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ChapterChapter  3 

GeneGene expression  ofAMPA-type  glutamate  receptor 
subunitssubunits  in  rod-type  ON-bipolar  ceils  of  rat  retina 

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

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

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

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

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

Material ss  & Method s 

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

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

FigureFigure  1. 

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

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

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

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

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

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

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

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

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

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

TableTable  1a 

Targett  Sense Antisens e e bp p GenBan n 
k k 

GluR11 TTACCACAGAGGAAGGCATGATC 

GluR22 TGTGTTTGTGAGGACTACCGCA 

GluR33 GCAGAGCCATCTGTGTTTACCAA 

GluR44 GCAGAGCCGTCTGTGTTCACTAG 

mGluR66 GCCTACTGATGGCCGGAC 

PKCaa TGAACCCTCAGTGGAATGAGTCCT 

CAGTCCCAGCCCACCAATCC 365 

GGATTCTTTGCCACCTTCATTCC 453 

AGTTTTGGGTGTTCTTTGTGAGTTT 472 

TTTGTTTCTTGTGGCTTCGGAA 480 

AGCACAGATGGCTGCACAAA 652 

ATGGCTGCTTCCTGTCTTCTGAAGG 327 

M36418 8 

M36419 9 

M36420 0 

M36421 1 

D13963 3 

X07286 6 

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

TableTable  1b 

Targett  Sense Antisens e e bp p GenBank k 

GluR11 GAGCAACGAAAGCCCTGTGA 

GluR22 AACGAGTACATCGAGCAGAGGAA 

GluR33 TTCGGAAGTCCAAGGGAAAGT 

GluR44 GGCTCGTGTCCGCAAGTC 

mGluR66 GCCCTTAGACTGGATATGGAAGTTC 

PKCaa CGGACGACACGGAATGACTT 

GAPDHH TGCACCACCAACTGCTTAGC 

HPRTT ATGGGAGGCCATCACATTGT 

CaBPP TGAAGCTGTTCGACTCAAATAATGAT 

GFAPP TGGTATCGGTCCAAGTTTGCA 

CCCTTGGGTGTCGCAATG G 

GATGCCGTAGCCTTTGGAATC C 

CACGGCTTTCTCTGCTCAATG G 

TTCGCTGCTCAATGTATTCATTC C 

CTTCACCATCIII I I ICCGTTCAC 

TTGTAGTATTCACCCTCCTCTTGGTTT 116 

GGCATGGACTGTGGTCATGA A 

ATGTAATCCAGCAGGTCAGCAA A 

CCTGGAATTTAAGAAGGAAATTTTC C 
C C 

TGGCGGCGATAGTCATTAGC C 

80 0 

78 8 

76 6 

77 7 

111 1 

116 6 

87 7 

77 7 

76 6 

98 8 

80.1 1 

79.8 8 

80.7 7 

80.5 5 

85.7 7 

79.7 7 

83.0 0 

81.1 1 

79.2 2 

85.2 2 

M33197 7 

M31642 2 

NM_031984 4 

NMM 017009 

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

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

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

TableTable  2. 

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

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

Rz z 

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

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

RR1 1 

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

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

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

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

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

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

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

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

FigureFigure  2. 

1.0 0 

0.8 8 

0.6 6 

mGluR66 GluR1 

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

TableTable  3. 

celM M 

celll 2 

celll 3 

celll 4 

celll 5 

celll 6 

celll 7 

celll 8 

celll 9 

celll 10 

celll 11 

celll 12 

celll 13 

celll 14 

celll 15 

mean n 

SEM M 

PKC C 

4735 5 

35 5 

1398 8 

7534 4 

2664 4 

436 6 

96 6 

657 7 

13209 9 

249 9 

3614 4 

4 4 

6 6 

244 4 

522 2 

2360 0 

959 9 

mGluR 6 6 

11263 3 

78 8 

1871 1 

2664 4 

3467 7 

962 2 

1923 1923 

2664 4 

14861 1 

102 2 

2875 5 

18 8 

244 4 

220 0 

117 7 

2889 9 

1124 4 

GluFM M 

--
30 0 

--
--
--
--
28 8 

929 9 

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

66 6 

62 2 

GluR2 2 

7640 0 

--
5291 1 

12497 7 

--
2335 5 

35 5 

--
23646 6 

80 0 

1168 8 

5 5 

1 1 

15 5 

--

3514 4 

1723 3 

GluR 3 3 

--
--
1184 4 

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

--
--

79 9 

79 9 

GluR4 4 

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

163 3 

--
--
--
106 6 

--

995 5 

976 6 

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

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

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

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

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

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

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

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

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

 PKC-positive 
DD PKC-negative I 

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

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

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

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

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