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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. 

** * 

mGluR6 6 

^HMk^HMk ' * f -

11  * . * * 

,, ^ k t Ü^fiP 
PPP ™

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-

37 7 



ChapterChapter 2 

FigureFigure 5. 
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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. 

MAWM^^  $ 
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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 

44 4 



GlutamateGlutamate receptors in bipolar cells 

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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