycinergicGlycinergic  amacrine  cells 
GlycineGlycine transporter 1 
Glycinergicc amacrine cells, expressing glycine transporter 1 (Glytl), represent almost 
halff of the amacrine cell population 408-409. Following ischemia/reperfusion, Glytl 
transcriptt levels showed a gradual decrease from 6 hours onward; at 72 hours a 
minimumm was reached at 31% of the control level (=100%). At long-term (1, 2 and 4 
weekss of reperfusion) levels recovered up to 75% (P < 0.06; Student-t) (F=2.95, 
P=0.004;; ANOVA). Using a second primer set for Glytl [2], a similar outcome was 
obtainedd with a long-term level of 74% (P< 0.037). (Fig. 1A; F=3.11, P=0.003) 

Pan/albumin Pan/albumin 
AA subclass of glycinergic cells is formed by parvalbumin expressing All-cells 400'403. 
Paralbuminn transcript levels decreased after ischemia/reperfusion, with a minimum 
att 72 hours with 17% of the control transcript level remaining. Transcript levels 
continuedd to be low thereafter. At the long-term, transcript levels were significantly 
lowerr with 31% of the control transcript level remaining (Fig. 1B; P < 0.006; F=3.64, 
P=0,0007). . 

AquaporinAquaporin 1 
Aquaporinn 1 expressing cells are medium-sized glycinergic amacrine cells 410. 
Followingg ischemia/reperfusion, quite large variation was observed between 
reperfusionn groups, but these changes did not show a trend (Fig. 1C). At long-term, 
levelss were 116% of the control levels (F= 2.18, P=0,03). 

Calretinin Calretinin 
Calretininn (calbindin 2) is expressed by a great number of amacrine cells in the inner 
nuclearr layer and also by displaced amacrine cells in the ganglion cell layer402419423. 
Inn the rabbit 90% of the calretinin-immunopositive cells are glycinergic and in the rat 
alll cholinergic cells are calretinin-positive while the All amacrines did not contain 
calretininn 402,419. Co-localisation studies from our lab have shown that 75% of the 
calretinin-containingg somata are Glytl-immunopositive (unpublished observations). 
Followingg ischemia/reperfusion, an initial increase in calretinin-transcript levels was 
observed,, and from 2 hours onward a gradual decrease was found, with a minimum 
off 21% reached at 72 hours. At long-term, levels recovered to 73% of the control 
levell (F=1.96, P=0.05). To verify these results, we assessed calretinin with a second 
primerr set calretinin [2] directed against exon 11, while the first set was directed 
againstt exons 6-7. The time course of changes detected by both assays was very 
similar,, although the initial increase in transcript levels at 2 hours was not observed 
withh the second primer set. At 72 hours levels reached a minimum of 24% and 
recoveredd thereafter to 65%, which was significantly lower than in controls (Fig. 1D; 
PP < 0.011; F=4.18, P=0.0002). 
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FigureFigure  1. 
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GABAergicGABAergic  amacrine  cells 
GlutamateGlutamate Decarboxylase 
Thee GABAergic amacrine cells represent approximately half of the amacrine cell 
populationn 400. Two different genes encode for two glutamate decarboxylase 
isoforms,, GAD-65 and GAD-67. Three subpopulations of GABAergic cells exist, that 
containn either GAD-65, GAD-67| or both. GAD-65 is thought to be involved in 
synthesizingg GABA for the conventional vesicular compartments 244. After ischemia a 
graduall decrease in GAD-65 transcript was observed, reaching a minimum at 72 
hourss of reperfusion (20% of control levels), thereafter GAD-65 transcript levels 
increasedd and reached almost 100% at 4 weeks (Fig. 1E; P < 0.19). On average in 
thee long-term group 79% of control transcript levels was found (F-3.32, P=0,002; 
ANOVA).. The transcript level for GAD-67, was increased at 2 and 6 hours, 
decreasedd thereafter to a minimum of 31% at 72 hours and recovered to control 
levelss (100%) at long-term (F=4.45, P < 0.0001). 

VIP VIP 
Vasoactivee intestinal peptide (VIP) is expressed by a subpopulation of GABAergic 
cellss 404. An initial increase of transcript levels at 2 hours (to 150%; not significant) is 
followedd by a significant decrease at 6 hours of reperfusion. After more than 72 hours 
off reperfusion, levels gradually increased and were back at control level at 2 weeks 
(97%% in the long-term group) (Fig 1F; F= 4.75, P < 0.0001). 

TyrosineTyrosine hydroxylase 
Tyrosinee hydroxylase (TH) is expressed by dopaminergic amacrine cells, a 
subpopulationn of GABAergic cells 411412. Following ischemia, a gradual reduction of 
THH transcript levels was observed with a minimum at 24 hours with 20% of the 
controll level (p<0.045). Thereafter, an increase was detected, however with large 
variancee in each reperfusion group. At the long-term, 86% of control-level transcript 
levelss were observed. None of these changes were significant (F=1.24, P=0.28). 

TachykininTachykinin - Substance P 
Thee tachykinin (Tac) transcript encodes for the peptides substance P (SP or Tad) , 
substancee K (or neurokinin A, which is hardly observed in the retina), and 
neuromedinn K (NK or neurokinin B) 414. SP is observed in a subpopulation of 
GABAergicc amacrine cells 413. Following ischemia/reperfusion transcript levels were 
nott altered, except for the 24 hours group (Fig. 1G; F=4.5, P < 0.0001). 

SubstanceSubstance P receptor 
Thee substance P receptor (SPR, Tacrl or neurokinin-1 receptor, NK1) is, like its 
agonist,, abundantly distributed in the inner retina 424. Most SPR cells are GABAergic, 
butt SPR is not found in SP-containing cells 414. SPR showed a gradual decrease of 
transcriptt levels between 2 and 72 hours, reaching 39% of control levels; thereafter 
transcriptt levels increased to 80% of the control level in the long-term groups. These 
changess were not statistically significant (F=1.45, P=0.19). 
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TachykininTachykinin receptor 3 
Thee tachykinin receptor 3 (Tacr3; synonyms are neuromedin K receptor, NK3; and 
neurokininn B receptor) is found in GABAergic neurons, including all dopaminergic 
amacrinee cells 414. After ischemia, a gradual decrease in transcript levels of Tacr3 
waswas observed over time, with a minimum of 19% at 72 hours, followed by an increase 
inn transcript levels, reaching 70% of the control level at the long term (Fig. 1H; P < 
0.046;; F= 4.42, P < 0.0001). This was the only GABAergic amacrine cell marker for 
whichh significantly lower levels were detected at long-term, but levels may not have 
fullyy stabilized at 4 weeks. 

Somatostatin Somatostatin 
Thee neuropeptide somatostatin (Sst or somatotropin release inhibitory factor, SRIF) 
co-existss with either noradrenaline or GABA-producing cells 416. At two hours an 
increasee in the transcript levels of somatostatin was observed. Between 6 hours and 
22 weeks, the average expression was lower than found in controls but at 4 weeks an 
increasee was found (not significant; average long-term is 92%; F= 2.34, P=0.02). 

SyntaxinSyntaxin 1A 
Syntaxinn 1A is localized to membranes of amacrine somata and to the IPL 417418. 
Syntaxinn 1A transcript levels demonstrated a significant increase at 2 hours and then 
returnedd to control levels with an average over long-term of 91% (Fig. 11; F=4.22, P < 
0.0001). . 

nNOS nNOS 
Neuronall NOS is observed in two subpopulations of amacrine cells in the INL and in 
aa subpopulation of neurons in the GCL, nNOS co-localizes with GABA in wide-fteld 
amacrinee cells 257263401425. |n repsonse to ischemia/reperfusion, a rapid decrease 
wass observed in nNOS transcript levels. The minimum was reached at 12 hours with 
40%% of the control level, thereafter the expression increased again reaching a 
maximumm of 134% at 72 hours. At long-term 77% of control levels was measured. 
Nonee of these changes were significant (F=1.41; P=0.20). 

CholineCholine acetyltransferase 
Thee choline acetyltransferase (ChAT) expressing amacrine cells, known as the 
starburstt amacrine cells, are a group of excitatory amacrine cells 419-420. However, 
cholinergicc cells also contain GABA368402426-427. |n rabbit, co-localization of ChAT has 
beenn observed only with GAD-67, not with GAD-65 428. Furthermore, all cholinergic 
neuronss express the calcium-buffering protein calretinin 402-419, Following 
ischemia/reperfusion,, levels of ChAT transcript decreased gradually and reached 
veryvery low values between 24 hours and 72 hours. In several samples transcript levels 
weree difficult to detect and for the other samples the levels were around 15% 
comparedd to the controls {Fig. 1 J). The average transcript level was returned to 88% 
att 1-4 weeks, but showed great variation between individual animals in each group. 
Somee animals (8 out of 15) showed low levels near the detection limit while others (7 
outt of 15) had ChAT levels characteristic for controls or even higher (F=3.78, 
P=0.0006).. The second primer set revealed similar results with a good correlation of 
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thee detected levels in the different animals between the two assays (F=2.96, 
P=0.004). . 

TheThe response  of  non-amacrine  cell  type  specific  transcripts  to  ischemia 
Comparedd to our previous study 238, we have used a larger number of genes for the 
normalizationn procedure. A re-evaluation of the Thy-1 and neurofilament (NF) 
transcriptt levels showed the same significant reduction of these ganglion cell-specific 
transcriptss 17,214 to about 50% at long-term. No changes were observed for mGluR6 
(ON-typee bipolar cell-specific), PKCa (rod type bipolar-specific) 429 and calbindin 
(CaBP;; horizontal cell-specific) 406. We additionally studied the rod photoreceptor-
specificc transcripts rhodopsin and B-PDE405. Both showed no changes in response to 
ischemiaa and have been included in the reference set. 

Retinall Muller cells contain glial fibrillary acidic protein (GFAP), which is a type III 
intermediatee filament protein 3 " . Following ischemia, a gradual increase of GFAP 
transcriptt levels is observed, with a peak around 48 - 72 hours that is 6 times the 
controll level (Fig 2A; F=10.5, P < 0.0001). Levels returned to the control level at 1 
week.. At long-term, levels were 97% compared to the control level. An assembly 
partnerr of GFAP is vimentin 3 " , which alters the filament density within the Muller cell 
cytoplasm.. Transcript levels of vimentin showed a 17 fold-increase at 24 hours 
comparedd to the control level. Thereafter levels decreased gradually until the control 
levell was reached at 1 week (Fig 2B; F=71.4. P < 0.0001). At the long term levels 
weree 95% compared to the control level. 
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ClusterCluster  analysis 
Thee cluster analysis of the data included a total of 55 genes. The results are 
presentedd in figure 3. ChAT is recognized as a separate group. At the top of the 
figuree genes with a lasting down-regulation are grouped, followed by genes that show 
aa transient down-regulation, including most of the amacrine cell-specific genes. From 
nNOSS down to 3-PDE are genes clustered that do not show a clear response to 
ischemia,, including Aqp1 and T a d . The remaining genes show a transient 
upregulationn post-ischemia. 
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FigureFigure 3. 
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TheThe results of the cluster analysis on all collected data. The colour bar indicates the relative change 
(log2)(log2) relative to the control group. Intense red (+2.26) represents a 5-fold (or more) up-regulation and 
intenseintense green represents a 5-fold (or more) down-regulation. Gray indicates missing data points. The 
genesgenes used as reference genes are in italic and the amacrine cell specific genes are indicate in red. 
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Discussio n n 
Thee main finding of this study is that retinal levels of genes specifically expressed by 
subtypess of amacrine cells are differentially regulated in response to 60 minutes of 
ischemiaa in the rat retina. Gene expression levels were followed from 2 hours up to 4 
weekss post-ischemia and three different patterns of amacrine cell type-specific 
transcriptt levels were identified and confirmed by cluster analysis: (i) A gradual 
reductionn in transcript levels with progressing reperfusion time and no indication of 
recovery.. This pattern was observed for parvalbumin, an All amacrine specific 
marker.. This time course is similar to the persistent reduction of the ganglion cell 
specificc markers Thy-1 and neurofilament238. (it) A gradual decrease of transcript 
levelss until around 72 hours, followed by an increase to levels that either remained 
beloww or reached control values at 1-4 weeks, (iii) Transcript levels with no specific 
ischemia-inducedd changes: aquaporin 1, somatostatin, syntaxin 1A, and Substance 
P. . 

(1)(1) Long-term  decrease  of  PV gene expression 
Parvalbuminn was the only amacrine cell transcript that showed a gradual decrease in 
mRNAA levels and remained lower even att 4 weeks after ischemia. This time course is 
similarr to that of the ganglion cell-specific genes neurofilament and Thy-1, which 
showedd a lasting reduction to 34% and 51%, respectively 238. The long-term (1-4 
weeks)) levels of PV mRNA were significantly reduced with only 31% of the control 
levell remaining. This finding is not fully consistent with immunocytochemical 
observationss that All amacrine cells are no longer detectable after ischemia 242-378. 
Nevertheless,, these data indicate that a substantial part of the glycinergic All 
amacrinee cells are lost after ischemia, which may have functional implications for rod-
dominatedd visual pathways. 

(2)(2) Transient  decrease  of  many  amacrine  subpopulation-specific  transcript 
levels levels 
Thee transcripts showing this transient down-regulation were markers for glycinergic 
cells,, Glytl and calretinin, for GABAergic cells (GAD-65, GAD-67, VIP, Tacrl, Tacr3), 
dopaminergicc cells (TH), and cholinergic cells (ChAT). The rate and degree of the 
decreasee varied per transcript, but most transcript levels reached their lowest point 
aroundd 72 hours of reperfusion. ChAT-transcript levels showed the most dramatic 
decreasee with minimum levels to 15% of the control level, reflecting a 7-fold 
decrease.. An unexpected finding was that the initial decrease was followed by a 
recoveryy of gene expression. Apparently, the initial decrease of transcript levels is 
nott directly comparable to the degree of neurodegeneration. For this purpose, the 
postt ischemic stages at which cell loss is no longer occurring are more informative. 
Somee transcripts stabilized at 1-4 weeks at levels below control values while others 
continuedd to recover to control values at 4 weeks. The glycinergic amacrine cell 
markerss stabilized at significantly lower levels of 75% (Glytl) and at 65-73% 
(calretinin),, suggesting that there may be an overall loss of 25-35% of the glycinergic 
amacrinee cells after ischemia, with the subpopulation of All amacrines being 
relativelyy most vulnerable with an anticipated loss of 70%. At the protein level, the 
numberr of glycinergic calretinin immunopositive has been reported to decrease 
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followingg ischemia/reperfusion and intraocular NMDA/KA injections . However, 
thesee markers have been investigated only up to 10 days of reperfusion times before, 
soo a transient decrease cannot be ruled out. 

Expressionn levels of markers for the various GABAergic amacrine cell 
subpopulationss that show a transient decrease are in general not different from 
controll levels in the 1-4 week, and all of the expression levels have recovered to the 
controll level at 4 weeks of reperfusion. Only Tacr3 expression levels were not 
restoredd completely and stabilized significantly lower at 70% of the control amount, 
suggestingg that this relatively small subpopulation may be affected by ischemia. In 
addition,, a minor reduction to 77% was measured for nNOS but this reduction was 
nott statistically significant. It has been reported that at the protein level, 
ischemia/reperfusionn results in an increase of nNOS from 72 hours until 7 days, 
thereafterr levels decrease. At 4 weeks protein levels remain high according to one 
studyy 425, while hardly any soma can be detected according to another study257. 

AA particular subpopulation of GABAergic cells are the cholinergic starburst cells 50. 
Thee transcription levels of ChAT decrease to less than 15% between 24 - 72 hours. 
Att long-term (1-4 weeks) ChAT levels were highly variable. In some animals levels 
weree not different from controls, while in others they were as low as 10%, indicating 
thatt at least in several animals cholinergic cells are affected. 

(3)(3) Amacrine  cells  not  affected  by ischemialreperfusion 
Thee absence of significant changes in some transcripts indicates that some amacrine 
subtypess not are affected by ischemia/reperfusion. Several GABAergic 
subpopulationss do not show significant changes: somatostatin, substance P and 
syntaxinIA,, as well as glycinergic subpopulation aquaporinl. 
Combiningg this with the finding that other GABAergic neurons recover better from 
ischemiaa at the mRNA level, it appears that in general GABAergic subpopulations 
sufferr less from ischemia/reperfusion than do glycinergic and cholinergic amacrine 
cells. . 

InterpretationInterpretation  ofqPCR  data 
Thee interpretation of the results presented here is based on the assumption that 

genee expression levels provide information on the number of amacrine cells present 
inn the retina. Although this approach has been a useful tool in assessing the degree 
off ganglion cell loss 17214238

i the application for a wider screening of other cell types 
hass not been presented. In line with the expectation that ischemia does not affect 
photoreceptor,, bipolar and horizontal cells, no significant changes were detected in 
transcriptt levels representative of these cell types. In addition, the conclusions are 
basedd on the data obtained 1-4 weeks after ischemia when the more transient 
alterationss related to cell death (caspase 3 expression 180•204-258321 ,TUNEL staining 
321,, and Muller cell proliferation (GFAP and vimentin 298399) have disappeared. 
Nevertheless,, since the qPCR data presented here provide no information on the 
distributionn of expression, interpretations need to be made with caution. For instance, 
thee fact that the expression level of a marker for a particular subpopulation shows no 
significantt change may also reflect a situation wherein a fraction of this population is 
lost,, but the remaining cells increase expression in order to compensate for the loss. 
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Consideringg this, it is essential to correlate the qPCR data to the corresponding 
proteinn levels in the ischemic retina using immunocytochemistry 2A\ 

ConclusionsConclusions  and future  directions 
Thiss study shows that amacrine cell-specific transcript levels are differentially 
affectedd by retinal ischemia. The pattern of changes detected indicates that 
glycinergicc amacrine cells are relatively more sensitive than GABAergic neurons. 
Thiss conclusion is based on qPCR data and needs further verification at the protein 
level. . 

Sincee (human) glaucoma is characterized by a progressive loss of retinal ganglion 
cells,, animal models have aimed and focussed primarily on the disappearance of 
thesee retinal cells 188, even though atrophy of INL and IPL is also observed in the 
glaucomatouss retina 157 248. To what extent the simultaneous degeneration of 
ganglionn and amacrine cells may play a role human glaucoma is not clear. 
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ChapterChapter  8 

Ischemia-inducedIschemia-induced  changes  in  specific 
subpopuiationssubpopuiations  of  amacrine  ceils  in  the rat  retina 

FrederikeFrederike Dijk and Willem Kamphuis 

Abstract t 
Retinall ischemia leads to the loss of neurons in the inner retina. In Chapter 7 240 we 
presentedd the results of a study on the effects of experimentally-induced retinal 
ischemiaa on transcript levels of genes expressed by distinct subpopuiations of 
amacrinee cells. Three different patterns of changes in transcript levels were found 
afterr 60 minutes of ischemia, indicating a differential vulnerability of amacrine 
subtypes:: (i) a gradual decrease of transcript level without recovery (parvaibumin; 
PV);; (ii) a gradual decrease, at varying rates and degrees, followed by partial 
recoveryy after 72 hours of reperfusion (choline acetyltransferase (ChAT), calretinin 
CR)) and Glycine Transporter (Glytl); (iii) no significant changes (Substance P; SP). 
Too verify whether the degree of cell loss can be predicted from the decrease of gene 
expressionn levels, immunocytochemical stainings were carried out. 

AA 60-minute ischemic period was administered unilaterally to the rat eye by 
cannulatingg the anterior chamber, raising the intra-ocular pressure, followed by 
reperfusionn lasting between 2 hours and 4 weeks. Series of immunocytochemical 
labellingg with antibodies directed against PV, ChAT, CR, Glytl and SP were 
performed.. Double labelling with apoptosis marker TUNEL was used to demonstrate 
celll type-specific apoptosis. 

Followingg ischemia, the numbers of detected PV-, Glytl, ChAT-, and CR-
immunopositivee somata showed a substantial, but differential, reduction at 1-4 weeks 
afterr ischemia. The total amount of immunoreactivity present in the inner plexiform 
layerr (IPL) also decreased. The extent of alterations derived from 
immunocytochemicall staining was greater than was anticipated from the decrease of 
transcriptt levels. Only for SP, no significant decrease in number of cells or in the 
intensityy of immunoreactivity in IPL was observed, which is in agreement with the 
absencee of significant changes in transcript levels. 

Inn conclusion, retinal ischemia/reperfusion differentially affects amacrine cell 
populations.. The qualitative findings of a reduction of both protein and mRNA levels 
aree in agreement with each other, but at the quantitative level there is no 
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unambiguouss correlation, and caution must be applied in the use of qPCR screening 
ass a tool for assessing the cellular patterns of neurodegeneration. 

Introductio n n 
Retinall ischemia leads to the neurodegeneration of retinal ganglion cells, in a pattern 
similarr to that observed in the glaucomatous human retina, a pathological condition 
characterizedd by a slow and progressive deterioration of the visual field 10'174'199. in 
additionn to the loss of ganglion cells after experimentally induced ischemia, many 
cellss in the inner nuclear layer, presumably amacrine cells, also undergo apoptosis 
174.194,197,242,4300 y n e a m a c r j n e ce | |s form a heterogeneous group of interneurons that 
providee lateral interactions in the local neuronal network of the inner plexiform layer 
400-368,401 1 

Inn the Chapter 7 240, we present the outcome of a study on the response of various 
amacrinee cell types to retinal ischemia by assessing the expression levels of cell type 
specificc genes using real-time quantitative PCR (qPCR). After 60 minutes of 
ischemia,, three different response patterns were identified, leading to differential 
changess in transcript levels at 4 weeks post-ischemia, (i) Parvalbumin (PV)-
containingg cells, known as the All amacrine cells, showed, with increasing 
reperfusionn times, a gradual and persistent reduction of PV-transcript levels. This 
wouldd be in accordance with immunocytochemical studies reporting a loss of staining 
242,3788 (jjj -rne s e c o n ( j pattern was observed for the majority of the transcripts 
investigatedd and included GAD-65, GAD-67 (glutamic acid decarboxylase isoforms), 
Glytll (glycine transporter 1), ChAT (choline acetyl transferase), and calretinin (CR)-
containingg cells. These transcripts gradually decreased to 72 hours of reperfusion 
andd increased thereafter to different degrees of recovery 240. The decrease of ChAT 
andd CR transcript levels is in agreement with decreased immunostaining 69,242, but 
becausee these markers have not yet been investigated at longer reperfusion times, a 
potentiall recovery of staining was not reported. This means that these populations of 
amacrinee cells may in fact resist ischemia, but transiently reduce the gene 
expressionn levels of ChAT and CR. Another possibility is that these (and other) 
amacrinee cell types are lost, but that the residual cells of these populations increase 
genee expression levels, (iii) Finally, several amacrine subpopulations did not show a 
changee in transcript levels following ischemia/reperfusion. The mRNA levels of 
substancee P, aquaporin 1, tyrosine hydroxylase (TH), somatostatin, and syntaxinIA 
weree not significantly affected by ischemia 240. No literature data are available on the 
proteinn levels in the ischemic retina. There is a growing interest in the tachykinin 
systemm and its receptors because of their presumed role in excitotoxicity 431. Cell-
specificc regulation of the tachykinin system has been described in cortical areas of 
thee ischemic brain 431, and SP receptor blockers appear to ameliorate the 
pathologicall effects of focal cerebral ischemia 431J|33. 

Inn order to correlate the observed ischemia-induced changes in transcript levels to 
alterationss at the protein level, the changes of five amacrine subpopulations are 
investigatedd in the present study using immunocytochemical markers. Glytl, PV, 
ChAT,, CR, and SP have been selected as they represent the different patterns in 
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genee expression described above . Furthermore, double labeling with apoptosis 
markerss was performed to find direct evidence for an apoptotic death of amacrine cell 
typess in response to ischemia/reperfusion. A good correlation between the gene 
expressionn levels and immunocytochemical patterns would validate the use of qPCR-
screeningg as a straightforward and flexible tool to assess retinal damage. 

Experimenta ll  Procedure s 

Ischemia-reperfusionIschemia-reperfusion  model 
Animall handling and experimental procedures were reviewed and approved by the 
ethicalethical committee for animal care and use of the Royal Netherlands Academy for 
Sciences,, acting in accordance with the European Community Council directive of 24 
Novemberr 1986 (86/609/EEC). All efforts were made to minimize suffering and 
numberr of animals used for the study presented here. 

Thee ischemia/reperfusion procedure has been described in detail previously 169*197. 
Inn short, adult male Wistar rats (Harlan, the Netherlands) weighing 200-300 g were 
anesthetized.. A steel 30-gauge infusion needle connected to a saline reservoir at 
1.700 m height was placed in the middle of the anterior chamber of the left eye. The 
reservoirr was open for 60 minutes, reperfusion was allowed for a period of 2 hours 
upp to 4 weeks. Animals were killed by an overdose of sodium-pentobarbital (0.8 ml; 
600 mg/ml) intraperitoneally. The animals (n=45) were sacrificed at different 
reperfusionn times (2 hours (n=5), 4 hours (n=5), 6 hours (n=4), 12 hours (n=4), 24 
hourss (n=6), 48 hours, (n=4), 72 hours (n=5), 1 week (n=4), 2 weeks (n=4), and 4 
weekss (n=4)) with an overdose of sodium-pentobarbital. 

Immunocytochemistry Immunocytochemistry 
Immunocytochemicall procedures have been described before 197. In short, eyecups 
weree prepared, fixed with fresh 2% paraformaldehyde in 0.1 M phosphate buffer 
(PB),, pH 7.0, for 30 minutes at room temperature, cryoprotected in sucrose and 
frozen.. Cryosections (8 urn) were cut and mounted on poly L-lysine coated glass 
slides;; sections of the ischemia-treated retina and the contralateral control retina 
weree mounted on the same slide. For immunostaining, sections were rinsed, pre-
incubatedd with 0.05M PB supplemented with 10% normal goat serum, 0.4% Triton X-
100,, and 1% bovine serum albumin (BSA). Sections were overnight incubated at 
roomm temperature with the primary antibody in 3% normal goat serum, 0.4% Triton X-
100,, and 1% BSA in PB. 

Alll antibodies were obtained from commercial sources; their specificity is 
documentedd and has been tested by preadsorption tests and Western blots. All 
localizationn patterns were in accordance with published patterns. Negative controls 
weree included, by omitting the primary antibody, but these never yielded staining 
patterns.. A list of primary antibodies used in this study is given in Table 1. 
Immunoreactivityy was visualized using indocarbocyanine (Cy3)-conjugated affinity-
purifiedd F(ab')2 secondary antibodies (Jackson Immuno Research). 
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Sectionss were washed and coverslipped in Vectashield including DAPI as a 
nuclearr dye (Sigma-Aldrich) and viewed with a Leica DMRE fluorescence 
microscopee using a 40x and 63x objective with an iris diaphragm. Images were 
recordedd digitally with a Leica 350F 16-bit CCD-camera with fixed settings for the 
experimentall and contralateral control retina of the same animal to obtain an 
accuratee representation of the differences in immunolabeling intensities. Adobe 
Photoshopp was used to arrange the TIFF files for presentation. 

TableTable  1. 

Antibody Antibody 
against: against: 

Parvalbumin n 

Glytl l 

ChAT T 

CR(1) ) 

CR{2) ) 

GAD-65 5 

VIP P 

Substancee P 

Tyrosine e 
hydroxylase e 

GFAP P 

Celll  typ e identifie d 

Subpopulationn of glycineric amacrine 
cellss {All / rod amacrine cells)400'403 

Glycinergicc amacrine cells408 409 

Cholinergicc amacrine cells (Starburst) 
222.420,426 6 

Subpopulationn of cholinergic amacrine 
CellSS 3*M0M1M23 

Subpopulationn of cholinergic amacrine 
cells s 
Subpopulationn of GABAergic amacrine 
cells2<AA ,434 

Subpopulationn of GABAergic amacrine 

Subpopulationn of GABAergic amacrine 
cells s 

Dopaminergicc amacrine cells411,412 

Mullerr cell-end f e e t 3 3 0 m 4 0 7 

Hos t t 

mm m 

gp p 

mm m 

mm m 

gp p 

mm m 

rbp p 

mm m 

mm m 

mm m 

Sourc e e 

Swantt / Chemicon 

Chemicon n 

Chemicon n 

Transduction n 
Laboratories s 

Swant t 

Affinity y 

Chemicon n 

DiaSorin n 

Transduction n 
Laboratories s 

Sigma a 

Dilutio n n 

1:10,000 0 

1:3,500 0 

1:30 0 

1:: 10,000 

1:2,500 0 

1:400 0 

1:2,000 0 

1:9,000 0 

1:1,000 0 

1:500 0 

DetailsDetails on antibodies used. gp=goat polyclonal; mm=mouse monoclonal; rp=rabbit polyclonal 

DensitometricDensitometric  analysis  and statistics  on immunocytochemical  data 
Thee digitally recorded images were subjected to densitometric analysis using the 
publicc domain ImageJ program (http://rsb.info.nih.gov/ii/). The parameter "total 
amountt of labeling" was defined as: the average pixel gray value times the number of 
pixelss selected representing the I PL. The values of the experimental retina were 
normalizedd against the contralateral control retina of the same animal present on the 
samee slide (=100%). The IPL was selected following the border of the IPL with the 
innerr nuclear layer and with the ganglion cell layer. The area analyzed had a fixed 
widthh of 220 urn, determined by the size of the camera chip, but varied in thickness 
duee to swelling and thinning of the ischemic tissue. The number of detected cells as 
welll as the outcome of the densitometric analysis is presented as average values 
basedd on at least four animals per reperfusion group and a minimum of six images 
weree obtained of each retina using the 40x objective. The densitometric parameters 
aree derived from immunostained sections and are exploited as an indirect 
measurementt of changes in the amounts of specific proteins present in the tissue. 
Effortss were made to minimize methodological variations. Control and ischemic 
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sectionss were on the same slide, the complete set of slides were incubated and 
washedd together, and the dilution of the primary antibody was carefully tested to be 
withinn a range that yields comparable densitometric results of the same tissue. 

IdentificationIdentification  ofapoptotic  cells 
Too follow the process of cell death over time, enzymatic in situ labeling of apoptosis-
inducedd DNA strand breaks was performed using the terminal deoxynucleotidyl 
transferasee (TdT)-mediated FITC-dUTP nick-end labeling (TUNEL) assay (Promega 
Corporation).. In addition, immunostaining for caspase 3 and 9 (Cell Signalling 
Technologies;; Rabbit polyclonal antibodies, used at 1:700) was performed. By 
double-labelingg these antibodies with cell-specific markers on series of ischemic 
retinas,, we aimed to identify certain cell populations that are particularly susceptible 
too ischemia. 

Result s s 
Thee response of four amacrine cell types to ischemia/reperfusion was investigated by 
meanss of immunocytochemistry: parvalbumin- (PV), glycine transporter 1 (Glytl), 
cholinee acetyl transferase- (ChAT), calretinin- (CR), and substance P- (SP) 
containingg cells. The parameters derived from series of immunocytochemical 
stainingss are the number of immunopositive somata detected, and the total amount 
off labelling in the IPL (see experimental procedures section). 

Glytl Glytl 
AA large subpopulation of amacrine cells is formed by the glycinergic amacrine cells 
andd can be identified by the Glytl antibody. The patterns of immunoreactivity at 
differentt reperfusion stages are illustrated in Fig 1. The alterations in the number of 
detectedd somata and in the total amount of staining are presented in Fig. 2. For 
comparison,, the previously determined transcript levels of Glytl 24  are included in 
Fig.. 2. In control retinas, the outline of many cells located in the inner one third of the 
INLL is visualized as well as a dense punctate pattern of immunoreactivity in the IPL. 
Followingg ischemia, during the first 12 hours of reperfusion no clear changes in the 
numberr of cells occurred. At 24 - 48 hours a profound reduction in the number of 
immunopositivee cells was observed. After longer reperfusion times few Glytl-immuno 
positivee somata remained. In the 1-4 weeks groups, fereafter referred to as 'long-
term',, 23% of the control number of positive cells were found (Fig. 2B). In the 2 
weekss group, only one out the four studied animals showed detectable staining 
(averagee amount was of 9% of control). However, in the 4 weeks group three of the 
fourr animals showed detectable staining again (average amount was 24% of control) 
withh a staining intensity comparable to controls. 

143 3 



ChapterChapter 8 

FigureFigure 1. 

ImmunoreactivityImmunoreactivity pattern of Glytl in control and ischemic retinas: in the control  retina, the outline of 
manymany Glytl immunopositive somata is observed in the INL as well as dense labelling throughout the 
IPL.IPL. Following ischemia and 6 hours  of reperfusion, the intensity of labelling in INL and IPL remains 
unaltered.unaltered. In is not not until 48 hours  that a drastic decrease in the number of somata is observed and in 
thethe intensity of labelling in the IPL. Somata are still relatively numerous (arrows). At 1 week,  the number 
ofof detectable somata has decreased further (arrows), and in the IPL bright speckles are observed 
(arrowheads).(arrowheads). At 2 weeks,  only few somata are still detected (arrows) and immunoreactivity is still 
observedobserved in the IPL. At 4 weeks,  the number of detected somata remains low but in in this animal 
stainingstaining intensity has recovered although the total amount of staining remains much lower compared to 
controls. controls. 
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FigureFigure  2. 
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TranscriptTranscript  levels  and densitometric  analysis  of  immunostained  sections.  The first column (A, D, 
G,, J and M) represents transcript levels of Glytl, PV, ChAT, CR and SP, respectively, as presented in 
thethe accompanying report 240.The second column (B, E, H, K and N) represents the number of detected 
immunopositiveimmunopositive cells for these cell types. The third column (C, F, I, L and O) represents the total amount 
ofof immunoreactivity measured in the IPL. Black bars represent the control group, set at 100%, grey bars 
representrepresent the average change in the different ischemic groups, calculated as a percentage of the control 
groupgroup  SEMs. 

Glytl.Glytl.  A. Transcript levels of ChAT decrease gradually following ischemia!reperfusion but recover to an 
averageaverage of 70% of the control value. B. The mean number of detected Glytl immunopositive cells 
remainsremains stable until around 24 hours of reperfusion, whereafter a reduction in cell numbers is observed, 
resultingresulting in 23% of cell numbers at long-term. C. The total amount of immunoreactivity in the IPL initially 
showsshows an increase, but from 24 hours a decrease is observed. 17% of label in the IPL remains at long-
term.term. Pan/albumin.  D. The amount of PV transcript decreased rapidly. At long-term (1-4 weeks 
groups),groups), 31% of the control amount was measured. E. The mean number of detected PV 
immunopositiveimmunopositive cells at long-term is 11%. F. The total amount of immunoreactivity initially increases at 
22 hours, thereafter the amount of labelling decreases and is 28% at long-term. ChAT. G. Transcript 
levelslevels of ChAT decrease rapidly following ischemia/reperfusion but recover to an average of 70% of the 
controlcontrol value. H. The mean number of detected ChAT immunopositive cells is 0.3% at long-term. I. The 
totaltotal amount of immunoreactivity in the IPL shows a gradual decrease to a mean of 31% at long-term. 
CR.CR. J. Transcript levels of CR decrease rapidly following ischemialreperfusion but recover to an 
averageaverage of 73% of control. K. The number of detected CR immunopositive cells is 31% at long-term. L. 
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TheThe total amount of staining in the IPL shows a fast decrease at 2 hours, a recovery at 6-12 hours, 
followedfollowed by a gradual decrease to a mean of 10% at long-term. SP. M. The amount of SP transcript is 
notnot significantly affected, except for the 24 hours group and is 92% of control at long-term. N. Number 
ofof detected SP immunopositive cells is 84% at long-term. O. The total amount of immunoreactivity 
measuredmeasured in the IPL shows an initial decrease but recovers thereafter and has a mean level of 51% at 
long-term. long-term. 

Parvalbumin Parvalbumin 
PV-immunoreactivityy is present in somata of the All amacrine cells, located at the 
borderr of the INL and the IPL, and in their processes extending into the IPL (Fig. 3). 
Immediatelyy following ischemia/reperfusion, the number of somata detected was 
decreasedd to 40%. The pattern of the labeled network in the IPL showed a change in 
itss appearance, most characteristic was the appearance of large speckles of 
immunoreactivityy instead of fine processes that are observed in control retinas. In the 
44 and 6 hours groups, the number of detected All somata recovered to about 60%. At 
488 hours the number of cells decreased again and did not recover. At long-term, a 
loww number of cells (around 11% of the control number) was detected (see Fig. 2E). 
Somee cells were weakly immunoreactive whereas others were intensely labelled (see 
Fig.. 3). Processes are observed running horizontally in the long-term animals. 

Densitometricc analysis showed at 2-6 hours of reperfusion an increase in the total 
amountt of IPL staining, which can be attributed to the large, bright speckles. 
Thereafter,, the amount of staining declined, and at long-term the total amount of 
labellingg remaining was 28% of the control value (see Fig. 2F). 

CholineCholine  acetyl  transferase 
ChATT is used as marker of the cholinergic amacrine cell population, with somata 
locatedd in the INL and in the GCL; the IPL shows two narrow immunopositive bands 
(seee Fig. 4). Following ischemia/reperfusion, a rapid and irreversible reduction in the 
numberr of detected somata in both INL and GCL was observed. After 48 hours, 
hardlyy any somata were observed in any of the retinas. At long-term, 0.3% of the 
originall cell number could be detected (see Fig. 2H). At 2-12 hours, the two bands in 
thee IPL remained present, although a large and rapid reduction in their intensity was 
observed.. At 24 hours, two separate bands were still faintly present, after that a 
singlee band with weak immunoreactivity was observed in the IPL. Densitometric 
analysiss of IPL immunoreactivity showed a gradual reduction in the total amount of 
stainingg of the IPL reaching a minimum at 2 weeks, with 20% of the control value (Fig 
21).. On average at long-term 31% of the control amount was measured. 
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FigureFigure  3. Immune-reactivity  ofPV 

ImmunoreactivtiyImmunoreactivtiy pattern of parvalbumin in control and ischemic retinas. In the control  retina, large 
somatasomata are observed at the border of the INL and the IPL, with processes extending to the most inner 
partpart of the IPL (arrow). Two bands of fine punctae are visible at the most outer and most inner part of 
thethe IPL Following 60 minutes of ischemia and 2 hours  of reperfusion, fewer stained somata were 
observed.observed. The IPL showed coarse punctate staining (arrow). At 4 hours  an increase in the number of 
somatasomata was observed compared to 2 hours. The IPL still showed large speckles of labelling. At 24 
hours,hours,  further recovery toward the control level was observed, but the number of cells remained low, 
stainingstaining in IPL remained coarse but processes could be recognised (arrow). At 72 hours  the number of 
somatasomata had decreased, labelling in the IPL consisted of isolated speckles. At 1 week  of reperfusion, 
sparsesparse number of immunopositive somata with variable staining intensity, in this case a very bright 
soma,soma, could be identified with processes that are now oriented horizontally in the IPL (arrow). INL=inner 
nuclearnuclear layer, IPL= inner plexiform layer. 

Calretinin Calretinin 
Inn the control retina, CR is found in a large number of somata located in the INL and 
inn the GCL (Fig 5). In the rabbit retina, 90% of the CR positive cells contain glycine, 
indicatingg a glycinergic disposition 436. Double-staining studies in our lab showed that 
aboutt 75% of the CR-positive cells contain GlyT, no overlap with glycinergic PV-
positivee All amacrine cells, and only 4% of the calretinin somata were GABA-
immunopositivee (data not shown) 402. Following ischemia/reperfusion, the average 
numberr of CR-positive cells decreased to 49% at 2 hours, recovered to 81% at 6 
hourss but gradually decreased again thereafter. Positive somata were still 
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encounteredd at long-term at an average level of 32% of the control number of somata 
(seee Fig. 2K). There was no preferential loss of somata from either the INL (33% 
remainss at long term) or from the GCL (32%). The total amount of labelling followed a 
similarr pattern with a rapid loss, a recovery to control values, followed by a decrease 
afterr 12 hours. The decrease was paralleled by a loss of the layered organization of 
thee immunoreactivity in the IPL and large immunoreactive punctae appeared (Fig 4; 
244 and 72 hours). Compared to the control level, only 8% of the total amount of 
labellingg is detected at long-term (see Fig. 2L). 

Wee additionally used an antibody raised against human recombinant CR. Double 
stainingg showed an identical pattern with the mouse anti-CR. Analysis of the retinas 
inn the 72 hours - 4 weeks groups demonstrated that on average 20% of the CR-
positivee somata remained and 19% of the amount of immunostaining was left in the 
IPLL (not shown). 

FigureFigure  4. 

ImmunoreactivtiyImmunoreactivtiy pattern of ChAT in control and ischemic retinas. In the control  retina, ChAT 
immunoreactiveimmunoreactive somata are observed in the INL and in the GCL (arrow). In the IPL two immunopositive 
bandsbands are observed. Following ischemia and 2 hours  of reperfusion, the number of cells observed in 
bothboth INL and GCL has decreased drastically. The bands in the IPL are, although widened, still present. 
AtAt 4 hours,  only few somata are observed (arrow). Staining of the two bands in the IPL is very weak. At 
2424 hours,  the number of cells detected and the IPL immunoreactivity (arrow) remains very low. At 72 
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hours,hours,  hardly any somata are detected and only few punctae are observed in the IPL. At 2 weeks 
almostalmost no immunoreactivity is observed in the retina. 

FigureFigure  5. 

ImmunoreactivtiyImmunoreactivtiy pattern of CR in control and ischemic retinas. In the control  retina, many cells located 
inin the INL and GCL are immunopositive for CR and in the IPL three bands of labelling are detected. 
FollowingFollowing ischemia, at 2 hours  and 4 hours  of reperfusion, the number of cells had not altered 
significantly,significantly, some of the cells are smaller and have a bright rim of immunoreactivity around the nucleus 
(arrows).(arrows). IPL labelling lost the clear separation of the three bands, possibly due to the swelling of the 
IPL.IPL. At 24 hours,  a loss of somata is observed and labelling in the IPL has a different appearance, with 
largelarge speckles of labelling that are unevenly distributed. The small cells with different morphology are 
stillstill observed (arrows). At 72 hours,  immunoreactivity has decreased in INL and IPL. At 1 week  and 
laterlater immunoreactive somata are still detected but only residual staining remains in the IPL. 

SubstanceSubstance  P 
Thiss subpopulation of GABAergic amacrine cells is formed by somata located at the 
borderr of the INL with the IPL, and an occasional soma in the GCL. A punctate 
patternn of staining is observed in the IPL, giving rise to three immunopositive bands 
(seee Fig. 6). Following ischemia/reperfusion, there was a minimal change in the 
numberr of detected somata with respect to control numbers. At the long-term, 84% of 
thee control number of cells was still found (see Fig. 2N). The total amount of labelling 
inn the IPL initially decreased at 2 hours, recovered to control levels, and started to 
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declinee from 48 hours onward. In contrast, the SP-positive somata in the INL and 
GCLL showed stronger immunoreactivtiy at 48 and 72 hours than control somata. 
Thesee bright somata were observed in aggregates. At 1 week, the narrow band of 
labellingg in the IPL showed a rather punctate pattern with a control appearance, 
althoughh with local variability. At the long-term, the total amount of labelling was 51% 
off the control levels (Fig 20). 

FigureFigure  6. 

ImmunoreactivtiyImmunoreactivtiy pattern of Substance P in control and ischemic retinas. In the control  retina, somata 
areare located in the inner half of the INL (arrows) and occasionally in the GCL. The IPL shows overall 
staining,staining, but three bands show stronger immunoreactivtity. After ischemia and 2 hours  and 6 hours  of 
reperfusion,reperfusion, the network of staining is somewhat less intense. At 24 hours, the IPL demonstrates a near 
normalnormal pattern and levels of immunoreactivity. At 72 hours,  the somata in the INL show strong 
immunoreactivityimmunoreactivity (arrows) and the punctate staining in the IPL is not diminished in intensity. At 2 weeks 
andand later, the network of SP labelling is, apart from the thinning of the inner layers, showing strong 
levelslevels of staining, with somata in INL and GCL (arrows). 

DoubleDouble  labelling  of  apoptosis  markers  with  amacrine  cell  specific  markers 
Inn a control retina, no TUNEL-positive cells were detected. The time course of the 
numberr of TUNEL-positive cells has been presented in Chapter 5 and showed a peak 
att 24 hours 197. Double labelling was performed for Glytl, PV, GAD-65, VIP, ChAT 
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andd CR. A small number of clear examples were found of co-localization between 
TUNEL-positivityy with Glytl, PV, CR (Fig 7), GAD-65, and VIP (not shown). Most co-
localizationss were found between 4 and 24 hours, coinciding with the highest number 
off TUNEL-positive cells. For ChAT, no co-localizations with TUNEL-positive cells were 
detected. . 

Stainingg with an antibody against the cleaved (active) form of caspase 3 was not 
successfull in our hands. Both in the control and ischemic retinas, caspase 3 
demonstratedd immunolabelling in a large number of cells in the INL. Cleaved 
(activated)) caspase 9-immunoreactivity was present in the IPL of the control retina, 
andd immunoreactivity increased following ischemia. In addition, after 4 hours of 
reperfusion,, faintly stained somata could be identified in the INL and GCL. However, 
ourr attempts to double-stain caspase 9 with amacrine cell type specific markers did 
nott yield convincing co-localizations. 

FigureFigure  7. 

Co-localizationCo-localization of amacrine cells with apoptosis markers. In this figure, left  panels  show amacrine cell 
type-specifictype-specific staining separately, centre  panels  show the tunel staining separately, and right  panels 
showshow both stainings in the same channel. 
TheThe top  row  shows several co-localizations of glycine transporter 1 (Glytl)-positive cells with tunel at 24 
hourshours of reperfusion. The double-labelled cells are small, brightly Glytl-stained somata. The second 
rowrow  shows co-localization of parvalbumin (PV) with tunel at 24 hours of reperfusion. The co-localizing 
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cellcell is only weakly positive for PV. The third  row  shows co-localization of calretinin (CR) with tunel at 24 
hourshours of reperfusion. 

Discussio n n 
Inn Chapter 7, results are presented of our study on retinal ischemia-induced changes 
inn the transcript levels of genes that are specifically expressed by subpopulations of 
amacrinee cells 240. The main purpose of the study presented here was to relate the 
alterationss at the transcript level to changes at the protein level, using 
immunocytochemicall detection of a selected set of gene products. Comparing the 
outcomee of the two techniques allows for an evaluation to what degree quantification 
off cell-specific transcript levels by means of qPCR can serve as a method to quantify 
thee degree of cell loss of particular subpopulations. Such a tool would be very useful 
too provide an accurate description of the pattern of retinal damage in individual 
animalss in order to evaluate, for instance, the effectiveness of neuroprotective 
strategies.. The selected markers were chosen as typical examples of the observed 
threee different patterns of changes in gene expression after retinal ischemia (see Fig. 
2A,, D, G, J, M). These different patterns of changes suggest differential degrees of 
degenerationn for different amacrine subpopulations at 1-4 weeks post-ischemia. In 
thee following, this main issue is discussed first, followed by a brief discussion on the 
earlyy ischemia-induced changes. 

GlycineGlycine  transporter  1 (Glytl) 
AA large proportion of the glycinergic amacrine population staining positive for Glytl is 
lostt in response to ischemia/reperfusion, and several co-localizations of Glytl with 
TUNELL were observed at 24 hours of reperfusion. Compared to the control levels 
23%% of cell numbers and 17% of IPL label remain at long-term ischemic retinas. In 
contrast,, for mRNA levels a transient decrease was seen for Glytl reaching 28% at 
722 hours, then increasing again reaching 70% at long-term. The change at transcript 
levell is therefore less severe than the degree of cell loss based on 
immunocytochemicall data. A possible explanation for the difference could be that not 
alll Glytl containing cells were identified by immunocytochemistry because of low 
proteinn levels in the somata and, consequently, the loss of Glytl positive amacrine 
cellss is overestimated. 

Inn the brain, Glytl expression is associated with ischemia-resistant areas, and a 
transientt increase is seen in astrocyte-like cells after 3 minutes of global ischemia 
440441.. In the retina, Glytl expression is restricted to amacrine cell types 403, and these 
celll types appear relatively sensitive to ischemia/reperfusion. 

ParvalbuminParvalbumin  (PV) 
Losss of PV immunoreactivity in the ischemic retina has been reported but long-term 
changess have not been described 24237869. in the brain, striatal ischemia/reperfusion 
alsoo results in a loss of PV-containing interneurons 437438. However, not all brain PV-
containingg cells are vulnerable, since PV-positive hippocampal hilar interneurons are 
resistantt to global brain ischemia 439. In the long-term ischemic retina around 11 % of 
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thee control PV-immunopositive cells remain detectable while in the IPL 28% of the 
totall amount of immunoreactivity is left. At long-term, PV transcript levels had 
decreasedd to 31% of control levels, which corresponds well with the change in the 
amountt of staining in the IPL, but underestimates the change in the number of 
detectedd PV-immunoreactive cells by a factor three. A possible explanation for the 
differencee could be that not all PV containing cells were identified by 
immunocytochemistryy because of low PV levels in the somata and, consequently, we 
overestimatee the loss of PV cells. Examples of double staining of PV with apoptosis 
associatedd TUNEL-positivity were found but numbers were low. This is probably due 
too low PV-immunoreactivity levels in the somata at the time of onset of apoptosis and 
aa more detailed quantitative evaluation of the number of apoptotic PV neurons was 
thereforee not possible. Alternatively, if at long-term all PV-containing somata present 
inn the tissue are detected, the remaining cells may have become more active and 
sustainn relatively high amounts of PV in their processes compared to controls. 

CholineCholine  acetyltransferase  (ChAT) 
Att long-term, nearly no ChAT-positive somata were detected (0.3% of the original cell 
number;; Fig. 2) but in the IPL still 20% of the amount found in controls remained 
(Fig.4)242.. Comparable to the PV findings, the loss of somata is more robust than the 
reductionn in the amount in the IPL. The ChAT transcript level was reduced to a 
minimumm of 15% at 24-72 hours of reperfusion but showed a remarkable recovery 
thereafter,, albeit with very large variance between animals. Thus, whereas the 
numberr of ChAT-immunopositive cells at long-term is reduced to 0.3% of controls; 
thee level of transcript is less affected and stays at 70% of control. This striking 
discrepancyy between transcript and protein levels of ChAT needs further study to 
investigatee whether this GABAergic subpopulation has only transiently decreased 
ChATT expression 2A2M2 or that only a few cells survive that are characterized by high 
transcriptt levels and a relatively large network in the IPL that may compensate for the 
losss of other amacrine cells. In situ hybridizations may provide additional information 
onn this question. 

CalretininCalretinin  (CR) 
Thiss protein is one of the high-affinity calcium-binding proteins and double-labelling 
experimentss in the rat retina have identified CR cells as predominantly glycinergic but 
nott PV-containing. Most studies have indicated that CR has no neuroprotective 
propertiess 69423443444. | n the long-term ischemic retina, the remaining number of CR 
positivee cells (31%) is higher than for ChAT (0.3%) and PV (11%). The amount of 
labell remaining in the IPL (8%) is more attenuated, which suggests that in contrast to 
PVV and ChAT a relatively large number of cells sustain a low calretinin content in the 
IPL.. Gene expression of CR in the long-term group was still around 65-73%. As was 
foundd for ChAT and PV, the degree of reduction at the transcript level is much 
smallerr than the degree of reduction in the loss in the number of calretinin somata. 

SubstanceSubstance  P 
Transcriptt levels of SP demonstrated no significant alterations following ischemia and 
weree on average 92% at long-term without major variation between animals. In 
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agreementt with this finding, the number of immunoreactive somata detected was on 
averagee 84%. The amount of labelling in the IPL was attenuated to 52%. This is likely 
too be related to the thinning of the IPL (to about one third of its original thickness) and 
thee average intensity of the staining in the narrow IPL was actually higher than in 
controlss (139%). 

Basedd on these results, we have to conclude that there is no unambiguous 
correlationn between the ischemia-induced alteration of amacrine cell-specific 
transcriptt levels and the change in the number of cells detected by 
immunocytochemistry.. Transcript levels have been reported to be a reliable indicator 
forr the loss of retinal ganglion cells 17214, the data presented here show that the 
qPCRR outcome is not predictive for the loss of Glytl-, PV-, ChAT-, and CR-
immunoreactivee somata or the reduction in the amount of immunostaining in the IPL. 
Thee qPCR assay underestimates the loss based on immunocytochemistry by about a 
factorr three for Glytl, PV, and CR. For ChAT the situation is even more complex. All 
animalss in the immunocytochemistry series showed at long-term a consistent 
reductionn in the number of detected ChAT-positive cells, whereas long-term animals 
inn the qPCR study showed either very low transcript levels or showed levels 
matchingg control or even higher. Only the finding that SP-containing amacrine cells 
aree less vulnerable, matches with the absence of changes in transcript level. A 
potentiall pitfall of our approach is that immunostaining may not able to detect all 
somataa present in the tissue, consequently overrating the degree of cell loss based 
onn this approach. To address this problem in a more direct way, attempts were made 
too quantify the loss of specific amacrine cell populations using markers of apoptosis. 
Althoughh for most markers clear examples of double staining with TUNEL-positivity 
weree identified, a quantitative evaluation was not attainable. An explanation could be 
thatt TUNEL-positive cells are at a too far advanced stage of apoptosis, when cell 
shrinkagee and chromatin condensation are ongoing and the proteins stained for have 
already,, at least in part, been degraded to a level below the detection threshold of 
immunocytochemistry.. For instance, at 24 hours when most TUNEL-positive cells are 
foundd in the INL, the cells have already lost their ChAT-immunoreactivity. Low 
numberss of co-localizations with TUNEL have been reported before 203'213-258-321. 
Stainingg for the cleaved forms of caspase 3 and caspase 9 18 204 '258283 did not yield 
convincingg data to allow for a quantification of the number of amacrine cells that went 
intoo apoptosis. 

EarlyEarly  stages  of  reperfusion 
Att 2 hours post-ischemia, the number of detected cells and/or the total amount of IPL 
stainingg was significantly decreased for Glytl, PV, ChAT, CR, and SP. The loss of 
immunoreactivityy may be the result of calcium-activated protease activity in 
combinationn with a general inhibition of protein synthesis 348"350. Between 4 and 12 
hours,, Glytl, CR and SP immunoreactivity recovered to a large extent, suggesting 
thatt protein synthesis in these cells is (partially) restored. However, PV and ChAT-
immunoreactivityy continued to be low indicating that these cells are more seriously 
affectedd already early after the insult, which is in agreement with the outcome at 
long-term.. At the gene expression level, a slow-onset and ongoing decrease of 
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transcriptt levels was found lasting up to 72 hours for Glytl, PV, ChAT, and CR. It can 
bee concluded that during the first 24 hours post-ischemia transcript levels and protein 
levelss do not correlate and even show opposite trends. After more than 24 hours 
post-ischemia,, measured parameters of the immunoreactivity levels observed may 
bee explained by transcriptional down-regulation since transcript levels continue to 
decreasee up to 72 hours 197. 

Conclusion Conclusion 
Inn conclusion, retinal ischemia leads to a differential pattern of changes for Glytl, PV, 
ChATT and CR, in terms of number of detectable positive somata and in the amount of 
immunoreactivityy in the IPL. In contrast, immunostaining for SP showed no change in 
celll numbers showing that some amachne subpopulations are less vulnerable to 
ischemia.. The comparison with transcript levels did not result in a clear correlation 
withh the changes derived from the immunocytochemical approach. 
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FindingsFindings  on AMPA type  giutamate  receptor  subunits 

andand  amacrine  ceii  types 

inin  the normal  and ischemic  rat  retina 

Thiss thesis focuses on the distribution of the AMPA-type of giutamate receptor (GluR) 

inn the rat retina. The main aim is to gain insight in the role of the AMPA-type of 

giutamatee receptor in mediating retinal ceil death induced by ischemia/reperfusion. A 

majorr finding is that ischemia/reperfusion induces a general decrease of AMPA-type 

GluR1-44 subunits at the transcript level while differential changes take place at the 

proteinn level. Most prominent is the rapid loss of GluR1 at 2 hours of reperfusion. 

Thiss shows that changes in the AMPA-type of GluR expression are associated with 

thee early stages of the neurodegeneration. Neuroprotection studies in the 

ischemia/reperfusionn model have indicated that application of AMPA-type GluR 

receptorr blockers is particularly beneficial for the survival of amacrine subpopulations 

253,290,2911 A characterization of the vulnerability of the different amacrine cell types for 

ischemiaa may provide insight in the mechanism underlying neurodegeneration. A 

differentiall response was observed for the various amacrine cell types. 

TheThe presence  of  GluR2 in  the ON pathway  of  the rat  retina 

Double-labellingg studies using cell-type specific markers and antibodies directed 

againstt specific GluR subunits allowed us to elucidate which cell types make use of 

thesee GluRs in the retina. In untreated retinas, it was noticed that the observed 

patternss in the outer retina did not match the pattern predicted from functional 

studies.. Based on physiological studies, it is generally accepted that the OFF-type 

bipolarr cells mediate light-offset evoked responses and use ionotropic AMPA- or 

kainate-typee GluRs, whereas bipolar cells involved in the ON-pathway use the 

metabotropicc GluR6 (see Fig. 4 in Chapter 1). The immunocytochemical double 

labellingg studies described in Chapter 2 demonstrate that AMPA-type GluR 

expressionn is not restricted to the cone-driven OFF pathway but is also present in 

ON-bipolarr cells. More specifically, GluR2 is expressed by most of the somata in the 

outerr zone of the INL. Approximately 70% of the somata labelled by the rod ON-

bipolarr marker PKC co-localized with GluR2. In addition, 90% of the cone (ON/OFF)-

typee bipolar cells, identified by the presence of recoverin, showed GluR2 

immunoreactivity,, the latter indicating that also cone ON type bipolar cells contain 
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GluR2.Thesee findings indicate that GluR2 is involved not only in the OFF pathway, 
butt also in the rod and cone ON signalling pathway 136. 

Single-cellss with a characteristic bipolar morphology were dissociated from retinal 
tissuee 73,123, subjected to multiplex PCR with specific primers, followed by qPCR. 
Usingg the presence of both PKC and mGluR6 as the criterion for a rod bipolar cell 
signature,, it was shown that around 73% of these cells expressed GluR2, with a 
minorr contribution of GluR1 (20%), GluR3 (7%), and GluR4 (20%). Quantification of 
thee transcript levels demonstrated that mGluR6 and GluR2 genes are expressed at 
similarr levels in rod ON-type bipolar cells, which is in good agreement with 
immunocytochemicall results 429. 

Itt may be argued that the dissociation procedure leads to alterations in gene 
expressionn patterns. To circumvent this confounding factor, we studied rod bipolar 
cellss immunopositive for PKCa isolated from paraformaldehyde fixed sections by 
laserr pressure catapulting. qPCR was employed to assess gene expression levels of 
PKCa,, mGluR6, and the GluR subunits. Unfortunately, in samples from PKCa 
immunopositivee somata no significant enrichment of PKCa transcript levels was 
observedd when compared with control samples from immunonegative somata. 
Probably,, the technique of laser pressure catapulting somata from the INL lacks 
sufficientt spatial resolution due to the high density of somata in this layer42g. 

Thee presence of the ionotropic GluR2 subunit in both the OFF and the ON 
pathwayy at the protein and the transcript level was unexpected because it is not 
supportedd by physiological evidence. Whereas AMPA-receptor mediated 
depolarizationn is readily observed in OFF cone bipolar cells, it was thus far not 
detectedd in rod or cone ON bipolar cells 73,76. ON bipolar cells have been reported to 
respondd to application of kainate, and the response could be blocked by CNQX, but 
thee response was also blocked by bicuculline and strychnine indicating the 
involvementt of GABAergic horizontal and glycinergic amacrine cells that provide 
inputt to ON bipolar cells 76. Recently, it was claimed that in the carp retina AMPA 
receptorss had been physiologically detected in the ON pathway 445. However, all 
resultss of this study can be explained by the feedback mechanisms present in the 
photoreceptorr synapse 3. Application of AMPA receptor agonists and antagonists to 
cone-dominantt ON bipolar cells elicited the same instead of the opposite responses. 

Inn conclusion, the expression of mGluR6 and iGluRs in ON and OFF bipolar cell 
typess was demonstrated at the mRNA and protein level. This indicates that the ON 
pathwayy of the retina does not exclusively use mGluR6, although so far no support 
thereoff has come from physiological studies. The presence of ionotropic GluRs in the 
ONN pathway in the outer retina may have consequences for our understanding of the 
processess underlying signal transduction of light-evoked responses. As was put 
forwardd and explained in detail in the discussion of Chapter 3, it may be that the 
AMPA-typee GluRs are membrane expressed only under low-light conditions as a 
resultt of translocation to the membrane under conditions of hyperpolarisation. The 
insertionn of AMPA-type GluRs would limit further hyperpolarisation and may allow 
mGluR66 to generate fast responses even in the dark. At present, more definite proof 
iss lacking to support this speculative hypothesis and clearly further research is 
neededd to resolve the tentative functional role of the AMPA-receptors in the ON-
pathway. . 
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RelationshipRelationship  between retinal  ischemia  and glaucoma 
Thee ischemia/reperfusion model was used as a model to study the mechanisms 
underlyingg glaucomatous neurodegeneration. Whether this model is adequate in this 
contextt is discussed below. 

Persistentt levels of elevated IOP remains the main risk factor for the development 
andd progression of glaucoma and even a transient elevation of IOP may cause 
glaucomatouss damage 167446. However, the therapeutic effects of IOP-lowering 
agentss are highly variable even for patients with IOP within a similar range, indicating 
thatt additional strategies are required to decrease the rate of cell loss to the normal 
age-relatedd rate 447. Besides the relationship between IOP and RGC loss, a similar 
relationshipp exists between retinal ischemia and RGC loss217. The most anterior part 
off the optic nerve head (ONH) (the surface nerve fibre layer) receives its blood from 
retinall arterioles, but all the deeper regions of the ONH are supplied by branches of 
thee posterior cilliary arteries (PCAs; see Fig. 2 in Chapter 4) 168. The (chronic) high 
pressuree may either narrow retinal arterioles in the nerve fibre layer and PCA 
branchess that supply the ONH, thereby indirectly causing cell death by ischemia, or 
thee pressure could lead to a cupping of the optic nerve head and subsequently 
occludee the central retina artery 161170172. The evidence that ischemic conditions 
linkedd to vascular deficits, and the glaucomatous pathology are related is presented 
inn diverse studies. Several studies on glaucoma patients suggest a relationship 
betweenn an affected optic nerve blood flow and glaucoma 168177178. On the other 
hand,, retinas of glaucoma patients show a loss of neurons from the GCL and the 
INL,, which indicates that primarily the retinal blood flow is affected 6716118224fi. Retinal 
ischemiaa causes a loss of nerve fibres that subsequently results in optic nerve head 
atrophyy 161'179. 

Thee fact that no clinical test is available to quantify and follow the loss of RGCs 
(besidess indirectly by determining the cup to disc ratio) nor to 'measure' retinal 
ischemia,, makes it difficult to obtain indisputable evidence that retinal ischemia is 
involvedd in the aetiology of glaucoma. Nevertheless, substantial evidence obtained 
fromm animal models shows the involvement of retinal ischemia in the development 
andd progression of RGC loss 178202217218. Therefore, there is ample evidence that 
ischemicc condition contribute to the progression of glaucomatous neurodegeneration. 
Ass the ischemia/reperfusion model allows for a direct study on the effects of 
ischemia,, the data gathered provide valuable information on the pathophysiology of 
glaucoma.. The controlled and time-limited induction of acute degeneration will 
providee insight in the underlying processes and their time course. In the end, 
understandingg the processes that lead to retinal cell death may elucidate the 
aetiologyy of glaucoma, eventually leading to better means of intervention. 

InvolvementInvolvement  of  AMPA-type  GluRs  in  mediating  excitotoxicity 
Ischemia-inducedd changes in GluR1-4 at the transcript and the protein level 
Followingg retinal ischemia, a significant down regulation of all AMPA-type GluR 
subunit-encodingg transcripts was observed as described in Chapter 6 238. This 
information,, derived from whole retina samples, becomes more meaningful when it is 
putt together with knowledge on the spatial distribution pattern as revealed by 
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immunocytochemicall staining, showing that the GluR subunits are mainly expressed 
inn the inner layers of the retina4-11*19. 

Thee comparison between changes at the mRNA level and changes in 
immunostainingg has yielded some interesting results. For instance, for GluR1 
immunoreactivity,, a near complete loss was observed at 2 hours of reperfusion that 
wass followed by some recovery 197, while in contrast, at 2 hours GluR1 transcript 
levelss showed a minor reduction of 12% that was followed by a further decrease 238. 
Thee 'opposite' situation was observed for GluR2. GluR2 immunoreactivity showed no 
detectablee change in the total amount of labelling up to 24 hours after reperfusion 197, 
whilee GluR2 gene expression had decreased at 2 hours by 44%, indicating that the 
declinee in GluR2 transcript levels does not immediately affect the protein levels 238. 
GluR33 transcript levels could not be compared to immunocytochemical data because 
noo GluR3 subunit specific antibody is available. The immunocytochemical staining for 
GluR44 showed a profound decrease in labelling at 2 hours, while transcript levels 
decreasedd gradually presenting a comparable pattern to that of GluR1 197238. 
Att longer reperfusion times (more than 48 hours of reperfusion) the 
immunocytochemicall and qPCR findings are in general agreement with each other. 
Thee long-term decrease of GluR1-4 transcript levels is explained by the loss of 
ganglionn and amacrine cells and the thinning of the IPL. 

GluR2GluR2 hypothesis 
Thee motivation to initiate the studies of changes in GluR distribution in the ischemic 
retina,, came from studies on global brain ischemia, provoked by occlusion of the 
commonn carotid arteries. It has been suggested that a specific down regulation of 
GluR22 mRNA, the presence of this subunit is responsible for the impermeability of 
thee receptor complex to calcium, may cause the delayed neuronal cell death in the 
CA11 area of the hippocampus in rats 374'448. Support for a neurodestructive role of the 
GluR22 subunit, comes from a study in which the endonuclease inhibitor ATA 
(aurintricarboxylicc acid) was applied one hour before a global ischemic insult, 
preventingg the reduction of GluR2 and the delayed neuronal cell death in the CA1 325. 
Moreover,, the decreased GluR2 mRNA levels in CA1, CA3, and DG after 
intracerebrall injections of GluR2 antisense oligodeoxynucleotides resulted in the loss 
off pyramidal neurons in CA1 and CA3, indicating that reduced GluR2 levels are 
sufficientt to cause neurodegeneration even without an ischemic insult374. 

However,, today the GluR2 hypothesis is rather controversial as evidence rejecting 
thee hypothesis has been presented. The decreased levels of GluR2 do not seem to 
bee unique for the CA1 region and have also been detected in the ischemia-resistant 
CA3CA3 and dentate gyrus (DG) regions of the hippocampus 351. Global ischemia 
inducess a general decrease in AMPA receptor subunits before the onset of delayed 
neuronall death 343375'389. The latter findings are in line with our observations that in 
thee inner layers of the ischemic retina, there is a general decrease in AMPA receptor 
subunitss at the mRNA level, and not a specific decrease of GluR2. This contradicts 
thee involvement of the GluR2-hypothesis in ischemia-induced retinal neuronal 
degenerationn 238. As reviewed in Chapter 4, several other processes induced by the 
ischemicc event may underlie the loss of retinal cells. 
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SelectiveSelective and rapid reduction in GluR1 following ischemia/reperfusion 
Inn addition to the general decrease in AMPA-type GluR subunits in response to 
retinall ischemia/reperfusion, we observed a selective and almost complete 
disappearancee of GluR1 at the protein level 22\ GluR1 knockdown in vitro and in vivo 
didd not result in pathological effects or neurodegeneration, which indicates that the 
losss of GluR1 on itself is not detrimental 449-450. It is believed that GluR1 plays an 
importantt role in the efficacy of synaptic transmission through its involvement in the 
regulationn of the number of receptors expressed on the cell surface 33,36 . 
Furthermore,, phosphorylation of GluR1 at Ser845 by PKA increases the channel 
openn probability, thereby increasing the receptor currents; and phosphorylation at the 
Ser8311 site by PKC and CaMKII increases the single channel conductance, 
potentiatingg synaptic transmission 451. Transient ischemia and 1 hour of reperfusion 
inducedd an increase in the CaMKII-mediated phosphorylation of Ser831 in the CA1 
40,4522 W e Specu |a te ^a t perhaps due to excessive GluR activation, GluR1 subunits 
aree actively removed from the membrane and/or degraded to prevent further 
glutamatergicc activation. This could be a protective response of the cells to prevent 
excitotoxicc damage 133197. 

GeneralGeneral decrease in AMPA GluR subunits in response to ischemial reperfusion 
Thee general decrease in AMPA-type GluR subunits observed in hippocampus 
343,375.3899 a n ( j r e y n a 197,238 j n r e S p 0 n s e \0 ischemia/reperfusion demonstrates that 

GluRss are affected by ischemia. Conflicting results have been reported on the ability 
off AMPA-receptor antagonists to prevent neurodegeneration which would 
demonstratee that activation of GluRs is an essential step for the initiation of the 
processess leading to neurodegeneration. Systemic administration of the potent, 
selectivee non-competitive AMPA receptor antagonist CP-465,022 at the onset of 
reperfusionn after brief global ischemia was unable to reduce neuronal cell death in 
thee CA1 subfteld of the hippocampus 453. However, this is not supported by findings 
withh another non-quinoxalinedione AMPA receptor antagonist, 4-(8-methyl-9H-1,3-
dioxa-6,7-diaza-cyclohepta[f]inden-5-yl)-phenylamine,, GYKI-52,466, which was 
shownn to be neuroprotective in focal and global brain ischemia 453. 

Studiess in the retina have demonstrated a neuroprotective role for non-NMDA 
receptorr blockers. AMPA/KA receptor blockers DNQX 276 and CNQX 69 provided at 
leastt partial protection from excitotoxicity in vivo. Specifically amacrine cell 
populations,, including ChAT and GAD-containing cells, appear to be more vulnerable 
too AMPA/KA agonists, and to benefit from NBQX application, whereas NMDA-
antagonistss appear to be more protective for ganglion cells 253-290291. These findings 
couldd indicate that the distribution of AMPA/KA and NMDA receptors differs between 
amacrinee and ganglion cells 292. This is supported by a localization study performed 
inn cat retina, which showed that staining for the NMDA-R2B subunit in the inner 
retinaa is limited to neurons in the GCL and their dendrites in the IPL 454. NMDA-R2B 
iss associated with NMDA-R1, which is considered an essential subunit of the 
receptorr complex 454. In the normal cat and human inner retina, NMDA-R1 is 
expressedd by neurons in the INL and the GCL. In the glaucomatous retina, 
immune-reactivityy was found to be substantially decreased455. 
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Inn conclusion, the current findings, obtained in ischemia models in brain and 
retina,, strongly suggest that AMPA receptors contribute significantly to the initiation 
off neurodegeneration in response to ischemia/reperfusion and, in addition, that they 
aree affected in the stage before apoptosis sets off. To what extent the observed 
changess in the AMPA-type GluRs contribute to the processes leading to apoptosis 
remainss unclear, but a selective downregulation of GluR2 seems not to be involved. 

Ischemia-inducedIschemia-induced  changes  in  amacrine  cell  types 
IdentificationIdentification of ischemia-vulnerable cell types at the protein level 
Stainingg with the apoptotic cell-marker TUNEL offers the opportunity to identify those 
cellss that die in response to ischemia/reperfusion (Chapter 5). Apoptosis in the 
ischemicc retina starts in neurons in the GCL at around 3 hours, and TUNEL positive 
cellss are present in the INL at around 6 hours. An estimated 37-45% of neurons is 
lostt from the GCL after 7 days of reperfusion 197-213-231. The INL loses approximately 
15%% of its somata. In absolute numbers, cell loss in the INL exceeds the cell loss in 
thee GCL by a factor three 197. Most of the TUNEL-positive somata are located in the 
innerr third of the INL, indicating that the degeneration of amacrine cells contributes 
substantiallyy to the thinning of the I PL. 

Thee application of cell-type specific markers in the immunocytochemical studies 
describedd in this thesis has allowed a detailed description of the process of cell loss 
off amacrine- specific cell types. Antibodies directed against glycine transporter 1 
(Glytl),, calretinin, parvalbumin (PV), and choline acetyltransferase (ChAT) identify 
majorr subpopulations of amacrine cells. These markers demonstrated a substantial 
losss in terms of immunopositive cell numbers and amount of labelling in the I PL 
(Chapterr 8). For Glytl and calretinin, this loss was prominent at around 24 hours of 
reperfusion,, but for PV and ChAT the loss in cell numbers was already evident at 
shorterr reperfusion times, indicating that the All and cholinergic amacrine cells are 
relativelyy vulnerable to ischemia 199213241-242-365. A subpopulation of GABAergic 
amacrinee cells is formed by the substance P (SP)-containing cells. The number of 
SP-positivee cells remained unaltered at all reperfusion times, indicating that this 
subpopulationn is not affected by ischemia 241. These findings show, at the protein 
level,, a differential response of various amacrine subpopulations to 
ischemia/reperfusion.. Which particular characteristic feature of the SP-positive cells 
renderss these cells resistant for the effects of ischemia is not clear. 
Unfortunately,, double-labelling of TUNEL with various amacrine specific cell markers 
resultedd in only sparse co-localization (mostly around 24 hours of reperfusion), which 
wass most likely due to the fact that the proteins under investigation had already been 
degradedd by the time the somata turn TUNEL positive resulting in low levels of 
immunoreactivityy (Chapter 8)241. 

AssessmentAssessment of cell type-specific alterations at the transcript level by qPCR 
Quantitativee PCR-obtained data are relatively easy to interpret when cell-type 
specificc transcripts are used. Transcripts specific for rods, bipolar and horizontal cells 
(rhodopsin,, PKCa, mGluR6, and calbindin) were unaltered by ischemia/reperfusion. 
Ass anticipated, the transcripts specific for ganglion cells, Thy-1 and neurofilament, 
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showedd a decrease compared to the control group that was significant from 12-24 
hourss onward. At 1-2 weeks, transcript levels of Thy-1 and neurofilament were 
approximatelyy 50% of the control level (Chapter 6) 238. Similarly, the All-specific 
transcriptt parvalbumin showed a fast response to ischemia/reperfusion at the 
transcriptt level, and levels remained low (around 30%) at 1-4 weeks of reperfusion. 
However,, most other amacrine subpopulation-specific transcripts demonstrated less 
straightforwardd changes as described in Chapter 7. Amacrine subpopulations 
identifiedd by Glytl, calretinin, glutamic acid decarboxylase (GAD) isoforms, and 
ChATT transcripts, showed a gradual decrease in transcript levels, reaching a 
minimumm at 72 hours. Unexpectedly, after 72 hours these transcript levels showed 
significantt recovery toward the control level. Substance P transcript levels were not 
significantlyy altered after ischemia/reperfusion 24 . 

Ischemia/reperfusionIschemia/reperfusion results in a differential response in various amacrine cell types 
Thee interpretation concerning various amacrine cell types of the immunocytochemical 
andd qPCR results taken jointly presents some difficulties. From the qPCR results of 
Glytl,, calretinin and ChAT, one would conclude that these amacrine cell populations 
havee only temporarily decreased gene expression, whereas from 
immunocytochemistryy one is led to conclude that a far greater percentage of these 
amacrinee cells is lost in response to ischemia/reperfusion. The most extreme 
examplee of this discrepancy is ChAT. Transcript levels gradually decrease to 1% but 
subsequentlyy increase to 70% at 4 weeks. At the protein level, already at 2 hours a 
rapidd and irreversible decrease in cell numbers was observed and att 1-4 weeks only 
0.3%% of the control number of immunopositive somata was detected 241. The most 
straightforwardd explanation for the lack of close association between the long-term 
changess in transcript and protein levels is that the small remainder of a particular 
subpopulationn of amacrine cells compensates for the loss of the others by increasing 
itss expression level. It is also feasible that the number degenerated amacrine cells is 
actuallyy limited but that the protein levels are too low to be detected by 
immunocytochemistry.. This issue may be resolved by in situ hybridizations or in 
somee instances from laser-assisted isolation techniques to compensate for the lack 
off spatial resolution of qPCR on whole-retina samples. 

Relativelyy little is known on the role that amacrine cells may play in glaucoma. In 
glaucomatouss retinas from subjects with relatively recent loss of sight, atrophy of the 
nervee fibre layer and loss of RGCs is observed. In retinas from subjects with a longer 
durationn of blindness, a reduction in cell numbers in the INL and atrophy of the IPL is 
alsoo recognized 248. TUNEL staining of human glaucomatous retinas show only 
occasionall positive somata and predominantly in the GCL 157-247-249. More specific 
studiess on retinas of glaucoma patients may give insight into whether amacrine cell 
populationn degradation is an important feature of glaucoma. 

InIn  conclusion 
Thee different studies described in this thesis have employed either 
immunocytochemistryy or qPCR. In my opinion these techniques must be considered 
ass complementary to one another. The main advantage of immunocytochemistry is 
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thatt the proteins are localized to specific layers or even cell types and that changes 
inn protein distributions can be compared to morphological parameters. The main 
advantagee of qPCR is that changes can be detected with high sensitivity, and in 
addition,, that once a set of cDNA samples has been prepared, many different 
transcriptss can be tested in a short amount of time. From the above it is also evident 
thatt data obtained with qPCR on whole retina samples need to be evaluated 
carefully,, and without additional information, are often insufficient to draw firm 
conclusions.. By combining the two methods used a more complete but more 
complexx image is obtained. Furthermore, it was shown that qPCR on single cells is 
feasible,, and the isolation of other specific cell types, in particular RGCs which are 
lessless densely packed, followed by a series of specific qPCR reactions may provide 
detailedd information on processes taking place in these cells following 
ischemia/reperfusionn or other manipulations. 

Thee ischemia/reperfusion model has shown to be a valuable model to study 
differentt aspects of the pathophysiology of glaucoma. In response to a controlled 
insultt many retinal ceils degenerate. The peak of apoptosis is observed at one day of 
reperfusion.. In addition to the well-recognized loss of retinal ganglion cells, many 
amacrinee cell types are lost. Cell-type specific responses to ischemia are observed, 
Alll amacrine cells and cholinergic amacrine cell types appear particularly vulnerable, 
butt other subpopulations of amacrine cells are also affected. The relationship 
betweenn the loss of these interneurons from the retina and glaucoma has not yet 
receivedd much attention. 

Thee post-ischemic retinal neurodegeneration may, at least in part, be due to 
activationn of ionotropic glutamate receptors. In the control rat retina, AMPA-type 
glutamatee receptor subunits 1-4 are found predominantly in the inner layers. Our 
findingss show that changes occur in the expression of AMPA-type GluRs in response 
too ischemia/reperfusion. We have suggested that the rapid loss of GluR1 
immunoreactivityy may be attributed to a protective removal of these subunits from the 
post-synapticc membranes preventing further excitotoxic activation of the cells. A 
selectivee loss of GluR2 is not responsible for the neurodegeneration in the ischemic 
retina. . 

FutureFuture  directions 
Thee studies presented in this thesis and the data described in the literature have 
shownn that the ischemia/reperfusion model contributes to the elucidation of the 
underlyingg mechanisms of RGC loss and therefore to the understanding of processes 
involvedd in glaucoma. We have recently initiated a study on gene expression in the 
ratt retina using micro array. Studies on a wide range of genes may elucidate patterns 
off gene expression that are involved in ischemia/reperfusion. An interesting recent 
findingg is that of ischemic preconditioning; application of a sublethal ischemic insult 
(aroundd 5 minutes) provides significant protection for a period of 1-2 days against a 
secondd longer-lasting ischemic insult (45-60 minutes) that normally leading to 
neurodegenerationn 318. This finding shows that the retina is capable of adaptation, 
andd that it is possible to activate endogenous neuroprotective mechanisms in retinal 
tissue.. For a future direction of the research it seems of great importance to identify 
thee mechanisms involved in ischemic preconditioning to see if they can in some way 
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bee activated in order to slow down the rate of RGC loss in glaucoma. This may be 
donee by comparing gene expression in ischemic retinas with and without preischemic 
conditioning. . 
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AMPA-typeAMPA-type  glutamate  receptor  expression  patterns 

inin  the rat  retina 

ExpressionExpression  of  GluR2 by ON bipolar  cells 
Visuall information is transmitted from the input neurons of the retina, the 
photoreceptorr cells (rods and cones), through the interconnecting bipolar cells, to the 
outputt neurons, the retinal ganglion cells, whose axons form the optic nerve. In 
additionn to this vertical pathway, lateral interactions are provided by horizontal and 
amacrinee cells. The communication between these neurons is mediated by chemical 
signalingg substances or neurotransmitters. The vertical pathway uses the excitatory 
neurotransmitterr glutamate, which activates diverse classes of glutamate receptors 
(GluRs)) present on the second order neurons. The GluRs are divided into 
metabotropicc receptors (mGluRs) that are coupled to G (for GTP-binding)-proteins, 
andd ionotropic receptors (iGluRs), which are composed of four subunits that form ion 
channels.. The iGluRs are further categorized into NMDA, AMPA and kainate 
receptorss after the specific substances that activate these receptor types (Chapte r 

1). . 
Inn the dark, photoreceptors constitutively release glutamate onto the rod- and 

cone-typee bipolar cells, and this release is decreased when the photoreceptors are 
illuminated.. The cone-bipolar cell types are subdivided into ON and OFF-type cone 
bipolarr cells, depending on their response to glutamate. The cone OFF-type bipolar 
cellss respond to dark images against a lighter background. The ON-type bipolar cells 
detectt light images against a darker background. 

Basedd on physiological studies, it is generally believed that the ON-center 
pathwayy makes use of metabotropic glutamate receptor type 6 (mGluR6), and that 
thee OFF-center pathway makes use of ionotropic AMPA and kainate receptors. 
Immunocytochemicall double labelling studies, using cell-type specific markers and 
antibodiess directed against specific GluR subunits, demonstrated that AMPA-type 
GluRR expression, in particular the GluR2 subunit, is not restricted to the cone-driven 
OFFF pathway but is also present in ON-bipolar cells. These findings at the protein 
levell were confirmed at the gene expression level, using real time quantitative PCR 
(qPCR)) on single-rod bipolar cells. Quantification of the transcript levels 
demonstratedd that mGluR6 and GluR2 genes are expressed at similar levels in rod 
ON-typee bipolar cells (Chapter s 2 and 3). These findings indicate that the separation 
betweenn the ON and OFF center pathways cannot be attributed entirely to the 
specificc expression of mGluR6 and iGluRs. This may have functional implications for 
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ourr understanding of the processes underlying signal transduction of light-evoked 
responses. . 

ChangesChanges  in  the expression  of  GluR1-4 subunits  and changes  in  amacrine  ceil 
typestypes  in  response  to  ischemialreperfusion 
Glaucomaa is characterized by a slow and progressive deterioration of the visual field 
inn combination with optic nerve head pallor and excavation, both of which can be 
attributedd to the loss of retinal ganglion cells and their axons in the optic nerve. It is 
estimatedd that at least 67 million people are affected by glaucoma worldwide. 
Traditionally,, the cause of glaucoma was considered an increased intra-ocular 
pressuree (IOP), but at present the involvement of ischemic disorders receives a lot of 
attention.. Ischemia may be defined as an arrest of blood flow resulting in reduced 
oxygenn and energy levels in the tissue. During retinal ischemia, the retinal neurons 
releasee their intracellular stores of glutamate. The resulting high amounts of 
extracellularr glutamate can be toxicc by an over-stimulation of the abundantly present 
GluRs,, a process termed excitotoxicity. It is the iGluRs that play an important part in 
thee process of excitotoxicity, since on activation these receptor types allow the influx 
off calcium. A calcium overload is associated with delayed neurodegeneration, 
althoughh the exact mechanism has not yet been elucidated. This part of the thesis 
aimss to gain insight in the role of the AMPA-type of glutamate receptor in mediating 
retinall cell death induced by ischemia/reperfusion. 

Thee ischemia/reperfusion model was used to induce experimental glaucoma. A 
60-minutess ischemic event is induced unilaterally to the rat retina by cannulating the 
anteriorr chamber and raising the IOP. Thereafter reperfusion was allowed for 2 hours 
upp to 4 weeks. The relevance of the ischemia/reperfusion model to glaucoma 
researchh and the literature on the main findings with this model is reviewed in 
Chapte rr  4. The involvement of the AMPA-type GluR in the ischemic retina has been 
studiedd at the protein (immunocytochemistry) and the gene expression (qPCR) level. 
Findingss from studies on the ischemic hippocampus have suggested that a specific 
downn regulation of GluR2, the presence of which is responsible for the 
impermeabilityy of the receptor complex to calcium, may cause the delayed neuronal 
celll death in the CA1 area of the hippocampus in rats (the GluR2 hypothesis) 29. In 
thee post-ischemic retina, a decrease of all AMPA-type subunits (GluR1-4) is 
observedd at the transcript level. Immunocytochemical studies showed that differential 
changess take place at the protein level. The most prominent change is the rapid loss 
off GluR1 protein at 2 hours of reperfusion, which may suggest a form of protection 
againstt the high levels of glutamate in the post-ischemic retina. There is no support 
forr a selective decrease of GluR2. After more than 24 hours, a decrease of all 
subunitss was observed, which can be attributed to the loss of retinal neurons 
(Chapter ss 5 and 6). 

Immunoreactivityy for GluR1-4 is observed predominantly in the inner layers of the 
retina,, and ischemia-induced changes occur mostly in these layers. Therefore, using 
morphologicall parameters and apoptosis-specific staining (TUNEL), we aimed to 
characterizee the cell types that are lost in response to ischemia/reperfusion. Almost 
halff of the retinal ganglion cells are lost after 7 days of reperfusion. However, in 
absolutee numbers three times more cells are lost from the inner part of the inner 
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nuclearr layer (INL), where the amacrine cells reside. Moreover, neuroprotection 
studiess in the tschemia/reperfusion model have indicated that AMPA-type GluR 
receptorr blockers are particularly beneficial to amacrine subpopulations 290. Relatively 
littlee is known on the role that amacrine cells may play in glaucoma. In glaucomatous 
retinass from subjects with relatively recent loss of sight, atrophy of the nerve fiber 
layerr and loss of RGCs is observed. In retinas from subjects with a longer duration of 
blindness,, a reduction in cell numbers in the INL and atrophy of the IPL is also 
recognizedd 248. Using immunocytochemistry, a differential response was observed for 
thee various amacrine cell types in the post-ischemic retina. Major subpopulations of 
amacrinee cells are identified by antibodies against glycine transporter 1 (Glytl), 
calretinin,, paralbumin (PV), and choline acetyltransferase (ChAT). At only 2 hours of 
reperfusion,, a prominent and irreversible loss was observed for PV and ChAT, 
indicatingg that the All and cholinergic amacrine cells are relatively vulnerable to 
ischemia.. Glytl and calretinin showed a loss in cell numbers and amount of 
immunoreactivityy from around 24 hours. Substance P-containing cells appear 
resistantt to ischemia/reperfusion. Unfortunately, double-labelling of TUNEL with 
variouss amacrine specific cell markers resulted in only sparse co-localization (mostly 
aroundaround 24 hours of reperfusion), which was most likely due to the fact that the 
proteinss under investigation had already been degraded by the time the somata turn 
TUNELL positive resulting in low levels of immunoreactivity. QPCR data showed that 
Glytl,, calretinin, PV, ChAT, and glutamic acid decarboxylase (GAD) transcripts 
decreasedd gradually in response to ischemia/reperfusion reaching a minimum at 72 
hours.. Unexpectedly, a significant recovery in transcript levels was observed after 
moree than 72 hours of reperfusion. Substance P transcript levels were not altered by 
ischemia/reperfusion.. The most straightforward explanation for the lack of close 
associationn between the long-term changes in transcript and protein levels is that the 
smalll remainder of a particular subpopulation of amacrine cells compensates for the 
losss of the others by increasing its expression level (Chapter s 7 and 8). 

Moree specific studies on retinas of glaucoma patients may give insight into 
whetherr neuronal degradation of amacrine cell populations is an important feature of 
glaucoma. . 

InIn  conclusion 
Thee studies presented in this thesis and data described in the literature have shown 
thatt the ischemia/reperfusion model contributes to the elucidation of the underlying 
mechanismss of retinal ganglion cell loss and therefore to the understanding of 
processess involved in glaucoma (Chapte r 9). In response to a controlled insult many 
retinall cells degenerate. In addition to the well-recognized loss of retinal ganglion 
cells,, many amacrine cell types are lost. The relationship between the loss of these 
interneuronss from the retina and glaucoma has not yet received much attention. 

Thee post-ischemic retinal neurodegeneration may, at least in part, be due to 
activationn of ionotropic glutamate receptors. In the control rat retina, AMPA-type 
glutamatee receptor subunits GluR1-4 are found predominantly in the inner layers. 
Ourr findings show that changes occur in the expression of AMPA-type GluRs in 
responsee to ischemia/reperfusion. A selective loss of GluR2 is not responsible for the 
neurodegenerationn in the ischemic retina. We have suggested that the rapid loss of 
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GluR11 immunoreactivity may be attributed to a protective removal of these subunits 
fromm  the post-synaptic membranes preventing further excitotoxic activation of retinal 
neurons. . 

FutureFuture  directions 
Ann interesting recent finding is that of ischemic preconditioning; application of a 
sublethall ischemic insult (around 5 minutes) provides significant protection for a 
periodd of 1-2 days against a second longer-lasting ischemic insult (45-60 minutes) 
thatt normally leads to neurodegeneration 31B. This finding shows that the retina is 
capablee of adaptation, and that it is possible to activate endogenous neuroprotective 
mechanismss in retinal tissue. For a future direction of the research it seems of great 
importancee to identify the mechanisms involved in ischemic preconditioning to see if 
theyy can in some way be activated in order to slow down the rate of RGC loss in 
glaucoma.. This may be done by comparing gene expression in ischemic retinas with 
andd without preischemic conditioning. 
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Samenvatting Samenvatting 

AMPA-typeAMPA-type  glutamaat  receptor  expressie  patronen  in 
dede rat  retina 

Ciliar yy body 

GluR2GluR2  expressie  door  ON bipolair  cellen 
Visuelee informatie wordt ontvangen door de lichtgevoelige fotoreceptoren (staafjes 
enn kegeltjes) van het netvlies (de retina). De fotoreceptoren geven de informatie door 
viaa verbindende bipolaire cellen, aan de retinale ganglioncellen die de visuele 
informatiee verzamelen (zie ook Fig. 1 in hoofdstuk 1). De uitlopers (axonen) van de 
retinalee ganglioncellen vormen de oogzenuw, waarlangs de informatie naar de 
hersenenn wordt gestuurd. Naast deze verticale verwerkingsroute worden er ook nog 
lateralee signalen uitgewisseld met behulp van horizontale en amacrine cellen. 

Dee communicatie tussen deze neuronen (zenuwcellen) wordt verzorgd door 
chemischee signaalstoffen of neurotransmitters. De verticale verwerkingsroute 
gebruiktt de excitatoire (stimulerende) neurotransmitter glutamaat. Glutamaat 
activeertt verscheidene klasses van glutamaatreceptoren (GluRs), die aanwezig zijn 
opp de tweede orde neuronen. De GluRs zijn verdeeld in metabotrope receptoren 
(mGluRs)) die gekoppeld zijn aan G (voor GTP-bindende) eiwitten, en ionotrope 
receptorenn (iGluRs), die samengesteld zijn uit vier subeenheden die een ion-kanaal 
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vormen.. De iGluRs zijn verder onderverdeeld in NMDA, AM PA en kainaat 
receptoren,, genoemd naar de specifieke chemische stoffen die deze receptortypes 
activerenn (Hoofdstu k 1). 

Inn het donker geven fotoreceptoren continu glutamaat af aan de bipolaire cellen, 
enn deze afgifte verminderd wanneer de fotoreceptoren worden belicht. De bipolaire 
cellenn worden kegel-type of staaf-type genoemd, afhankelijk van het type 
fotoreceptorr waarmee de bipolaire cel communiceert. De kegel-type bipolaire cellen 
zijnn onderverdeeld in AAN en UIT-type kegel bipolaire cellen, afhankelijk van hun 
reactiee op glutamaat. Kegel-type UIT bipolaire cellen reageren op donkere beelden 
tegenn een lichtere achtergrond. De AAN-type bipolaire cellen onderscheiden lichte 
beeldenn tegen een donkere achtergrond. 

Gebaseerdd op fyiologische studies wordt in het algemeen aangenomen dat de 
AANN route gebruikt maakt van de metabotrope glutamaatreceptor type 6 (mGluR6), 
enn dat de UIT route gebruik maakt van ionotrope AMPA- en kainaatreceptoren. In 
Hoofdstu kk  2 wordt beschreven dat wij door middel van immuuncytochemische 
dubbelkleuringen,, gebruik makend van antilichamen gericht tegen cel-type specifieke 
kenmerkenn (markers) en tegen specifieke subeenheden van de GluRs, hebben 
aangetoondd dat expressie van AMPA-type GluRs, en vooral van de GluR2 
subeenheid,, niet beperkt is tot de kegeltjes-aangestuurde UIT route, maar ook ook 
aanwezigg is in AAN-bipolaire cellen. 

Dezee bevindingen op eiwit niveau zijn bevestigd op het gen expressie niveau, met 
behulpp van real time quantitative PCR (qPCR) op cellulair niveau van staaf-bipolare 
cellenn (Hoofdstu k 3). Kwantificering van de transcript niveaus heeft laten zien dat de 
mGluR66 en de GluR2 genen in ongeveer gelijke hoeveelheden tot expressie komen 
inn staaf-AAN-bipolair cellen. Deze bevindingen tonen aan dat de scheiding tussen de 
AANN en de UIT routes niet in zijn geheel kan worden toegeschreven aan de 
specifiekee expressie van mGluR6 and iGluRs. Dit zou functionele implicaties kunnen 
hebbenn voor ons begrip van de processen die ten grondslag liggen aan de 
signaaloverdrachtt van reacties die door licht worden opgewekt. 

VeranderingenVeranderingen  in  de expressie  van GluR1-4 subeenheden  en veranderingen  in 
amacrineamacrine  cel  types  als  gevolg  van ischemielreperfusie 
Glaucoomm wordt gekarakterizeerd door een langzame en progressieve achteruitgang 
vann het gezichtsveld in combinatie met bleekheid en excavatie van de plaats waar de 
oogzenuww het oog verlaat; beide kunnen worden toegeschreven aan het verlies van 
retinalee ganglioncellen (RGCs) en hun axonen in de oogzenuw. Naar schatting lijden 
err wereldwijd ongeveer 67 miljoen mensen aan glaucoom. Van oudsher werd de 
oorzaakk van glaucoom gezocht in een verhoogde oogdruk, maar tegenwoordig krijgt 
dee betrokkenheid van ischemie in het ontstaan van de ziekte veel aandacht. 
Ischemiee kan worden omschreven als een stilstand of onderbreking in de 
doorbloeding,, wat verlaagde zuurstof- en energieniveaus in het weefsel tot gevolg 
heeft. . 

Gedurendee retinale ischemie geven de retinale neuronen hun intracellulaire 
voorradenn glutamaat af, hetgeen resulteert in grote hoeveelheden extracellulair 
glutamaatt die toxisch kunnen zijn door een over-stimulering van de volop aanwezige 
GluRs,, een proces dat aangeduid wordt met excitotoxiciteit. Het zijn de iGluRs die 
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eenn belangrijke rol spelen in het proces van excitotoxiciteit, omdat deze receptor 
typess calcium de cel inlaten wanneer ze geactiveerd worden. Een teveel aan calcium 
wordtt geassocieerd met neurodegeneratie (celafbraak), hoewel het precieze 
mechanismee hiervan nog niet is opgehelderd. Dit deel van het proefschrift heeft tot 
doell inzicht te verschaffen in de rol die AMPA-type glutamaat receptoren spelen in 
hett bewerkstelligen van retinal celdood als gevolg van ischemie/reperfusie. Het 
ischemie/reperfusiee model is gebruikt om experimentele glaucoom op te wekken. 
Doorr cannulatie van de voorste oogkamer en oogdrukverhoging is unilateraal 60 
minutenn ischemie toegediend aan de retina van de rat. Daarna vond reperfusie 
plaats,, variërend van 2 uur tot en met 4 weken. De relevantie van het 
ischemie/reperfusiee model voor het glaucoom onderzoek en de literatuur bevindingen 
vann dit model worden besproken in Hoofdstu k 4. 

Dee rol van AMPA-type GluRs in de ischemische retina is onderzocht op 
eiwitniveauu (immuuncytochemie) en op gen expressieniveau (qPCR). Bevindingen uit 
studiess naar het effect van ischemie op de hersenen hebben gesuggereerd dat een 
specifiekee afname van GluR2, wiens aanwezigheid in het AMPA-receptorcomplex 
verantwoordelijkk is voor de impermeabiliteit voor calcium, de neurodegeneratie zou 
kunnenn veroorzaken (de GiuR2 hypothese) 29. In de post-ischemische retina vindt op 
transcriptt niveau een afname plaats van alle AMPA-type subeenheden, GluR1-4. Op 
eiwitt niveau vinden verschillende veranderingen plaats voor de verschillende 
subeenheden.. De meest in het oog springende verandering was de snelle afname 
vann GluR1 na 2 uur reperfusie. Dit zou een vorm van neuroprotectie kunnen zijn 
tegenn de hoge glutamaat concentraties in de post-ischemische retina. Er is geen 
steunn gevonden voor een selectieve afname van GluR2 in de retina. Na meer dan 24 
uurr werd een afname van alle subeenheden gezien, wat hoogstwaarschijnlijk het 
gevolgg is van het verlies van retinale neuronen (Hoofdstukke n 5 en 6). 

Immunoreactiviteitt voor GiuR1-4 wordt voornamelijk waargenomen in de 
binnenstee lagen van de retina, en veranderingen die geïndiceerd worden door 
ischemiee vinden ook voornamelijk plaats in deze lagen. Als gevolg van 
ischemie/reperfusiee gaan niet alleen de ganglion cellen dood, maar ook cellen in de 
binnenstee laag van de binnenste nucleaire laag, waar zich de amacrine cellen 
bevinden,, en verdwijnen de uitlopers in de binnenste plexrforme laag. Dit zorgt ervoor 
datt de retina in dikte afneemt. Het verlies van ganglion en amacrine cellen verloopt 
viaa geprogrammeerde celdood (apoptose). Aan de hand van morfologische 
parameterss en een apoptose-specifieke kleuring (TUNEL) hebben wij geprobeerd de 
celtypess die verloren gaan als gevolg van ischemie/reperfusie te karakteriseren. 
Nagenoegg de helft van de retinale ganglion cellen is verdwenen na 7 dagen 
reperfusie.. Echter, in absolute aantallen gaan er drie maal zo veel cellen verloren uit 
hett binnenste deel van de binnenste nucleaire laag. Bovendien hebben 
neuroprotectiee studies in het ischemie/reperfusie model aangetoond dat AMPA-type 
GluR-blokkerss in het bijzonder protectief zijn voor amacrine cellen 290. Er is relatief 
weinigg bekend over de rol die amacrine cellen zouden kunnen spelen in glaucoom. In 
humanee glaucoom retina's van personen met een relatief recent verlies van het 
gezichtsveldd zijn toch reeds atrofie van de zenuwvezellaag en een verlies van RGCs 
tee zien. In retina's van personen die al langere tijd blind waren ten gevolge van 
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glaucoom,, wordt ook een verminderd aantal cellen in de binnenste nucleaire laag en 
atrofiee van de binnenste plexiforme laag waargenomen 248. 

Mett behulp van immuuncytochemie, zijn in de post-ischemische rat retina 
verschillendee responsen waargenomen voor de verscheidene amacrine celtypes. 
Grotee subpopulaties van amacrine cellen worden geïdentificeerd met antilichamen 
tegenn glycine transporter 1 (Glytl), calretinine, parvalbumine (PV), and choline 
acetyltransferasee (ChAT). 

Naa slechts 2 uur reperfusie is een duidelijk en onomkeerbaar verlies van PV en 
Chatt te zien, hetgeen suggereert dat de All en de cholinerge amacrine cellen relatief 
gevoeligg zijn voor ischemie. Glytl en calretinine laten een vermindering in aantal 
cellenn en hoeveelheid immunoreactiviteit zie vanaf 24 uur. Cellen die substance P 
bevattenn lijken resistent te zijn voor ischemie/reperfusie. Helaas resulteerde het 
dubbelkleurenn van TUN EL met allerlei amacrine cel-specifieke markers slechts in 
zeerr geringe co-lokalisatie (vooral rond 24 uur reperfusie), wat waarschijnlijk ligt aan 
hett feit dat de eiwitten die onderzocht worden al afgebroken zijn tegen de tijd de 
cellichamenn TUNEL-positief worden. qPCR heeft laten zien dat Glytl, calretinine, PV, 
ChAT,, en glutaminezuur decarboxylase (GAD) transcripten geleidelijk afnemen als 
gevolgg van ischemie/reperfusie en een minimum bereiken op 72 uur reperfusie. 
Onverwachtss werd er na 72 uur een significant herstel van de genexpressie niveaus 
waargenomen.. De transcript-niveaus van Substance P waren onveranderd na 
ischemie/reperfusie.. Een mogelijke verklaring voor het feit dat de lange termijn 
veranderingenn op eiwit en transcript niveaus niet overeenkomen is dat het kleine 
restantt van een bepaalde subpopulatie van amacrine cellen compenseert voor het 
verliess van de andere cellen door hun expressie niveaus te verhogen 
(Hoofdstukke nn 7 en 8) 

Meerr gerichte studies naar retina's van glaucoom patiënten kunnen inzicht geven of 
naastt het verlies van ganglioncellen, de neuronale afbraak van amacrine 
celpopulatiess wellicht ook een belangrijk kenmerk is van glaucoom. 

Conclusies Conclusies 
Dee studies die gepresenteerd zijn in dit proefschrift, samen met het overzicht van 
literatuurgegevenss hebben laten zien dat het ischemie/reperfusie model een bijdrage 
levertt aan het ophelderen van de mechanismen die ten grondslag liggen aan het 
verliess van retinale ganglion cellen en daarmee aan het begrijpen van processen die 
betrokkenn zijn bij glaucoom (Hoofdstu k 9). 

Tenn gevolge van een gecontroleerd trauma degenereren veel retinale cellen. 
Naastt het welbekende verlies van RGCs, gaan ook veel amacrine celtypes verloren. 
Dee relatie tussen het verlies van deze interneuronen van de retina en glaucoom heeft 
nogg weinig aandacht gekregen. 

Dee post-ischemische neurodegeneratie kan, in elk geval gedeeltelijk, het gevolg 
zijnn van activatie van ionotrope glutamaatreceptoren. In een controle rat retina 
wordenn subeenheden GluR1-4 vooral aangetroffen in de binnenste lagen. Onze 
bevindingenn hebben laten zien dat er na ischemie/reperfusie weliswaar 
veranderingenn optreden in de expressie van AMPA-type GluRs, maar dat een 
selectieff verlies van GluR2 is niet verantwoordelijk voor de neurodegeneratie in de 
ischemischee retina. Wij hebben gesuggereerd dat het snelle verlies van GluR1 
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toegeschrevenn kan worden aan een beschermende verwijdering van deze 
subeenhedenn uit de post-synaptische membraan om verdere excitotoxische activatie 
vann retinale neuronen te voorkomen. 

Toekomst Toekomst 
Eenn interesante bevinding is ischemische pre-conditioning; het toedienen van een 
sublethalee ischemisch trauma (ongeveer 5 minuten) verschaft significante 
beschermingg voor een periode van 1-2 dagen tegen een tweede langduriger 
ischemischh trauma (45-60 minuten) dat normaal gesproken tot neurodegeneratie 
leidtt 318. Dit toont aan dat de retina in staat is tot adaptatie en dat het mogelijk is 
endogenee neuroprotectieve mechanismen te activeren in retinaal weefsel. Voor een 
toekomstigee richting van onderzoek lijkt het van groot belang de mechanismen die 
betrokkenn zijn bij ischemische preconditioning te identificeren om te achterhalen of zij 
opp een bepaalde manier geactiveerd zouden kunnen worden om het RGC verlies in 
glaucoomm te vertragen. Dit zou gedaan kunnen worden door een vergelijking van de 
genn expressie patronen in ischemische retina's met en zonder ischemische pre-
conditioning.. Een experiment om dit doel te realiseren door middel van een micro-
arrayy benadering is in voorbereiding. 
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rAaüKdd (q) {vAauKwv} (ETTIOT.) n KOUKOupavia OP. (apxaionp.) 
Kopi^a)) yAaüKa z<; AGrtyas (KOMI^UJ vAaüKa zq AGqvaq Apiorocp. 
'Opv.. 301) TTapouaia^a) ujq Kaïvoüpio f\ TTpunoTTopiaKÓ KÓTI TTOU 

f\ör)f\ör) YVWOTÓ. Epians (apxaioTTp.) vAau£ [apx.] {vAauKÓs}. 
[ETYM.. <apx- TAaut yAauKÓ?, apép. ETÜIJOU, TTI0. IUVÖ. Me TO ETTIG. 

VAOUKOC;; (pA. A.) e^ania^ TOU crmvGnpopóAou pAé|jpaTo<; TOU Tnnvoü. 
HH cpp. «yAauK* z\q aGi*jvas», f\br\ apx-, ocpeiAeïai OTO vEvovóq 
ÓTII voMiapaia ir\<; apx. AGqvas ovopa^ovTav yAaüKeq (YIOTI écpspav 
TTapóaraann yAaÜKa^, aupPóAou ir\q Qzóq AGfivas) KOI, ETTopévux;, 
TOO va TQ cpépvsi Kavei^ OTrry AGitya rïrav EVTEAWS ÓOKOTTO KOI TTEPITTÓ]. 
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