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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). . 
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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. 

175% % 

150% % 

125% % 

100% % 

75% % 

50% % 

25% % 

175% % 

125% % 

75% % 

50% % 

25% % 

0% % 

 Label intensit y IPL 

 Total amoun t of label 

cm cm 
2h h 

a a 
2h h 

LI I 
4h h 

--
4h h 

11 1 1  . 
6hh 12h 24h 48h 

reperfusio nn tim e 

11 1 11 
6hh 12h 24h 48h 

reperfusio nn tim e 

72h h 

3luRl | | 

-I -I 

\ \ 
7d d 

uR2/j | | 

LU U 
72h h 7d 7d 

175% % 

150% % 

125% % 

100% % 

75% % 

50% % 

25% % 

175% % 

125% % 

75% % 

50% % 

25% % 

0% % 

1 1 1 1 11 r . . 
2hh 4h 6h 12h 24h 48h 72h 7d 

reperfusio nn tim e 

2hh 4h 6h 12h 24h 48h 72h 7d 

reperfusio nn tim e 

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 
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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. 

Discussion 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. 
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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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