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Expression of genes encoding glutamate receptors and
transportersin rod and cone bipolar cells of the primate retina
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Purpose: Light signals from rod and cone photoreceptors traverse distinct types of second-order, bipolar neurons that
carry these signals from the outer to inner retina. Anatomical and physiological studies suggest that the specialization of
rod and cone bipolar cells involves the differential expression of proteins involved in glutamatergic signaling. In a previ-
ous study, we compared the expression of genes for the AMPA- (GluR1-4) and kainate-sensitive (GIUR5-7, KA1-2)
ionotropic glutamate receptors, the metabotropic glutamate receptors (mGIluR1-8), and five non-vesicular glutamate trans-
porters (EAAT1-5) in full-complement cDNA constructed from fresh and aldehyde-fixed macaque retina using a tech-
nique suitable for amplification of a variety of differentially expressed transcripts. Here we apply the same protocol to
compare expression of these genes in cDNA constructed from single rod and cone bipolar cells previously-labeled for
morphological identification in fixed slices of macaque retina.

Methods: We used immunocytochemical labeling and unique morphological features in lightly fixed slices of macaque
retina to target the rod bipolar or the DB3 cone OFF bipolar cell. Under visual control, we used a micropipette to target and
extract labeled cells, and we isolated mRNA from each through enzymatic digestion. Full-length cDNA was synthesized
using 3'-end amplification (TPEA) PCR, in which the highly diverse 3' regions were amplified indiscriminately to ensure
detection of both high and low abundance genes. We used gene-specific RT-PCR to probe the cDNA of each bipolar cell
both for expression of known genes to confirm cell identification as well as expression of genes encoding glutamate
receptors GluR1-7, KA1-2, and mGIluR1-8 and for transporters EAAT1-5.

Results: Of 27 rod bipolar cells confirmed to express the genes for the a subunit of protein kinase C, mGIuR®6, and its G
protein G , 26 expressed at least one AMPA GIuR subunit gene, 16 expressed at least two, and nine expressed three or
more. Nearly every cell expressed the GluR4 gene (23/27), followed by GIuR2 (16/27) and GIluR1 (11/27). In addition to
MGIuR6, 20/27 cells also expressed the mGIuR3 gene. Nearly every rod bipolar cell also expressed the genes for the
EAAT2 (23/27) and EAATA4 (21/27) transporters. Of 26 DB3 cells confirmed by expression of calbindin D-28 and absence
of GAD-65/67, each expressed the gene for the AMPA subunit GluR4, followed by GIuR2 (22/26), and GIuR1 (15/26), the
only kainate subunit gene expressed was GIuR6 (18/26). Nearly every DB3 cell also expressed the gene for the EAAT2
transporter (25/26), but no others.

Conclusions: Rod bipolar cells in thi¥lacaca monkey retina expressed not only the mGIuR6 gene, a subunit necessary
for transmission of light-ON signals, but also nearly always GluR4 in combination with the glutamate transporter EAAT4
(21/27 cells). The DB3 cell involved in processing light-OFF signals from cones expressed most highly the combination
of GluR4 and the transporter EAAT2 (25/26). These results suggest that glutamatergic signaling in rod and cone circuits
in the primate retina depends upon complex molecular interactions, involving not only multiple glutamate receptor sub-
units, but also glutamate transporters. Our data demonstrate a consistent primary pattern for each cell type with subtle
variability involving other genes. Thus, like neuronal cell types in other brain regions, morphological and physiological
homogeneity among retinal bipolar cell types does not exclude variations in expression that could serve to adjust the
stimulus-response profile of each cell.

A tremendous degree of functional diversity in the earlyrhere some 20-50 pre-synaptic active zones parcel the cone
visual system is rendered at the first synapse, where glutam%t@nm to about 10 morphological types of second-order bipo-
released from rod and cone photoreceptors excites specigdy neurons [6,7]. Roughly half of these (OFF cells) depolar-
ized circuits tuned to different aspects of the visual scene [};¢ in response to the increased glutamate caused by a decre-
5]. Most of this diversity arises at the cone axon terminalyent in light, while the other half (ON cells) depolarize with
the drop in glutamate caused by a light increment. Functional
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KAZ2; [8-16]). While physiological specialization is also likely METHODS

among the cone ON bipolar cells, a certain degree of unifoAnimalsand tissue preparation: We obtained three adult (6-8
mity exists among these cells through their common expresears) macaque retinas, one each from a rivideaca

sion of the metabotropic glutamate receptor mGIuR6 [16-19Fascicularis used in our previous TPEA study [36], a female
In darkness, when glutamate release is highest, mGIluR6 clogéacaca nemestrina, and malévlacaca nemestrina. Each ani-
nonspecific cation channels through activation of themal was procured from unrelated behavioral studies under a
heterotrimeric G-protein &; when glutamate decreases with normal diurnal cycle, in adherence with federal guidelines and
light, the channels open [20,21]. institutional policy. Prior to euthanasia in the light, eyes were

The rod photoreceptor, though outnumbering cones bgemoved from anesthetized monkeys and submerged in cold
19:1, mediates a far smaller portion of the visual dynamiémes media continuously bubbled to saturation with 95% O
range. Each rod reliably signals a single photon of light, thu§% CQ,to minimize RNA degradation. Isolated eyecups were
establishing the lower limit of visual sensitivity [22-24]. The cleaned of vitreous and the retinas dissected free in the same
rod axon terminal, unlike that of the cone, generally containsedia within 30 min of removal. Each retina was then immer-
only a single, large active zone [12,25,26]. And unlike the conesion-fixed in 4% paraformaldehyde for 2-4 h at room tem-
the rod signal is parceled to just a single type of bipolar cefperature. The retinas were washed extensively in 0.01 M PBS,
that collects from 20-60 rods to maximize its sensitivity in theembedded in 5% agarose and cut into 6@w8Gsections on a
dark [27,28]. Like the cone ON bipolar cells, the rod bipolawvibratome. A number of sections were placed in 0.01 M PBS
cell also depolarizes to light through mGIuR6 and G containing 0.01% sodium azide and stored a€4or later
[15,16,20,21,29-32]. experiments.

That mGIuR®6 is omnipresent among the cone and rod ON  Morphological identification of cells: For immunocy-
bipolar cells and is unquestionably necessary for generatirtgchemical identification of rod bipolar cells, we used a rabbit
the ON response could naturally lead to the tacit assumptigrolyclonal antibody against the PkGubunit (1:500; Up-
that it is the only receptor involved in transferring the photostate Biotechnology, Billerica, MA; [27]). For identification
receptor signal to these cells. However, recent studies usitng DB3 cells, we used a mouse monoclonal antibody against
both immunocytochemical and genetic markers suggest thaalbindin-28 (1:10,000; Sigma, St. Louis, MO) [40]. Sections
both cone and rod ON bipolar cells in the rodent retina exwere first placed in blocking solution consisting of 0.8% bo-
press multiple GluR subunits (AMPA) as well as mGIuR6 [33-vine serum albumin (BSA), 0.1% gelatin, and 5% normal goat
35]. In contrast, based on physiological measurements in noserum (NGS) and 0.1% Triton-X at room temperature for 1-2
primate mammalian retina [13-16], cone OFF bipolar cell$, before being transferred into a primary antibody solution
are expected to express multiple GIuR subunits, but natontaining 0.8% BSA, 0.1% gelatin, 3% NGS, and 0.1% Tri-
MGIuRs. The problem of assigning particular subunits to spegen-X for 24-72 h at £C. To reduce background noise, we
cific bipolar cell types is confounded not only by the diffi- rinsed the sections thoroughly in 0.01 M PBS at room tem-
culty in physiologically resolving currents from specific sub-perature for 2-3 h, before placing them in a secondary anti-
units, but also by the tremendous ambiguity inherent to andody solution containing Alexa-red 594 (Molecular Probes,
tomically resolving subunit localization in the dauntingly denseCarlsbad, CA) at a dilution of 1:200 in 0.8% BSA, 0.1% gela-
medley of neuronal processes in the outer retina [6,35].  tin, 1% NGS, and 0.1% Triton-X for 3-4 h at room tempera-

In a recent study, we applied a modified version of 3'-endure. Sections were washed with 0.01 M PBS repeatedly and
amplification (TPEA) RT-PCR to construct full-length cDNA kept at 4°C in 0.01 M PBS.
libraries from retina oMacaca fascicularis [36]. We tested In macaque retina, PKgalso faintly labels the DB4 ON
broad patterns of expression of genes for GIuR and mGluBipolar cell [28]. This cell is discerniable from the rod bipolar
subunits as well as the glutamate transporters EAAT1-5 in RN&ell through its shallower axonal termination near the ON/
harvested from both fresh retina and from lightly fixed retinalOFF border of the inner plexiform layer and by the morphol-
slices. In the present study, we used TPEA to study gene eagy of its dendritic tree, which because of its contacts from
pression, butin cDNA libraries constructed from morphologi-cones, ramifies closer to the outer plexiform layer below the
cally identified single bipolar cells pre-labeled in fixed sliceslayer of rod terminals [28]. We restricted our harvesting of
using immunocytochemical markers. We focused on two an&KCa-labeled bipolar cells to rod bipolar cells therefore by
tomically and physiologically disparate cell types: the rod bitargeting cells with (1) an axon terminating deep in the inner
polar cell and the diffuse bipolar cell DB3. In primate retinaplexiform layer, just above the ganglion cell layer, and (2) a
the DB3 cell is known to transmit OFF signals from cones taendritic tree reaching above the shallower cone terminal layer
multiple types of ganglion cell in the inner retina, includingto the higher placed rod terminals [27,28]. Using Nomarski/
the small bistratified and the parasol ganglion cell [37,38]. Byifferential interference contrast (DIC) optics (next section),
probing these libraries for specific genes, we demonstrate nate were able to visualize both the ganglion cell layer and rod
only that the rod bipolar cell and DB3 have a unique neurcaxon terminals in each slice for this confirmation. Similarly,
chemical signature in terms of glutamate receptor and tranfar DB3 cells, since calbindin also labels horizontal cells in
porter expression, but also that TPEA is a useful, precise tectire inner nuclear layer [40], we restricted our harvesting to
nigue for comparing gene expression between individual newnly those cells with a clearly labeled axon descending to the
rons [39]. OFF sublamina of the inner plexiform layer.
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Harvesting single cells for construction of cDNA librar-  with a second round of PCR using gene-specific primers. Here,
ies: Labeled sections were immersed in a shallow holdingve used only 50 U of reverse transcriptase during the reverse
chamber containing a distilled water solution of proteinase Kranscription reaction, as suggested when minimal amounts
(20ug/ml) to facilitate the removal of cells from the sections.of RNA starting material are used. DNase was used following
The chamber was warmed to 32 with a temperature con- reverse transcription in order to remove genomic DNA. Ap-
troller (TC-324B; Warner Instruments, Inc., Hamden, CT.) orproximately 3Qug of amplified cDNA in 20Qul total volume
a fixed stage coupled to an Olympus BX50 upright microcan be generated using this method from a single cell. To avoid
scope equipped for fluorescent imaging with a 40x-water-imbNA contamination of the extracted RNA, we harvested cells
mersion DIC objective (Olympus LUMPIlanFI/IR) and a real-in a room that was separate from the laboratory in which PCR
time digital camera (Q-Imaging Retiga 1300; Quantitative Imreactions and gel electrophoresis were performed. RNA ex-
aging Corp., Burnaby, British Columbia, Canada). We pulledraction and cDNA generation were executed on separate bench
micropipettes from borosilicate glass capillaries (1.0/0.75 mnops from where PCR was completed, and the bench tops were
OD/ID with filament; World Precision Instruments) on a hori- cleaned with hydrogen peroxide.
zontal electrode puller (Model P-97, Sutter Instruments Co., Gene-specific polymerase chain reaction: We paformed
Novato, CA) to a resistance following heat polishing of 5-8gene-specific PCR on 0& of the amplified cDNA samples
MW. Under visual control, the tip of the glass pipette waggenerated from RNA extracted from single cells inb@ac-
lowered onto fluorescently labeled cells using a micromantions containing: 1x PCR buffer, 0i@8 MgCl,, 0.2 mM
ipulator (PSC-5000; Burleigh Instruments, McHenry, IL.).dNTPs, 2.5 UTag DNA polymerase (Gibco-BRL, Carlsbad,
Negative pressure was applied using a 5 cc syringe connect€d\), and gene specific primers at 250 ng/reaction. Following
to a head stage (HS-2A; Axon Instruments, Inc., Sunnyvale hot-start addition of Tag and an initial 2-min denaturing step
CA) with 1.5 mm O.D. polyethylene tubing (TC-324B; Warner (94 °C), each of 35 PCR cycles consisted of 45 s denaturing
Instruments, Inc.) to gently dislodge the targeted cell from th€94 °C), 90 s annealing (6TC), and 60 s elongation (7£)
section. Each pipette tip was confirmed visually to contain ateps. After the final cycle, elongation was allowed to occur at
single cell, and the labeled cell was separated into a 0.5 R °C for another 10 min. All PCR reactions were run for 35
microfuge tube and set aside at <0for RNA extraction. cycles, which we determined to be optimal in our previous

Reverse transcription and amplification of RNA from  study [36]. Five ml of the PCR products were then separated
single cells: Once we had harvested a large number of botlon a 2% agarose gel (Invitrogen) stained with ethidium bro-
rod bipolar and DB3 cells, we placed them in storage, keepnide (0.5ug/ml). Gel images were captured using a Polaroid
ing them separate. The cells were then lysed inl@ORNA ~ camera on Polaroid 667 film. Photographs were scanned
extraction buffer containing 10 mM Tris/HCI (pH 8.0), 0.1 (UMAX Astra 6450, UMAX Technologies, Inc, Dallas, TX)
mM EDTA (pH 8.0), 2% sodium dodecyl sulfate (SDS; pHinto a computer and adjusted uniformly with Adobe Photoshop
7.3), 5U of RNAseOUT (Invitrogen, Carlsbad, CA.), and 500(Version 7, Adobe Systems, Inc., San Jose, CA). Amplifica-
mg/ml Proteinase K (Ambion Inc, Austin, TX). We used ation during gene-specific PCR was performed at 35, a rela-
relatively high volume of extraction buffer to ensure that mostively low PCR cycle number, and 6@ a moderately high
(about 95%) of MRNA was recovered following the phenolannealing temperature, in an attempt to reduce false positives
chloroform extraction. This is common for single-cell stud-and nonspecific signals. For gene-specific PCR to detect
ies. The solution was incubated at 8D for 16 h to allow glutamate receptors and non-vesicular transporters, we de-
dissolution. After Proteinase K treatment, the cellular composigned primers to target unique 180-220 base-pair regions of
nents were digested with DNase | (Invitrogen, 10 migat ~ known human sequences accessed from GenBank using the
37°C for 30 min to avoid DNA contamination. The RNA from sequence alignment feature of Vlector NTI Suite 7.1 (InforMax,
each cell was purified by phenol chloroform extraction (equalnc., Carlsbad, CA; Table 1). These regions are highly ho-
volume) followed by precipitation with an equal volume of mologous to the primate sequences we determined previously
isopropanol in the presence of 0.1 volume of 3 M sodium ader these genes [36]. All PCR reactions were confirmed at least
etate (pH 4.0) and 1 ml of 20 mg/ml glycogen, which acts am duplicate. When possible, gene-specific primers were de-
an RNA carrier, at -20C. The resulting RNA pellet was signed to span at least one exon/intron boundary, to avoid
washed in 70% ethanol and centrifuged for 5 min &4 amplification of any residual genomic DNA.

Following a 70% ethanol wash, the RNA was re-suspended in  Controls: In a recently published paper [36], we detected
10 ml of DEPC-treated water. The entire 10 ml was used fagvery gene of interest that we probe here. All PCR products
reverse transcription and cDNA amplification. for each cell were confirmed as the expected target genes via

Reverse transcription and cDNA amplification from singlepurification and product sequencing as described previously
cells was the same procedure as described for fixed tissue[B6]. Briefly, we precipitated representative PCR products for
our previous paper [36]. We again followed a modification ofeach subunit and sequenced the DNA using the original am-
the 3'-end amplification technique of Dixon et al. [39]. In thisplification primers in conjunction with the BigDye terminator
method, the 3' region of extracted mRNA is amplified arbikit (Perkin Elmer, Inc., Boston, MA). Samples of the precipi-
trarily by PCR using a combination of primers, so the amplitated reaction were run on a 3100 Automated Sequencer (Ap-
fied cDNA represents as diverse and complete sample of gepbed Biosystems, Inc., Foster City, CA) and identity con-
sequences as possible. Specific sequences are then amplifieched. No PCR product greater than the directed base-pair
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region was detected in any reaction, nor did we detect mothe fixed slice. With this method, 35 individual cells were iso-
than a single specific product. To support positive identificatated and cDNAs generated.

tion of rod bipolar cells, we used primers designed against We first tested each rod bipolar cDNA for positive ex-
PKCo and Ga,. Any cell lacking these genes (along with pression of the housekeeping g@aactin to ensure that ab-
MGIuR6) was excluded. For DB3 bipolar cells, we used primsence of any subsequent PCR product was not due to degra-
ers against calbindin-28. To check against horizontal cell cordation of RNA. The results for 11 representative cells are
tamination for all bipolar cells, we used primers against thehown in Figure 3A. Levels @factin were qualitatively simi-
GABA precursors, the 65 and 67 kDa glutamate decarboxyar across all single cells tested. Next, to ensure that we did
lase enzymes GAD-65 and GAD-67 [3,4]. To check againstot harvest either neighboring horizontal cells or Muller glia,
Mdller glial cell contamination, we used primers againstwe tested for GAD-65/67 (Figure 3B,C) and glutamine syn-
glutamine synthetase, a Miiller-specific enzyme involved inthetase (Figure 3D), respectively. No cell showed contamina-
glutamate clearance [3,4]. We also confirmed positive expresion from these two sources.

Sion Of the housekeeping marKeaCtin’ to ensure that ab- TABLE 1. PRIMERS FOR GENE-SPECIFIC POLYMERASE CHAIN REACTION

sence of any gene-specific PCR product was not due to RNA
degradation. These primers are also listed in Table 1.

IN SINGLE BIPOLAR NEURONS

Accessi on Si ze
Gene nunber Location Hunan sequence (5'-3") (bps)
RESULTS GuRL  NMO000827 2071F  TGGTGICTCCCATTGAGAGTGC 188
Expression of glutamate receptor and transporter subunitsin - g ure 000826 ook THITrGeTACRTGMSIOAG 184
rod bipolar cells: In.our'previous work [36],'We used the 4,z NL000B2E  Z07oh  CACACTGARATTGUATATGOOAGG 101
TPEA protocol, detailed in the previous section [39], to con, ., V000826 aear T s 186
struct cDNA from a paraformaldehyde-fixed slice from theG - wroooss0 | 23R CAATCCAGATTTOCTCCCACTTTC
sameMacaca fascicularisretina employed in this study. With - 2631IR  TCACTGTTTCTTACCAGGEOGG
. . . G,uR6 NM 021956 1977F GACAGTGGAACGCATGGAATCC 206
this library, we demonstrated the expression of genes encod- 2182R CTCGCTGGATTCCTTCTTCATTAC
ing all AMPA- (GIuR1-4) and kainate-sensitive (GIuR5-7, "~ WHLO0OBSE TR TTOCTOTOOBIACITAGTOONTE.
KA1-2) ionotropic glutamate receptors, all metabotropic® LS o o 218
1 H NM_ 002088 2194F CTCAACTGCAACCTCACCCAGATC 205
glutamate receptors (mGIuR1-8), and five non-vesiculaf* s Frvat s sodicaveocall
- R1 NM_000838 2900F AATGGCAAGTCTGTGTCATGGTC 186
glutg'mate transporters (EAATl 5). Thgse results ser\{ed agay & 20008 eI SToTeeTe
positive control for the single cell studies, to be described as ur NM_000839  2043F CCATCTGCCTGGCACTTATCTC 199
. . . . . . 2241R AAGGCATAAAGCGTGCAGAGC
follows, using thefascicularis retina, since they confirmed na urs NM 000840  2047F ATCAAGCACAACAACACACCCTTG 186
. . 2232R CAGCAGGGCTGAGTAACAGATAGC
that each gene can be readily detected in cDNA generated frogur NV 000841  2683F ACATGOCCAAAGTCTACATCATCC 199
the limited amount of RNA extracted from an aldehyde-fixed,q xs 000842 0198 TCOATCICOCTOGGGTACTTATG 208
H H H H H H 2223R ACAGGCACTCATGCCTCTGGGEC
retinal slice. In Figure 1, we present similar results using & ,zs AM000843  2305F  AGOIGOTGUOGATGATAGCATG 190
I 1 i i - 2491R TTGATGGCGTACACTGTGCACG
single, fixed slice from each of twMacaca ne'me;trlna reti . 000842 2000k T eTon e vos
nas harvested for this study. The expression of each Gluln?GfuRB i ooosas | L22R RAGCOCAAGNARACTCOG | to1
MGIUR and transporter subunit was qualitatively similar to - 2181R  AAGGAGCTGGACGGAGATGA
the published results fdascicularis, with demonstrated ex- (aasn NM 004172 819F TAAACAATGTGTCTGAGBCCATGG 207
. s . . 1025R CTACCAGTCTCATGATGGCTTCG
pression of each subunit in the slice (Figure 1A,B). The reagaar
tion products for the twoemestrina retinas are qualitatively (™" AU SR ali o SN
- . " 5
S|m|lgr. Thus, thesg reactions serv'ed as a positive con.trol e 1 NM004170  808F A TTCAGATGOCATAMACGTOCTGS 188
995R CCGAGCAATCAGGAACAAAATACC
the single cell studies to follow using fixed sl|c§s. In Figure_,,_, \L00S07L  aek ool A e
1C, we demonstrated the same PCR reactions from the 907R TTGAGGCTGTCGAAGAAGTCOCTG
. . . . NM 006671 877F TCAGCTTCTGCCAGTGCCTCAATG 208
nemestrina cDNA, but with reverse transcriptase omitted. The 1084R TAGAGCAGGGGCAGGATAAAGAGS
. . PKCo XM 034737 1045F TCCTCATGGTGTTGGGAAAGG 212
absence of any reaction produce served as an effective nega- 1256R ATCCACTGTCTGGAAGCAGGAGTG
tive control. Similar results were obtained fromfémeicularis ~ *° B NM.020988 5228 T e 12
retina [36] and for the secomeémestrina retina (not shown). ~ '°ndn NL004929 - oeTe I
i i 65 XM _ 038553 949F TGCTCTTCCCAGGCTCATTG 194
Next we used. our mlcroelectrode 'Fq target the.rod bipola™ L By T e
cell. These were identified by (1) positive label with RKC @067 NM 000817  1585F TGOCACGACTGTTTATGGAGC 163
1747R GACTGAGTTGGCCCTTTCTATGC

(2) the presence of a clear axon terminating at the border ®fctin

NM_ 001101

5' - AGGCCAACCGCGAGAAGATG
5' - CCATCACGATGCCAGTGGTA
5' - GGGAACTGGAATGGTGCAGG

123

110

the ganglion cell layer and inner plexiform layer, and (3) & utamine synth.
clearly labeled dendritic tree reaching above the cone termi-
nal layer to rod terminals (Figure 2A,B). These morphologi-The primers were used to detect genes from mRNA extracted from

cal features were confirmed using DIC optics in Conjunctior‘_?i”gle bipolar cells previously labeled using immunocytochemistry

with fluorescence to identify the appropriate retinal |ayersln fixed retinal slices. “Accession number” is the GenBank acces-

. n number for the corresponding human gene. “Location” is the
Once a single cell was targeted and secured, we removed it P 9 g

h . . osition of initial nucleotide for forward and reverse primer pairs.
from the slice using the electrode (Figure 2C,D). From th“gHumam sequence” represents the sequence for design of forward

RNA extracted from each harvested cell, we then created g reverse primers. “Size” is the number of base pairs in expected
CDNA library using the same protocol applied to RNA frompcR product.
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To further support positive identification of rod bipolar (Figure 4B). Interestingly, neither cell expressed any kainate-
cells, we probed for PK&and for two particular genes cod- sensitive subunits (Figure 4C,H). Figure 4D,I demonstrate
ing proteins previously localized in mammalian rod bipolarexpression of mGIuR3 in addition to mGIuR6. Both cells also
cells, mGluR6 and € [17-21,29,30]. Figure 4A,F show rep- expressed the EAAT2 and EAAT4 glutamate transporters (Fig-
resentative results for these genes from the cDNA of two bidre 4E,J).
polar cells. Of the 35 putative rod bipolar cells, 27 showed The overall expression pattern for all 27 rod bipolar cells
clear expression of mGIuR6, PkGnd Gx, without GAD- s illustrated in Figure 5. Beside mGIuR6, which all 27 cells
65/67 or glutamine synthetase contamination. Only these celéxpressed, the most prevalent subunits were GluR4 and EAAT?2
were included in subsequent analysis. Relative amounts (85% each), EAAT4 (78%), mGIUR3 (74%), and GIUR2 (59%).
these genes varied slightly from cell to cell, although we didften the relative expression level of mGIuR3 was greater
not detect secondary or other non-specific bands with our stitan for mGIluR6. Because this was somewhat surprising to
of primers. For negative control, gene-specific PCR omittingis, we conducted mGIuR3 gene-specific PCR in triplicate with
reverse transcriptase always resulted in the absence of a preadmparable results throughout. Only four of the 27 rod bipo-
uct, as shown in Figure 1B and Figure 3A. lar cells expressed a kainate-sensitive subunit (GIuR6). The

Though mGIuR®6 is the predominant mediator of the lightmost prevalent combination of subunits expressed was GluR4
response of retinal ON bipolar cells, including the rod bipolawith EAAT4 (78%), followed by GluR4 with EAAT2 (74%),
cell [20,29], recent evidence suggests these cells may al§luR4 with EAAT2, and EAAT4 (67%), mGIUR3 with EAAT2
express one or more ionotropic glutamate receptors [33-35/67%), GIuR4 with mGIuR3 (63%), GIuR2 with EAAT?2
Gene-specific PCR from the 27 confirmed rod bipolar cDNA(56%), and mGIuR3 with EAAT4 (56%). In 26/27 (96%), ei-
libraries demonstrated expression of multiple additional rether EAAT2 or EAAT4 was expressed in conjunction with at
ceptors. Figure 4B,G show that two exemplary rod bipolateast one of the GIuR2/GIuR4 subunits.
cells expressed GluR4; the first cell also expressed GluR2 Expression of glutamate receptor and transporter sub-
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Figure 1. Positive and negative controls using cDNA from fixed retinal slide&thidium bromide-stained 2% agarose gel shows gene-
specific PCR from a cDNA library created using 3'-end amplification (TPEA) RT-PCR for RNA extracted from a fixed slitéadana
nemestrina retina. Results demonstrate positive expression of each GluR, mGIuR, and transporter subunit tested using the primers listed i
Table 1B: The same PCR reactions are shown, but for a fixed slice from a 3daoach nemestrinaretina. The results are similar to the first
retina.C: The same reactions are shown, but with reverse transcriptase omitted as a negative control. A single PCR product viras detected
each reaction, so gels are truncated. Arrowheads indicate 300 bp.
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unitsin DB3 cells: Next we set out to investigate the geneticdescending axon (Figure 6A). Using these criteria, we were
profiles of the OFF diffuse bipolar cell, DB3, known to pro- able to target and extract 34 calbindin-positive putative DB3
vide synaptic input to the small bistratified and the parasatells from our fixed retinal slices; two samples are demon-
ganglion cell in the macaque retina [37,38,41]. In macaqustrated in Figure 6B,C. As before, we first tested the quality of
retina, the DB3 cell is labeled selectively among bipolar cellshe cDNAs created from harvested DB3 cells by confirming
by antibodies against calbindin [40], and we exploited thigshe expression ¢f-actin. The results for 11 representative DB3
property to isolate single cells and measure their glutamatzlls are shown in Figure 6D. Like the rod bipolar cell, levels
receptor and transporter gene expression profiles as we difi-actin were similar across all cells. Next, to ensure that we
for rod bipolar cells. did not harvest neighboring Mdller glia, we tested for expres-
While DB3 cells are the only bipolar cell type to expresssion of glutamine synthetase (Figure 6E).
calbindin, the H2 horizontal cell and cone photoreceptors in  Since only DB3 cells and H2 horizontal cells in the inner
macaque retina also express calbindin [42,43]. Fortunatelyetina express calbindin, we used gene-specific PCR against
anatomical and morphological differences between these thréAD-65 and GAD-67 to exclude contamination from hori-
cell types enabled exclusive selection of DB3 cells (Figureontal cells [3,4,44]. The cDNA created from the two extracted
6A). Cones were relatively easy to avoid because of their Iezells in Figure 6B,C demonstrated expression of calbindin,
cation in the outer retina and unique morphology. Similarlyput not GAD-65 or GAD-67 (Figure 7A,F). Using this method,
horizontal cell bodies lie just below the axon terminals of phowe were able to confirm positive identification of 26 of the 34
toreceptors and lack a descending axon to the inner retina. Q@uotative DB3 cells we had extracted. These 26 cells were used
the other hand, the somas of DB3 cells are positioned deeder subsequent gene-specific PCR.
in the middle of the inner nuclear layer and give rise to a clear, Both DB3 cells in Figure 6B,C expressed genes for the

A: . UL T / = Figure 2. Labeling and extraction of rod
i L! bipolar cells. A: Nomarski-DIC image
0s shows a 60-8@m thick vertical section
through macaque retina. A patch pipette
electrode was positioned near the inner
nuclear layer (INL), indicated by aster-
isk. B: The same retinal slice under fluo-
rescence shows immuno-label of rod bi-
polar cells with antibodies against P&C
their axons terminate just at the border
of the inner plexiform layer (IPL) with
the ganglion cell layer (GCLE, D: Two
representative single cells labeled for
PKCoa are shown following removal with
patch pipette electrode. The retinal slice
is no longer visible beyond the plane of
focus. The following abbreviations are in
effect: outer segments (OS), outer nuclear
layer (ONL), outer plexiform layer
(OPL). Scale bar equals 20n for both
A andB.
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AMPA subunits GIuR2 and GIluR4, while the second cell als@ty of both neuronal and glial cell types. Physiological and
expressed the GIuR1 gene (Figure 7B,G). In terms of kainataorphological investigation of these various cell types is
subunits, both cells expressed the GIuR6 gene, but no othepeatly facilitated by anatomical separation by retinal layer
(Figure 7C,H). Figure 7D,l demonstrate that neither cell exf5]. Studies of retinal circuitry often exploit the unique neuro-
pressed any mGIuR gene, but both cells did express the EAAThemical signature of individual cell types to map connectiv-
transporter gene (Figure 7E,J). Gene-specific PCR omittingy and spatial distribution [45]. Most studies of glutamate re-
reverse transcriptase resulted in the absence of all PCR prazgptor and transporter expression or localization in the retina
ucts, as shown in Figure 1B and Figure 6D (negative corhave therefore focused on correlating patterns with distinct
trols). Figure 8 demonstrates the general expression pattemgtinal layers [7-12,46-49]. To link the physiological and mor-
for the 26 DB3 cells. Every cell expressed the GluR4 genphological properties of retinal cells with gene expression,
and all but one expressed the EAAT2 gene. The next moptrification or isolation of individual cell types is essential.
prevalent subunit genes were GIuR2 (85%), GIuR6 (69%)Due to the relatively small size and close proximity of indi-
GluR1 (58%), and GIuR3 (38%). No cell expressed any otharidual cells in the retina, a comparison of expression profiles
receptor or transporter gene. The most prevalent gene combietween populations of cells is problematic. Thus, many re-
nation with GluR4 was EAAT2 (96%), followed by GIuR2 cent studies were performed using cells isolated from disas-
(81%), GIuR2 with EAAT2 (80%), and GIuR6 and EAAT?2 sociated retina [50-52].
(69%). Physiological and morphological variability among cells
maintained in vitro complicates genetic analysis, since expres-
DISCUSSION sion in live tissue is susceptible to changes in real-time [53].
Sngle-cell polymerasechainreaction for retinal neurons: The  Variability between cells, can be limited by preserving tissue
retina is a highly heterogeneous tissue, containing a rich vaigections in fixative, creating a “snap-shot” of cell function at
a particular point in its physiological history. In order to link
morphology with gene expression while eliminating errone-
ous variability, we sought to collect a homogenous population
of cells in a consistent physiological state by harvesting them
- e e e e En e -~ - from fixed retinal slices immuno-labeled with cell-type spe-
cific markers. Previous studies have demonstrated that nucleic
acids may be extracted reliably from fixed material [54,55].
Nevertheless, the reliable analysis of gene expression in fixed
tissue is subject to certain limitations. Fixation causes cross-
linkage between nucleic acids and proteins and covalently
modifies RNA by the addition of mono-methylol groups to
the bases, making subsequent RNA extraction, reverse tran-
scription, and amplification problematic [56].

While extensive degradation of RNA can occur before
completion of the fixation process, we have shown that RNA
of quality comparable to that isolated from fresh tissue can be
obtained from fixed retina provided the time between sacri-
fice and fixation is short [36]. Our results demonstrate that the
pattern of expression of glutamate receptors and transporters
in cDNA created from RNA extracted from a fixed retinal slice
(Figure 1) is comparable to that in cDNA created from fresh
retinal RNA using TPEA [36]. Here we applied the same pro-
tocol to amplify and probe the small amount of RNA extracted
from single retinal bipolar cells. We were able to reliably de-
Figure 3. Positive and negative controls for rod bipolar cell cDNA [€Ctf-actin in both harvested rod bipolar and DB3 cells (Fig-
Gene-specific PCR from cDNA libraries was created using 3'-en8ré 3 and Figure 6), indicating that the absence of any subse-
amplification (TPEA) RT-PCR on RNA extracted from 11 represen-quent gene-specific PCR products was not due to degradation
tative rod bipolar cells, harvested as shown in Figuke Ethidium  of RNA during the fixation step. Conversely, that we did de-
bromide-stained 2% agarose gel demonstrated expected PCR pregct all genes of interest listed in Table 1 in the fixed slice
uct_for[i-actin in ea_ch cell. Negative cc_)ntrol run without reverse tran'(positive controls in Figure 1 and Figure 3) indicates that the
scriptase from a bipolar cell was lacking product, as expe8i€l.  gpsence of particular gene in a single cell was not due to poor
D: Same rod bipolar cells tested negative for expression of gen%%oice of primers or other artifact.

expressed by horizontal cells (GAD-65 and GAD-67) and Miller al i d bibol dls Wi
glia (glutamine synthetase). Positive control was obtained using cDNA utamate receptor expression in rod bipolar cells: We

from fixed slice, as shown in Figure 1. Gels are truncated since onNerified th? identity .Of rod b.ipolar cells.by detection of three

a single PCR product was detected for eifactin () or the posi- ~genes coding proteins previously localized to these cells. The

tive control B, C, D). Arrowheads indicate 300 bp. first and most obvious gene is PKQhe protein marker most
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closely correlated with rod bipolar cells in a variety of mam-RT-PCR analysis of dissociated rod bipolar cells does not show
malian species [27,35]. However, in four harvested cells, th&luR4 expression, the use of multiplex PCR in that study could
PKCa gene was not detected, and we excluded these celleve caused amplification masking [35]. Furthermore, spe-
from further analysis. Rod bipolar cells depolarize to lightcific antibodies against GIuR4 indicated localization to rod

through coupling of mGIuR6 to &, specifically the @, bipolar dendrites in rodent retina [63]. While we readily de-

splice variant [18-21,29]. We used gene-specific primersected the mRNAs for kainate receptors in our fixed retinal

against mGIuR6 and primers that amplify both splice variantslice [36], only 4/27 rod bipolar cells expressed any kainate
of Go,, also to confirm identity. While PK& dso faintly la-  subunit (GIuR6). Even so, we performed gene-specific PCR
bels the DB4 ON cone bipolar cell [28], we were careful ta
harvest only those labeled cells whose descending axon te~

27 cells
minated at the border of the ON sublamina with the ganglio 3°
cell layer and whose dendritic tree extended beyond the lay 25
of cone axon terminals to rod spherules [27,28]. w 20
More than one-third (11/27) of our rod bipolar cell cDNA f'_j i
libraries showed GIuR1 expression. Numerous studies in moi £
key, mouse, and rat demonstrated protein localization prim: = I |
rily in the ganglion cell and inner plexiform layers [57-59].
However, GIluR1 localizes just below the rod spherule in mous o ‘=% ! - m_m ! == - ! - ! _—
[60], and RT-PCR analysis of dissociated rod bipolar cells re $d3383 33333333 32323233

veals strong GIuR1 gene expression [35]. We found that the

gene encoding GIuR2 was detected in a majority of rod bipo-

lar cells. In 1992, Hughes and colleagues first detected GluR?9ure 5. Summary of glutamate receptor and transporter gene ex-
in dissociated rod bipolar cells [61]. Genetic analysis in rgpression in rod bipolar cells. For AMPA-sensitive subunits, nearly

. . every cell expressed the GluR4 gene (23/27), followed by GluR2
and cat support this pattern of GIuR2 expression [34,48], "ﬁ6/27), and GIluR1 (11/27). In addition to mGIuR6, 24 cells also

doe§ protein !Ocal'zat'on 'n. ra.t and monkey ret!na [6{34'62]expressed an additional mGIuR gene, most often mGIuR3 (20/27).
While GluR3 is detectable in fixed macaque retinal slice (seRearly every rod bipolar cell also expressed the gene for the EAAT2
Figure 1 and [36]), we detected it in the cDNAs generate¢k3/27) and EAAT4 (21/27) transporter. Expression of kainate sub-
from only three rod bipolar cells (Figure 5). We detected thenit genes (GluR5-7, KA1-2) was limited to GIuR6 in 4/27 cells, so
GluR4 gene in more cells than any other GIuR (23/27). Whiléhese are not represented.

3

]
4
o

Cell 22

Figure 4. Gene expression in two rod bipolar cells. Gene-specific PCR from cDNA libraries were created using 3'-end@n(pIRiEA)
RT-PCR on RNA extracted from two representative rod bipolar @ells.Shown are gels for two cells demonstrating expected PCR products
for mGIuR6, Gr, and PKG.. G: We confirmed a similar pattern of expression for 28 of 35 putative rod bipolar cells and used gene-specific
PCR from the same cDNA libraries to test expression of AMBPAR), kainate C, H), and mGIuR subunitd), |). We also tested the
expression of the five non-vesicular glutamate transporter (EAAT) subEnits A single PCR product was detected in each reaction, so gels
are truncated. Arrowheads indicate 300 bp.
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reactions for kainate receptors in triplicate; each reaction coon rod bipolar cells is unknown, mGIuR3 may function as a
firmed the general pattern. This result supports the idea thpte-synaptic autoreceptor at the rod bipolar axon terminal, like
any localization of kainate subunits beneath the rod spherutgher mGIuR subunits. The group Il mGluRs mGIuR7 and
that is not in horizontal cells is likely within cytoplasmic “fin- mGIuR8 have both been localized to pre-synaptic terminals
gers” of the rod terminal itself [10]. in rat retina: mMGIuR7 to cone bipolar cells and mGIuR8 to
We also investigated whether primate rod bipolar cellgphotoreceptors [65,66].

expressed other mGIuR genes (besides that encoding mGIuR6), Glutamatereceptor expressioninDB3cells: In macaque,

as is found in other mammalian retina [64]. We found that 20¢albindin labels the diffuse bipolar cell type DB3 [40]. While
27 rod bipolar cDNA libraries contained the gene for mGIUR3DPB3 cells are the only bipolar cell in macague monkey retina
a group Il mGIuR, and the genes for other mGIuRs were exe express calbindin, two other cell types contain calbindin as
pressed in 1-2 cells each (Figure 5). Although its localizatiomvell: HII horizontal cells and cones [42,43]. Fortunately, ana-

EL glutamine synthetase

+ control

Figure 6. Labeling and extraction of DB3 cells and contralddigh-magnification fluorescent image shows a vertical slice of macaque retina
immuno-labeled with anti-calbindin-28 kDa. In this focal plane, labeled horizontal cells (arrowheads) appear in the beatxoveuthe
more prominent DB3 bipolar cells (asterisks). A DB3 axon (arrow) is shown descending from the inner nuclear layer (INto) ttheep Fifr
sublamina just above the border with the ON sublamina of the inner plexiform layer (IPL) [40]. The ganglion cell and ptutianessmre

out of the image, while the shadow of the patch pipette electrode is apparent in the bottom middle of the image. Soneehsndeepén

the INL may be weakly labeled. These we avoided by targeting only cells just below the horizontal cBll @yy&ro representative single
cells labeled for calbindin were harvested from the slice with a patch electrode. Identification was based on the cleaf@resscending
axon. The retinal slice is no longer visible as it lies out of the plane of focus. Scale bar repraseni: Expected PCR product f@ractin

in cDNA from each of 11 representative DB3 cells is shown negative control without reverse transcriptase for DB3 cell gdaltiih as
expectedE: The same DB3 cells tested negative for expression of glutamine synthetase, which is expressed by Muller glia. Positive contro
was obtained using cDNA from fixed slice, as shown in Figure 1.
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tomical segregation and morphological differences among the depolarizing properties of DB3 cells. Both recombinant
these three cell types enabled our exclusive selection of DBSMPA and kainate receptors are rapidly activated by high
cells. Since horizontal cells produce GABA as a primary neueoncentrations of glutamate with a high probability of open-
rotransmitter via the glutamate decarboxylase 65 and 67 kDag [70]. While both AMPA and kainate receptors are largely
enzymes (GAD-65/67, [44]), we used primers against theggermeable to cations and exclude anions from the pore, an
to remove any errant horizontal cells from our sample. Wexception is homomeric GIuR6 receptors, where the positively
cannot rule out the possibility that by removing the eight cellgharged arginine within the GIuR6 pore causes a substantial
expressing either GAD gene from the sample, we also removétcrease in Clpermeability [71].
possible bipolar cells, some of which in macaque retina are  Expression of glutamate transportersin rod bipolar and
labeled with GAD antibodies [44]. DB3 cdlls: The concentration of glutamate encountered by
GluRs in OFF bipolar cells close in response to a lighpostsynaptic receptors as it diffuses from the photoreceptor
stimulus, thereby hyperpolarizing the cell. Our results indi-active zone must differ for distinct sets of postsynaptic pro-
cate consistent expression in DB3 cells of transcripts for theesses. The different distances from release for dendrites of
AMPA subunits GIuR1-4 and the low-affinity kainate subunitrod bipolar (invaginating; [10]) and DB3 cells (basal, [68])
GluR6. Since DB3 cells form basal contacts at the cone axagrield a dark glutamate concentration that differs for the two
terminal [37,38,67], our results are consistent with the localsets of synapses. At the rod axon terminal, the concentration
ization of GIuR2/3, GluR4, and GIuR6/7 at basal dendrites iffior the dendritic tips of the rod bipolar cell is approximately
the primate retina [7,12,68]. The joint expression of AMPA100 uM, which decreases with diffusion to 12 for dis-
receptors with GIuR6 could aid in the recovery from glutamat¢éances corresponding to the DB3 synapse at the cone terminal
excitation and desensitization, with rapid recovery mediatef’2]. Though the true concentration is unknown, because of
by AMPA subunits and a slower phase by the kainate subunitie inevitable differences in glutamate concentration at the
By limiting the postsynaptic current, receptor desensitizatiotwo synapses, different mechanisms may be in place for
and slow recovery would prevent saturation of the OFF voltglutamate removal and recycling. One potential method is the
age response and allow the synapse to operate over the cortferential expression of non-vesicular glutamate transport-
entire physiological voltage range. ers. Our work demonstrated expression of genes for all five
GIuR®6 is one of three kainate receptors that can form fungion-vesicular glutamate transporters, EAAT1-5, in fixed slices
tional homomeric ligand-gated channels when expressed of primate retina (see Figure 1 and [36]). While transporters
isolation [69]. In darkness, when glutamate release from conéscalized to horizontal and Muller cells undoubtedly contrib-
is highest, both AMPA and kainate receptors may play a rolete to rapid glutamate turnover, our single-cell PCR results
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Figure 7. Gene expression in two DB3 cells. Gene-specific PCR was performed using cDNA libraries created using TPEA RNRCR on
extracted from two representative cells, as shown in FigukeR. Ethidium bromide-stained 2% agarose gels for two cells harvested based
on immuno-label for calbindin demonstrate expression of the calbindin gene, but not GAD-65 or GAD-67, which would be @xpressed
horizontal cells. We confirmed this pattern for 26 of 34 harvested DB3 cells and used gene-specific PCR from the sameiGesNA tibst
expression of AMPAR, G), kainate C, H), and mGIuR subunitd), 1). We also tested the expression of the five EAAT subuBitg)(
Arrowhead in each gel indicates 300 bp.
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suggest the rod bipolar cell plays an active role as well. Bjow abundance in rod bipolar cells cannot be attributed to poor
expressing both EAAT2 and EAATA4, rod bipolar cells wouldprimer design. Also, we confirmed the identity of each PCR
be able to aid in the fast removal of glutamate from the extrgroduct by sequencing (as in [36]), so our detection of these
synaptic space at the rod terminal. This could help in the regenes in these few cells is not due to spurious primer anneal-
duction of noise at the first synapse. We cannot rule out thag. In contrast, the genes for GIuR4 and EAAT2 were ex-
possibility that these transporters also localize in the inngoressed in nearly every cell (23/27 each), with the incidence
retina near the rod bipolar axon terminal, where they couldf each extremely close to that of cells expressing both (20/
play a similar role. 27; see Table 2). Similarly, if a rod bipolar expressed the
In contrast to the rod bipolar cell, we found that DB3 cellEEAAT4 gene, it also expressed the GluR4 gene (21/27). Im-
expressed only one transporter gene, EAAT2 (Figure 7 armubrtantly, these trends held across all three macaque retinas
Figure 8). Since DB3 cells should encounter a much lowewe used: twaemestrina and a singldascicularis (Table 2).
level of glutamate at their dendrites, it is conceivable that thesehat the fraction of rod bipolar cells expressing all three genes
cells only need one transporter to aid in glutamate removal67%) approached the fraction expressing either
However, further characterization of transporter localizatiorGIUR4+EAAT2 (74%) or GIUR4+EAAT4 (78%) indicates that
is necessary to determine whether these transporters occutese were generally the same population of cells (Table 2).
the outer or inner retina. Additionally EAATs mediate two dis-This trend, too, held across all three macaque retina, with each
tinct processes: the stoichiometrically coupled transport obf the top three gene combinations represented in each retina.
glutamate, Na+, K and H, and a pore-mediated anion con- Along these lines, we detected no clear pattern distinguishing
ductance. Whole-cell patch clamp recordings have demorhe rod bipolar cells from any particular retina.
strated that EAAT4 but not EEAT2, channels display voltage-  If the sample of rod bipolar cells actually contained addi-
dependent gating of the anion conductance and that this géibnal cell types, the data would show distinct clusters of cells
ing can be modified by external glutamate [73]. These findseparated by their expression of different combinations of
ings suggest EAAT4 may contribute to a different restinggenes. By definition, the data would also show at least some
membrane potential in rod bipolar cells and that this differdegree of mutual exclusivity between genes. To test this pos-
ence may ultimately affect glutamate release from the axosibility, we calculated the frequencies of other common pat-
terminal. No cell in either sample expressed EAATS. terns of co-expression. The next tier of frequently encoun-
Intrinsic variability in expression of receptorsand trans-  tered genes included mGIuR3 (20/27), GIuR2 (16/27), and
porters. How reliable is our technique for separating out dis-GIuR1 (11/27). For the 18/27 cells demonstrating the
tinct cell types based on gene expression? Consider our sam@&R4+EAAT2+EAAT4 pattern, six of the possible eight per-
of rod bipolar cells, harvested using their unique morphologynutations with these second tier genes were represented nearly
and excluded if any lacked expression of the mGIuR6,dPKC equally (Table 2), with no two genes being mutually exclu-
and G, genes. Each of the genes for GIuR3, mGIuR1-2
mGIUR4, mG|UR7'8, EAAT]., and EAAT3 were eXpreSSGd by TaABLE 2. GENE EXPRESSION IN ROD BIPOLAR CELLS
only 1-3 cells (Figure 5), and these were expressed almost —~r
entirely by different cells. Since we detected these genes readilyi na number G uRM EAAT2 EAATA nGUuR3 GuR2 G UuRL

2 9 + + + + + +
M nem 2 10 + + + + + +
M nem 2 14 + + + + + +
M nem 2 17 + + + + + +
M nem 2 18 + + + + + +
26 cells M nem 2 21 + + + + + +
30 M nem 1 4 + + + + + -
M nem 2 25 + + + + + -
25 M nem 1 5 + + + - + +
@ M nem 2 8 + + + + - -
% 20 M nem 2 22 + + + + - -
: M fasc. 29 + + + + - -
o 15 M fasc. 32 + + + + - -
B M fasc. 33 + + + + - -
10 M nem 1 1 + + + - + -
M nem 2 12 + + + - + -
M fasc. 34 + + + - - -
5 M fasc. 35 + + + - - -
o M nem 2 19 + + - + + +
M nem 2 15 + + + + -
EE$§ EEEEQ lzﬁpliﬂ M nem 1 2 - + + + +
5 5 35 3 3 3 3 ¥ ¥ 3333 M nem 2 1 + + N +
g 0 U v [CENUGENU] wouw oW

M nem 1 3 + - + -
M nem 2 20 + - + + - +

M nem 2 16 + - + +

Figure 8. Summary of glutamate receptor and transporter gene eX- nem : * * L

pression in DB3 cells. For AMPA-sensitive subunits, of the 26 con-

firmed DB3 cells, each expressed the GluR4 gene, followed by GluRPhe table shows expression of the six most encountered genes in 27
(22/26), and GluR1 (15/26). The only expressed kainate subunit gemed bipolar cells identified morphologically in fixed slices from three
was GIuR6 (18/26). Nearly every DB3 cell also expressed the EAAZetinas as described and with confirmed expression of the genes for
transporter gene (25/26), but no others. Since no cell expressed @m&GIUR6, Gx, and PKGx. Each of the three retinas used is indicated
MGIuR subunit, these are not represented in the graph. by name.
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sive in expression (Table 3). Similarly, for the 9/27 cetis  to the top three genes, the DB3 cells therefore demonstrated
expressing GIuR4+EAAT2+EAAT4, there were eight combi-even greater homogeneity than the rod bipolar cells. Concern-
nations of these three genes with mGIuR3, GIuR2, and GluRhg other possible distinguishing patterns, the next tier of fre-
(Table 2), with no two genes being mutually exclusive acrosquently encountered genes included GIuR6 (18/26), GIuR1
combinations (Table 3). Conversely, most of the cells expres$15/26), and GIuR3 (10/26). Of the 21/26 cells expressing the
ing mGIuR3, GluR2, and GluR1 also expressed th&luR4+EAAT2+GIuR2 pattern, six of the possible eight per-
GIuR4+EAAT2+EAAT4 combination: 13/20 for mGIuR3, 11/ mutations with these second tier genes were represented about
16 for GIuR2, and 7/11 for GluR1. equally (Table 4), with no two genes being mutually exclu-
The sample of 26 DB3 cells also showed great homogesive (Table 5). For the 5/26 cells not expressing all three top
neity. For the kainate subunits, no cell expressed any gene lgénes, there were three combinations of these with GIuR®6,
GluR6. Expression of mGIluRs, EAAT1 and EAAT3-5 wasGIluR1, and GIuR3, again with no two genes mutually exclu-
also completely absent. In contrast, each cell expressed GluRslye across combinations (Table 5). Thus, like the rod bipolar
while 25/26 cells expressed the EAAT2 gene and 22/26 celkll, there is great consistency in the primary pattern of ex-
expressed the gene for GIuR2. The incidence of cells expregsession for the DB3 cell with no clear division into sub-pat-
ing both EAAT2 and GIuR2 was 21/26 (Table 4). With regarderns defined by expression of genes of lesser incidence. As
with the rod bipolar cells, no pattern emerged distinguishing
TABLE 3. CONTINGENCY TABLE FOR GENE EXPRESSION IN ROD BIPOLAR the twonemestrina and a Sing|éascicu|aris retina from one
CELLS another (Table 4). Based on our analysis, the possibility that
Gene B: Cells Co-expressing with Gene A each of the various combinations we documented in Table 2
"""""""""""""""""""" and Table 4 represents a distinct cell type seems untenable. It
------------------------------------------------ is possible that our sample of rod bipolar cells contained a

Gure (1o o s I o small number of errant DB4 ON bipolar cells, therefore, we
G uR3 (20) - - 15/ 20 17; 20 17; 20 suggest that the variability for both the rod bipolar and DB3
EAAT4 (21 - - - 21/ 21 18/ 21 . . . . . .

Q urRd 523; _ _ ] : 20/ 23 cell most likely indicates subtle, stochastic differences in tran-

o _ _ scription.

The left-most column lists in ascending order the five most frequently = ¢ yh o racent precedence for such variability in the retina?
encountered genes (“Gene A”) among our 27 rod bipolar cells an S . "

provides, in parentheses, the number of cells expressing each. d1eW Stuij of gene expressllor.] in cells dissociated from Fhe
right columns represent the fraction of those cells co-expressing tfBouse retina found a rather limited array of GIuR expression
next most frequently encountered gene (“Gene B”). in a small number of rod bipolar cells [74]. In that study, gene
expression was examined using a two-stage PCR paradigm
similar to ours. However, that study used a first-round ampli-
fication step incorporating sets of primers designed to recog-

el | nize classes of receptor subunits (i.e., AMPA, kainate, NMDA)

Retina nunber  EAAT2 GuRz GuR6 GuRl G UR3 simultaneously, followed by nested PCR to distinguish spe-
M onmem 1 1 L UL L. T cific subunits. In contrast, our first-round PCR reaction am-
* plified all mMRNAs universally (see [1]), followed by gene-
: specific PCR. The use of nested PCR reduced the cycles needed
for amplification, but limited the number of genes probed.
Those investigators found that 4/4 rod bipolar cells expressed
the GIuR1 subunit, and 3/4 expressed the KA2 subunit; no
other AMPA or kainate subunit was expressed, and mGIuRs
and transporters were not tested [74]. This is in stark contrast

TABLE 4. GENE EXPRESSION IN DB3 cELLS
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TABLE 5. CONTINGENCY TABLE FOR GENE EXPRESSION IN DB3 CELLS
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Expression of the five most often encountered genes in 26 individudine left-most column lists in increasing frequency the four most fre-
DB3 cells, broken down by retina. GluR4 is excluded since everfiuéntly encountered genes (“Gene A”) among our 26 DB3 cells and
cell expressed this gene. Each of the three retinas used is indicaf¥@Vides, in parentheses, the number of cells expressing each. The
by name and shading. Blocks of different shading mark the separe{ﬂéht columns represent the fraction of those cells co-expressing the
patterns of expression of the six genes. next most frequently encountered gene (“Gene B”).
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to our results from macaque retina, in which GluR4 was ex6. Morigiwa K, Vardi N. Differential expression of ionotropic
pressed by nearly every rod bipolar cell and expression of glutamate receptor subunits in the outer retina. J Comp Neurol
kainate subunits was limited to GIURG in only 4/27 cells (Fig- ~_1999; 405:173-84. o _

ure 5). Among 13 rod and cone bipolar cells sampled in [74]7. Qin P, Pourcho RG. Localization of AMPA-selective glutamate
only two cells expressed a kainate subunit other than KAZ, receptor subunits in the cat retina: a light- and electron-micro-

i . scopic study. Vis Neurosci 1999 Jan-Feb; 16:169-77.
(GIuRS); no cell expressed GIuR3 or GluR4. The sample Sizg Qin P, Pourcho RG. Immunocytochemical localization of kainate-

for any single bipolar cell type was limited. However, it is  ~ ggjective glutamate receptor subunits GIuR5, GIuR6, and GIUR7
worth noting that within the set of four rod bipolar cells, there  in the cat retina. Brain Res 2001; 890:211-21.
were three distinct expression patterns. Similarly, within a clus. Haverkamp S, Grunert U, Wassle H. Localization of kainate re-
ter of five ganglion cells of the same morphological type, no  ceptors at the cone pedicles of the primate retina. J Comp Neurol
pattern of AMPA or kainate subunit expression was repeated; 2001; 436:471-86.
each cell had a unique signature (see Figure 8 of [74]). In XP- Harvey DM_, Calk_ins DJ. Localization of kainate recep_tors ’Fo the
second cluster of four ganglion cells of a different type, each ~ Présynaptic active zone of the rod photoreceptor in primate
cell also demonstrated its own unique pattern of expression, [;et'n.a' Vis Neurosci 2002 Sep-Oct; 19:681-92.

. . . . . DeVries SH. Bipolar cells use kainate and AMPA receptors to
So while species differences apparently may affect which sub- filter visual information into separate channels. Neuron 2000;
units are expressed, variability within a cell type seems to be 5g.g47.56.
an unavoidable occurrence. 12. Euler T, Masland RH. Light-evoked responses of bipolar cells in

In this sense, retinal neurons are similar to other neurons a mammalian retina. J Neurophysiol 2000; 83:1817-29.

in the brain, where there is documented precedence for intrid3. Euler T, Schneider H, Wassle H. Glutamate responses of bipolar
sic variability within a morphological type. In the hippocam- cells in a slice preparation of the rat retina. J Neurosci 1996;
pus, single-cell profiling and comparison of CA1 and CA3 ~ 16:2934-44. o _ .
cells using microarray technology indicates substantial varit#- Hartveit E. Functional organization of cone bipolar cells in the
ability within a type, though far less than that separating out, \;atdr.et'na' J Neurophysiol 19975.7 7'|1716'”30: .
the different types [75,76]. In CAL1 pyramidal cells, differ- ardi N, Morigiwa K. ON cone bipolar cells In rat express the

. . ; metabotropic receptor mGIuR6. Vis Neurosci 1997 Jul-Aug;
ences in cation channel expression between cells as assessedq4.789.94.

by single-cell RT-PCR translates to subtle physiological dif46. vardi N, Duvoisin R, Wu G, Sterling P. Localization of mGIuR6

ferences in their gating properties [77]. In dorsal root gan-  to dendrites of ON bipolar cells in primate retina. J Comp Neurol
glion neurons, heterogeneous expression of early immediate 2000; 423:402-12.

genes determined by single-cell comparisons appears to prbZ. Nawy S. Regulation of the on bipolar cell mGIuR6 pathway by
vide a mechanism by which a variety of stimulus-response Ca2+. J Neurosci 2000; 20:4471-9.

cascades can arise within a homogenous class of neurons [78]; Dingra A, Jiang M, Wang TL, Lyubarsky A, Savchenko A, Bar-
It has been argued that stochastic fluctuations in gene expres- \c-uda I Sterling P, Birnbaumer L, Vardi N. Light response of

. ib L . hat i ial f | retinal ON bipolar cells requires a specific splice variant@f G
sion contribute to intrinsic noise that is essential for normal, J Neurosci 2002; 22:4878-84.

physiological tuning [79]. If so, our results suggest that funqg phingra A, Faurobert E, Dascal N, Sterling P, Vardi N. A retinal-
damental physiological properties in bipolar cells arise froma  specific regulator of G-protein signaling interacts with Gnd
primary expression pattern, but that a certain degree of stimu- accelerates an expressed metabotropic glutamate receptor 6 cas-
lus-response modulation is possible by introducing subtle  cade. J Neurosci 2004; 24:5684-93.

changes in the expression profile. 20. Schneeweis DM, Schnapf JL. The photovoltage of macaque cone
photoreceptors: adaptation, noise, and kinetics. J Neurosci 1999;
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