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Expression of Connexin36 in Cone Pedicles and OFF-Cone
Bipolar Cells of the Mouse Retina
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Transgenic technology, immunocytochemistry, electrophysiology, intracellular injection techniques, and reverse transcription PCR
were combined to study the expression of neuronal connexin36 (Cx36) in the outer plexiform layer of the mouse retina. Transgenic
animals expressed either a fusion protein of full-length Cx36 with enhanced green fluorescent protein (EGFP) attached at the C terminus
or exon 2 of Cx36 was replaced by 3-galactosidase (3-gal). In the outer nuclear layer, 3-gal-positive cell bodies, which were confined to the
most distal region close to the outer limiting membrane, displayed immunoreactivity against S-cone opsin. Cx36 ~-EGFP puncta colocal-
ized with cone pedicles, which were visualized by intracellular injection. In reverse transcriptase PCR experiments, Cx36 mRNA was never
detected in samples of rods harvested from the outer nuclear layer. These results strongly suggest expression of Cx36 in cones but not in
rods. In vertical sections, Cx36 expression in the vitreal part of the outer plexiform layer was characterized by a patchy distribution.
Immunocytochemistry with antibodies against the neurokinin-3 receptor and the potassium channel HCN4 (hyperpolarization-activated
cyclic nucleotide-gated potassium channel) displayed clusters of the Cx36 label on the dendrites of OFF-cone bipolar cells. In horizontal
sections, these clusters of Cx36 appeared as round or oval-shaped groups of individual puncta, and they were always aligned with the base
of cone pedicles. Double-labeling experiments and single-cell reverse transcriptase PCR ruled out expression of Cx36 in horizontal cells
and rod bipolar cells. At light microscopic resolution, we found close association of Cx36 ~-EGFP with the AMPA-type glutamate receptor

subunit GluR1 but not with GluR2-GluR4, the kainate receptor subunit GIuR5, or the metabotropic glutamate receptor mGluR6.
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Introduction

Gap junctions are intercellular connections between adjacent
cells and thus provide the structural basis for metabolic and elec-
trical coupling. Gap junction channels are encoded by the connexin
(Cx) family of genes, with at least 19 and 20 members in the murine
and human genome, respectively (Eiberger et al., 2001; Willecke et
al,, 2002). Six connexin proteins associate to form a connexon or
hemichannel, and the docking of two hemichannels located in op-
posing membranes leads to the generation of a functional gap junc-
tion between the cells. Connexons can be assembled from the same
(homomeric) or from different (heteromeric) types of connexin
proteins, which impart variability in their biophysical properties and
potential intracellular regulatory sites.

Connexin-based channels are permeable to metabolites with a
molecular mass of up to 1 kDa as well as to inorganic ions, form-
ing a low-resistance pathway to current flow between cells. In the
adult brain, gap junctions mediate temporal coordination of
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neuronal activity (Strata et al., 1997; Mann-Metzer and Yarom,
1999), and they are responsible for synchronized spiking of in-
hibitory cortical interneurons (Benardo, 1997; Galarreta and
Hestrin, 1999; Gibson et al., 1999; Tamas et al., 2000; Venance et
al., 2000) and high-frequency oscillations (Draguhn et al., 1998;
Traub et al., 1999). Although mRNAs for several Cx genes have
been detected in the rodent brain, the molecular identities of
most neuronal connexins remain unresolved. Only Cx36 has
been unequivocally identified at neuronal gap junctions in an
ultrastructural study (Rash et al., 2000). Expression of Cx36 has
been demonstrated in various parts of the brain and the retina
(Condorelli et al., 2000; Giildenagel et al., 2000; Rash et al., 2000;
Feigenspan et al., 2001; Meier et al., 2002; De Zeeuw et al., 2003).
In the neocortex and the hippocampus, Cx36 is expressed by
interneurons and has proved critical for the generation of syn-
chronous inhibitory activity (Venance et al., 2000; Deans et al.,
2001). Loss of Cx36-containing gap junctions in Cx36-deficient
mice disrupts y-frequency network oscillations in the hippocam-
pus (Hormuzdi et al., 2001).

In the rodent retina, Cx36 has been localized to AIl amacrine
cells (Feigenspan et al., 2001; Mills et al., 2001). Because AIl am-
acrine cells are central elements of the primary rod pathway,
disruption of Cx36 leads to impairment of visual signal transmis-
sion under scotopic conditions (Giildenagel et al., 2001). Besides
being expressed in AIl amacrine cell dendrites in the inner plex-
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Table 1. Sources and working dilutions of antibodies
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Antigen Antiserum Source Working dilution

GluR1 Rabbit anti-GluR1 Pharmingen, Heidelberg, Germany 1:100-1:200

GIuR5 (N-19) Goat anti-GluR5 Santa Cruz Biotechnology, Santa Cruz, CA 1:100

mGluR6 Rabbit anti-mGIuR6 Acris, Neuromics, Hiddenhausen, Germany 1:500

S-cone opsin Rabbit anti-S-cone opsin Dr. J. Nathans, Johns Hopkins University, 1:5000

Baltimore, MD

PKC Mouse anti-PKC, clone MC5 Pharmingen 1:200

(aldendrin Guinea pig anti-caldendrin Dr. E. D. Gundelfinger, Magdeburg, Germany 1:2000

HCN4 Rabbit anti-HCN4 Alomone, Jerusalem, Israel 1:500

NK3R Rabbit anti-NK3R Acris; Novus Biologicals, Littleton, CO 1:250-1:500

Bassoon Mouse anti-bassoon, clone VAM-PS003 StressGen, San Diego, CA 1:500

Synaptophysin Mouse anti-synaptophysin, clone Sigma 1:200
SVP-38

x36 Rabbit anti-(x36 Zytomed, Berlin, Germany 1:200

Calbindin Rabbit anti-calbindin Swant, Bellinzona, Switzerland 1:500

iform layer (IPL) of the rodent retina, Cx36 immunoreactivity is
also present in the outer plexiform layer (OPL). The physiological
significance of Cx36-containing gap junctions in multiple rod
pathways has been proposed recently by a study using transgenic
mice in which the Cx36 coding sequence was replaced with his-
tological markers (Deans et al., 2002). We used two transgenic
mouse lines to investigate the cellular origin of Cx36 expression
in the OPL. In contrast to the results of Deans et al. (2002), we
found expression of Cx36 in cones but not in rods. In addition,
Cx36 is accumulated in patches on dendrites of OFF-cone bipolar
cells, displaying colocalization with the glutamate receptor sub-
unit GluR1.

Materials and Methods

Tissue preparation. Mice carrying a targeted replacement of Cx36 exon 2
by B-galactosidase (B-gal) cDNA (Cx36"“““ strain) were established by
ubiquitous deletion of a floxed Cx36 allele, generated by J. Degen (un-
published results), using a strategy similar to that used to generate
Cx43%! animals (Theis et al., 2001). Adult transgenic Cx36°35~ECFP myjce
and Cx36-#"* mice were deeply anesthetized by intraperitoneal in-
jection of a 0.1 ml solution containing equal parts of 5% ketamine (Ceva,
Diisseldorf, Germany) and 1% xylazine (Ceva) and subsequently killed
by cervical dislocation. After removal of cornea, lens, and vitreous body,
the eyecup with the retina still attached was fixed in 2% paraformalde-
hyde (PA) in 0.1 M phosphate buffer (PB), pH 7.4, for 20 min. After
fixation, the tissue was cryoprotected in 30% sucrose, embedded in 10%
gelatin, and sectioned vertically or horizontally at 12 um thickness with a
cryostat. Sections were either processed immediately or stored at —20°C
no longer than 4 weeks.

For the preparation of slices, the retina of Cx3 mice was
removed from the eyecup and embedded in 2% agarose in Ames medium
(Sigma, Deisenhofen, Germany). Agar blocks were mounted on a vi-
bratome (Leica, Nussloch, Germany) and cut into slices of 200 wm thick-
ness. The slices were immediately fixed in 2% PA for 3—5 min, washed in
Tyrode’s solution, and subsequently transferred to the stage of an upright
microscope (Leica) for intracellular injections.

Immunocytochemistry, histochemistry, and intracellular injections.
Sources and working dilutions of antibodies are listed in Table 1. For
immunocytochemistry, cryosections were incubated in a solution con-
taining 5% normal goat serum (NGS) and 0.3% Triton X-100 in PB for 1
hr. Primary antibodies were diluted in 3% NGS and 0.3% Triton X-100
in PB and applied overnight at 4°C. After washes in PB, secondary anti-
bodies, dissolved in 1% NGS and 0.3% Triton X-100 in PB, were applied
for 2 hr at room temperature. Secondary antibodies were conjugated to
Alexa Fluor 488, Alexa Fluor 568 (Molecular Probes, Eugene, OR), Cy3,
or Cy5 (Dianova, Hamburg, Germany). In double-labeling experiments,
sections were incubated in a mixture of primary antibodies, followed by
a mixture of secondary antibodies.

B-gal histochemical analysis was performed on cryosections from

6Cx36—EGFP

Cx36Me4/Lac% mijce. Basic buffer contained the following (in mm): 100
sodium phosphate buffer, pH 7.4, 2 MgCl,, and 5 EGTA, pH 8.0. Wash
buffer contained 0.01% sodium deoxycholate and 0.02% NP-40 (Amer-
sham Biosciences, Piscataway, NJ) dissolved in basic buffer. Stain buffer
contained 5 mM potassium ferrocyanide, 5 mm potassium ferricyanide,
and 1 mg/ml 5-bromo-4-chloro-3-indolyl-B-p-galactopyranoside (X-
gal) (Amersham Biosciences) dissolved in wash buffer. X-gal was pre-
pared as 25 mg/ml stock solution in dimethylformamide and stored at
—20°C. Sections were incubated in stain buffer for §—24 hr at 37°C in the
dark. Immunocytochemistry was performed after 3-gal histochemistry.
With the exception of antibodies against the neurokinin-3 receptor
NK3R, the histochemical procedure for LacZ did not interfere with sub-
sequent binding of primary antibodies.

Intracellular injections were performed with sharp borosilicate micro-
electrodes (Hilgenberg, Malsfeld, Germany) filled with 10 mm Alexa
Fluor 594 hydrazide (Molecular Probes). Alexa 594 was injected ionto-
phoretically (5-10 min, —1 nA) into the somata of morphologically
identified cells using the current-clamp circuit of the EPC-9 patch-clamp
amplifier (Heka, Lambrecht, Germany). After injection, slices were post-
fixed in 2% PA for 30 min, washed in PB, and processed for immunocy-
tochemistry as described above.

Sections processed for B-galactosidase were viewed using a Zeiss
(Oberkochen, Germany) axiophot microscope, and images were taken
with an AxioCam MRC digital camera (Zeiss). Confocal micrographs of
fluorescent specimens were taken with a Leica TCS SL confocal micro-
scope equipped with an argon and a helium—neon laser. Scanning was
performed with a 40X/1.25 Plan-Apochromat and a 63X/1.32 Plan-
Apochromat objective at a resolution of 1024 X 1024 pixels. Different
wavelength scans were performed sequentially to rule out cross talk be-
tween red, green, and blue channels. Images were superimposed and
adjusted in brightness and contrast using Photoshop 5.5 (Adobe Systems,
San Jose, CA).

Statistical analysis of colocalization of confocal images. Pedicles of dye-
injected cones were tiled with 32 X 32 pixel squares. Enhanced green fluo-
rescent protein (EGFP) puncta located on the pedicles were centered in the
middle of a square. All squares were clipped from the image, converted into
a matrix of appropriate dimensions, and subsequently averaged using Mi-
crocal Origin software (Microcal Software, Northampton, MA). The aver-
aged matrix was plotted using the matrix values, i.e., the brightness of each
pixel, as information in the z-dimension. Control images were obtained by
projecting a mirror image of the EGFP pattern onto the cone pedicle and
performing the same calculations as above. In general, squares fully covered
by the pedicle do not contribute to the peaked distribution but instead de-
crease signal-to-noise ratio and thus the height of the center peak.

Detection of rhodopsin and Cx36 transcripts in photoreceptors using re-
verse transcription-PCR. RNA was extracted from mouse retina by means
of an RNA preparation kit (NucleoSpin RNAII; Macherey-Nagel, Diiren,
Germany) according to the protocol of the manufacturer. To obtain
photoreceptor mRNA, the isolated mouse retina was sectioned into slices
0f200 wm thickness on a vibratome (Leica). Individual slices were placed
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in a recording chamber and superfused with Tyrode’s solution. Ten to 20
photoreceptor cell bodies were harvested from appropriate regions of the
outer nuclear layer (ONL) using a patch pipette. The pipette was filled
with a solution containing 130 mm KCl, and photoreceptors were aspi-
rated into the pipette tip by applying negative pressure. Subsequently, the
tip of the pipette was broken into a PCR tube containing 20 U of RNase
inhibitor (Rnasin; Promega, Madison, WI), and the sample (~8 ul) was
subjected to a brief centrifugation. Contaminating genomic DNA was
digested with DNase I (Amplification Grade; Invitrogen, Carlsbad, CA)
according to the protocol of the manufacturer. cDNA synthesis from 2—4
ug of retinal RNA and from the photoreceptor samples was performed in
final volumes of 50 and 25 ul, respectively. The samples contained 1X
first-strand buffer (Promega), 0.6 uM oligo-dT primer (Promega), 0.6
M random primer (Promega), 0.5 mm of each dNTP (Eppendorf, Ham-
burg, Germany), and 0.8 U/ul RNasin RNase inhibitor (Promega). After
primer annealing for 10 min at 72°C, the samples were briefly chilled on
ice and incubated for 2 min at 42°C, before 0.3 U/ul avian myeloblastosis
virus reverse transcriptase (Promega) were added. cDNA synthesis was
performed for 1 hr at 42°C and stopped by incubating the samples for 5
min at 95°C. cDNA was stored at —20°C.

PCR reactions were performed in a total volume of 25 ul. This included 2
and 6 ul retinal and photoreceptor cDNA, respectively, 1 X reaction buffer
(Promega), 1.25 mm MgCl,, 0.2 mm of each dNTP (Eppendorf), 0.8 um of
each primer (MWG Biotech, Ebersberg, Germany), and 1 U of Taq polymer-
ase (Promega). Reactions were overlaid with 35 ul of mineral oil (Sigma).
The Taq polymerase was added after incubating the samples for 2 min at
95°C (hot start). The specific primer set for the detection of rhodopsin in-
cluded the sense primer (5'-CATTGAGCGCTAC GTGGTGGTC-3') and
the antisense primer (5'-ATGAAGATGGGGCCGAAGTTGG-3"), both of
which were designed according to the mouse rhodopsin coding sequence
(GenBank accession number RNY16898; the predicted size of the ampli-
con was 766 bp). Cx36 expression was analyzed by two different sets of
specific primers, designed according to the coding sequence of mouse Cx36
(GenBank accession number AF016190). One intron-spanning primer set
revealed an amplicon with a predicted size of 766 bp (sense, 5'-GCAGCAG-
CACTCCACTATGATTG-3'; antisense, 5'-CAGCCAGATTGAGCACCA-
CAC-3') and the other of 447 bp (sense, 5'-TGCAGCAGCACTCCAC-
TATGA TTG-3'; antisense, 5'-GTCTCCTTACTGGTGGTCTCTGTG-3').
Amplifications of hodopsin and Cx36 transcripts were performed under the
same conditions in a Stratagene (La Jolla, CA) Robocycler and at the same
time (40 cycles of 95°C for 0.5 min, 58°C for 1 min, 72°C for 2 min, and a final
extension at 72°C for 15 min). Twenty microliters of each amplification
product were analyzed on a 2% agarose gel and visualized on a transillumi-
nator after ethidium bromide staining.

Electroretinogram measurements. Animals were dark-adapted over-
night before commencement of recordings. Mice were anesthetized by
intraperitoneal injections of xylazine (50 mg/kg) and ketamine (20 mg/
kg), and the pupils were dilated with 1% atropine sulfate. Surgery and
subsequent handling were done under dim red dark-room light. A con-
tinuously moistened Ag/AgCl cotton-wick electrode was placed on the
corneal surface, and a platinum reference electrode was inserted subcu-
taneously into the skin covering the skull. A platinum ground electrode
was inserted into the tail. The mouse was placed sideways with the head
fixed. Electrical potentials were recorded and bandpass filtered (1 Hz to
1000 Hz) using a DAM50 Bioamplifier (World Precision Instruments,
Sarasota, FL). Online averaging and storage were performed with the
MacLab system (AD Instruments, Hastings, UK) connected to an Apple
Computers (Cupertino, CA) PowerPC. Full-field test lights were gener-
ated with a 150 W halogen light source and focused onto the cornea.
Intensities were adjusted with neutral-density filters. Test flash duration
was 20 msec. Corneal illuminance for white light (in lux) was measured
with a calibrated luxmeter (Palux; Gossen, Niirnberg, Germany) at the
position of the cornea.

Scotopic intensity—response curves were measured with a stimulus
interval of 10 sec. Ten responses were averaged for each intensity. For
analysis, overall response amplitudes were measured relative to the base-
line, which was determined by the mean voltage within a 30 msec period
before the light flash. Oscillatory potentials were included in the overall
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Figure 1. Expression of (x36 in wild-type and transgenic mouse retina. A, Immunolabeling
of vertical sections of wild-type mouse retina with polyclonal antibodies to (x36. B, Expression
pattern of EGFP in Cx36°°° £ transgenic mice. C, High-power confocal micrograph showing
the OPL of (x36° £ mice counterstained with (x36 antibodies. Top, EGFP staining pattern;
middle, (x36 immunoreactivity; bottom, superimposition of EGFP and (x36 immunolabeling.
Yellow indicates overlap of EGFP and (x36 immunofluorescence. D, Expression pattern of
B-galactosidase in (x36'*%'““transgenic mice. Scale bars: 4, 8,0, 20 um; C, 10 em. Nomarski
image in A indicates layering of the mouse retina. GCL, Ganglion cell layer.

amplitude. Implicit time was determined as the temporal difference be-
tween light onset and the time at which maximum response was reached.

Results

Transgenic animal models

Polyclonal antibodies directed to the C-terminal region of hu-
man Cx36 label both plexiform layers in a vertical section of the
mouse retina (Fig. 1 A). Whereas expression of Cx36 in AIl ama-
crine cells causes punctate immunoreactivity in the inner plexi-
form layer (Feigenspan et al., 2001; Mills et al., 2001), the cellular
origin of the label in the outer plexiform layer is currently under
debate. Unfortunately, the antibodies to Cx36 are not ideally
suited to study this question, because they require a different
fixation protocol than other antibodies used in this study, thus
making most double labelings impossible.

To identify the cell types containing Cx36 in the outer mam-
malian retina, we used two different transgenic mouse lines. The
first line, Cx36“*3¢—ECTP expresses a fusion protein of Cx36 and
EGFP, with EGFP being attached to the C terminal of Cx36.
Using standard immunocytochemical markers, we detected no
changes in the morphology of Cx36“**“** mouse retinas with
regard to cell types and numbers of cells. The distribution of
EGFP in both plexiform layers closely resembles the staining pat-
tern obtained with the polyclonal antibodies (Fig. 1B). In fact,
both EGFP and antibody labeling performed in the same vertical
section of Cx36“¢“%* mice correspond almost perfectly, as
shown for the OPL (Fig. 1C). The same holds true for the IPL
(data not shown), indicating precise targeting of the chimeric
protein to homologous and heterologous gap junctions in both
synaptic layers. In the outer retina, EGFP puncta appear as clus-
ters in the vitreal part of the OPL but are rather diffusely distrib-
uted in the scleral part (Fig. 1B, C). Finally, the entire ONL and
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Figure 2.  Scotopic ERG recordings. A, Example recordings of the dark-adapted ERG from a
(x36 /™ EGFP™ transgenic mouse in response to 20 msec white light flashes ranging from 0.05
t0 3800 lux corneal illuminance. B, Intensity—response curves did not differ statistically for both
the a-waves (squares, triangles) and b-waves (circles, diamonds) of Cx36 "~ EGFP™ (filled
symbols) and Cx36 /" EGFP™ mice (mean = SEM; n = 3). C, Implicit time versus intensity of
the a- and b-waves were also identical.

the region of the inner segments contain EGFP label. The scat-
tered distribution of EGFP within the ONL and inner segments
possibly reflects Cx36-EGFP being transported from the syn-
thetic machinery in the cell body and inner segments to the axon
terminals of photoreceptors. Electroretinogram (ERG) record-
ings of scotopic responses in this transgenic line revealed no dif-
ferences from wild-type animals (data not shown). However, be-
cause endogenous Cx36 is still present in Cx36<7° " mice, it is
conceivable that functional gap junctions are composed of the
original Cx36 and not of the EGFP-tagged variety. To investigate
this possibility, we also performed ERG recordings on transgenic
mice expressing the Cx36-EGEFP fusion protein on a Cx36 '~
background. As shown in Figure 2, there is no statistically signif-
icant difference from wild-type littermates, suggesting the pres-
ence of functional Cx36-containing gap junctions in the rod
pathway of these transgenic mice (Fig. 2). Because endogenous
Cx36 has been knocked out, function can only be restored by
recruiting the EGFP-tagged transgene and targeting it to the ap-
propriate subcellular locations.

In the second transgenic mouse line, Cx36™*““**“, the Cx36
coding sequence located on exon 2 was replaced by a reporter
gene encoding 3-gal, and, in consequence, a fusion protein of the
Cx36 N terminus, encoded by exon 1 and the B-gal protein
(N36-B-gal), is expressed under the control of the Cx36 pro-
moter. 3-gal catalyzes the conversion of X-gal to a blue indolyl
reaction product that appears confined to the endoplasmatic re-
ticulum of Cx36-expressing cells. In the inner retina, cells in the
ganglion cell layer and a single row of cells at the border between
the inner nuclear layer (INL) and IPL are labeled (Fig. 1 D). The
latter cells correspond to AIl amacrine cells, as described above.
In the outer half of the INL, numerous small cell bodies are pos-
itive for X-gal. In addition, a few cells in the most distal part of the
ONL express N36—[3-gal. Both rod and cone photoreceptors are
present in this outermost region of the mouse retina, whereas the
inner half of the ONL exclusively contains rods. Thus, the stain-
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ing pattern for N36—[3-gal observed in the ONL indicates that
Cx36 is present in cones rather than in rods.

Finally, strong labeling can be observed in the region of pho-
toreceptor inner segments. The staining appears as X-gal-positive
puncta alternating with regions that are devoid of any label (Fig.
1D). Because the endoplasmatic reticulum of photoreceptors is
mainly localized in their inner segments, this discrete staining
pattern most likely reflects expression of N36—8-gal in the inner
segments of photoreceptors. In control experiments, wild-type
mice never showed labeling of any of the retinal structures de-
scribed above. Therefore, we consider expression of N36—3-gal
as highly specific for Cx36-containing cells.

Expression of Cx36 in photoreceptors

Intracellular injections and immunocytochemistry

To determine the expression of Cx36 in photoreceptors, we in-
jected individual rods and cones of Cx36“*F“** transgenic
mice with the fluorescent dye Alexa 594. The confocal micro-
graph of Figure 3A1 shows the typical morphology of a rod pho-
toreceptor: outer and inner segments, and a small cell body with
a long axon terminating in a lobular structure, the rod spherule.
Superimposing a single 200-nm-thick optical section of the rod
shown in Figure 3A1 with the EGFP staining pattern demon-
strates that Cx36 is not localized in the rod spherule (Fig. 3A2).
Another rod spherule contacted by a rod bipolar cell is also neg-
ative for Cx36 (Fig. 3C). We performed this experiment for all
optical sections of 10 different rods in three slice preparations and
never observed localization of EGFP in rod spherules.

The same intracellular injection strategy was applied to label
cones of Cx36“*7° TP transgenic mice. As mentioned above, cell
bodies of cones are almost exclusively found in the most distal
region of the ONL, immediately adjacent to the outer limiting
membrane. They can be rather easily identified for injection pur-
poses because of their relatively large somata. The morphology of
cones in the mouse retina is unmistakable, with a short outer
segment, a large cell body, an axon, and an elaborate cone pedicle
(Fig. 3BI). When superimposed on the corresponding EGFP sec-
tion, cone pedicles almost always display colocalization (Fig.
3B2,D). We found EGFP in all cones injected (n = 8) but not in
every single optical section, indicating restricted expression of
Cx36 to some areas of the cone pedicle.

It is a general problem to unambiguously localize a dense
punctate staining to homogeneously labeled cellular structures,
because false positives caused by unspecific random colocaliza-
tion cannot always be excluded. We therefore performed a statis-
tical analysis on EGFP-positive puncta located on cone pedicles
injected with fluorescent dyes. We found, on average, 10.25 =
1.75 (mean = SE; n = 8) EGFP-positive puncta per cone pedicle
in a single optical section. However, when a mirror image of the
EGFP staining pattern was projected onto the image of a corre-
sponding cone, 4.87 = 0.95 (n = 8) EGFP puncta per cone pedi-
cle were obtained. When compared with the unswitched condi-
tion, these numbers are significantly different ( p < 0.05; ¢ test).
Taking a different approach, the entire pedicle field of injected
cones was tiled by 32 X 32 pixel squares. Every EGFP puncta
located on a cone pedicle was centered on the brightest pixel. It
has to be noted that, in their correct configuration, almost all
EGFP puncta were found on the edge of the pedicle structure.
When all of these squares (n = 96) were averaged, we obtained a
distinct peak reflecting the localization of EGFP on the cone pedi-
cle (Fig. 3F). Subsequently, we performed the same matrix cal-
culations on the mirror image of the EGFP pattern projected onto
the respective cones (n = 98). Under these conditions, colocal-
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Figure 3.

Expression of (x36 in photoreceptors of Cx36°* 5" mice. A7, Stack of confocal images displaying the typical
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scribed above, cells were collected from the
inner and outer half of the ONL, respectively
(Fig. 4A). We applied reverse transcription
PCR on these samples with two different sets
of intron-spanning primers to detect mRNA
of Cx36. The presence of rhodopsin mRNA
served as a control for successful reverse
transcription and to validate that our sam-
ples indeed contained photoreceptors (data
not shown). In addition, we used whole ret-
ina samples to amplify a 447 bp product,
which was specific for Cx36 transcript. Only
those experiments with photoreceptor sam-
ples positive for rhodopsin and whole retina
samples positive for Cx36 were considered
for analysis.

Cells taken from the inner, rod-
containing region of the ONL did not con-
tain the message for Cx36 (24 samples)
(Fig. 4C). However, we observed expres-
sion of Cx36 mRNA in 5 of 12 samples
(42%) taken from the outer region of the
ONL, which supposedly contains both
rods and cones (Fig. 4B). The rather low
number of positive outcomes is readily ex-

morphology of a rod photoreceptor injected with the fluorescent dye Alexa 594. A2, A 200 nm optical section of the rod shown in
ATis superimposed with the EGFP staining pattern. EGFP is not localized in the rod spherule (arrow). B7, Stack of confocal images
showing the typical morphology of a cone photoreceptor injected with the fluorescent dye Alexa 594. B2, A 200 nm optical section
of the cone shown in BT is superimposed with the EGFP staining pattern. (x36 —EGFP appears to be expressed in the cone pedicle
(arrow). C, Enlarged confocal micrograph of another rod spherule contacted by a rod bipolar cell. D, High-power confocal micro-
graph of the cone pedicle shown in B clearly reveals localization of EGFP-positive puncta at the cone pedicle (arrows). £, A vertical

section of a (x36'"“*Z mouse retina counterstained with polyclonal antibodies directed against S-cone opsin. Both cell bodies

(arrows) and inner segments of S-cones contain [3-galactosidase-positive puncta. Very few S-cone somata do not express
B-galactosidase (arrowhead). f, Localization of (x36 —EGFP on dye-injected cone pedicles results in a distinct peak in the center
of the three-dimensional plot. z-axes numbers indicate brightness of the respective pixels. G, When a mirror image of the EGFP
staining pattern is superimposed on the injected cones, colocalization of EGFP on cone pedicles is at chance levels, as indicated by

plained by the low cone-to-rod ratio in the
mouse retina, deterioration of the already
rare message, or inefficient amplification.

In summary, the data presented so far
suggest that Cx36 is expressed in cone
pedicles, thereby generating the diffuse
staining pattern observed in the more
scleral part of the OPL. In contrast to a
recently published study (Deans et al.,

the absence of a central peak. Scale bars: A, (, D, 5 um; B, 10 wm; £, 20 pm.

ization of EGFP on cone pedicles appeared significantly reduced,
as shown by the absence of a central peak (Fig. 3G). In those few
cases in which colocalization occurred in the inverted configura-
tion, EGFP puncta were almost always located in areas fully cov-
ered by the pedicle but not on the edge of the pedicle. In sum-
mary, the statistical analysis confirms that the colocalization of
EGFP and dye-injected cones is not random but indicates expres-
sion of Cx36—-EGFP in cone pedicles.

Finally, vertical sections of Cx36"“““"**“ mouse retina were
counterstained with polyclonal antibodies directed against the
S-cone opsin. As shown in Figure 3E, this antibody labels inner
and outer segments as well as cell bodies of S-cones. With occa-
sional exceptions, all somata positive for X-gal also display im-
munoreactivity against the S-cone opsin. Very rarely, however,
S-cones do not contain X-gal reaction product (Fig. 3E, arrow-
head). Because of the highly significant coincidence of B-gal-
staining with S-cone opsin label in the region of the cell bodies as
well as the inner segments, we conclude that Cx36 is expressed by
S-cones in the mouse retina. Cx36 is most likely expressed by
L/M-cones as well, as indicated by -gal-positive cones that are
not immunoreactive for S-cone opsin.

Reverse transcription-PCR

To obtain additional evidence for the differential expression of
Cx36 in the ONL, samples of photoreceptors containing 20—30
cells each were harvested with a patch pipette in a vertical slice
preparation. According to the distribution of rods and cones de-

2002), we found no evidence for expres-
sion of Cx36 in rod spherules.

Postsynaptic localization of Cx36

In addition to the punctate staining in cone pedicles, EGFP ap-
pears clustered in the lower, vitreal part of the OPL (Fig. 1B),
suggesting expression of Cx36 in cells postsynaptic to photore-
ceptors. We performed double-labeling immunocytochemistry
with antibodies to bassoon and synaptophysin as markers for
presynaptic structures. In the OPL of the mammalian retina, bas-
soon immunoreactivity is found in ribbon synapses (Brandstitter
etal., 1999), whereas antibodies against synaptophysin label pho-
toreceptor terminals (Brandstitter et al., 1996). As expected, the
staining patterns of bassoon and synaptophysin overlap signifi-
cantly in a vertical section, thereby demarcating the presynaptic
area of the OPL (Fig. 5A, B). However, patches of EGFP do not
colocalize with the bassoon—synaptophysin label but rather ap-
pear as distinct entities below the photoreceptor terminals (Fig.
5A,B). These findings are confirmed by double labeling horizon-
tal retinal sections of Cx36<7°~*“F mice against bassoon (Fig.
5C,D). Clusters of EGFP puncta appear in a different focal plane
with respect to presynaptic markers, again indicating postsynap-
tic localization of Cx36. In horizontal sections, EGFP puncta
form round or oval-shaped clusters containing, on average,
8.14 = 2.53 (mean * SD) discrete spots, with a diameter ranging
from 0.27 to 0.57 pm (0.41 = 0.08 wm) (Fig. 5D, inset). This
value is in good accordance with ultrastructural data from Cx36-
containing gap junctions between AIl amacrine cells and ON-
cone bipolar cells of the mouse retina (Tsukamoto et al., 2001).
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Figure4. Agarose gel electrophoresis of reverse transcriptase PCR products for (x36 mRNA.
A, Micrograph of the ONL of wild-type mouse retina. The dotted line separates the inner, rod-
containing half of the ONL (IH) and the outer half (OH), which is composed of both rods and
cones. B, (x36 mRNA was detected in samples taken from the outer half of the ONL. The molec-
ular weight of the amplicon corresponds to the expected value (447 bp). C, Samples harvested
from the inner half of the ONL were negative for (x36 mRNA. Ret, Positive control performed
with transcripts from whole mouse retina. Scale bar: 4, 10 pm.

The number and distribution pattern of EGFP clusters in the
OPL strongly suggest their spatial correlation with cone pedicles,
albeit the clusters are not localized on the cone pedicles them-
selves. It has been shown that fluorescein isothiocyanate (FITC)-
conjugated peanut agglutinin (PNA), a lectin with high affinity
for galactose—galactosamine disaccharide residues, is specific for
the synaptic region of cone photoreceptors (Blanks and Johnson,
1983). To demonstrate alignment of EGFP patches with cone
pedicles, we labeled vertical sections of Cx36<7° " mice with
PNA-FITC. The diffuse cytoplasmic distribution of FITC is
clearly distinct from the bright EGFP staining, which appears in
perfect register with the population of PNA-labeled cone pedicles
(Fig. 5E).

We obtained additional evidence by examining the alignment
of EGFP and the pedicles of cones, which had been injected pre-
viously with the fluorescent dye Alexa 594 (Fig. 5F). In all cases
(n = 8), we found accumulation of EGFP puncta at the base of the
injected cone pedicles but obviously located on cells postsynaptic
to the pedicle structure. In general, the spatial extent of EGFP
clusters along the z-axes appeared considerably smaller than the
footprint of the corresponding cone pedicle (Fig. 5D, inset).

Horizontal cells and rod bipolar cells

The staining pattern of EGFP described in the preceding section
and the expression of N36—3-gal in the INL of Cx36"“/%* mice
(Fig. 1D) indicate localization of Cx36 in cells postsynaptic to
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Figure5.  Expression of (x36 —EGFP patches in the OPL. A, B, Double labeling of (x36 —EGFP
vertical section with antibodies against the presynaptic proteins bassoon (A) and synaptophy-
sin (B). EGFP puncta appear as clusters that do not colocalize with presynaptic immunocyto-
chemical markers (arrows). B, Inset, An enlarged confocal micrograph of a triple labeling, indi-
cating postsynaptic location of (x36 —EGFP (arrowhead). C, Labeling of (x36 —EGFP horizontal
sections with antibodies against bassoon. The section cuts the OPL in a slightly oblique way,
with the INL in the bottom left and the ONL in the top right corner. Cone pedicles are easily
identified according to the rosette-like arrangement of synaptic ribbons immunolabeled by
bassoon (arrows). D, In the same section, EGFP clusters appear as round or oval accumulations of
individual puncta, which do not colocalize with the bassoon-labeled cone pedicles, but are
confined to a different focal plane (arrowheads). D, Inset, An enlarged confocal micrograph of
EGFP-positive puncta on the diffuse background of an out-of-focus cone pedicle. £, Labeling of
cone pedicles with PNA—FITC in a vertical section of (x36°°6 " mouse retina. EGFP puncta
appear clustered at the base of fluorescein-labeled cone pedicles (arrows). £, Dye-injected cone
pedicle displays punctate (arrows) and clustered (arrowheads) (x36 —EGFP label on the presyn-
aptic and postsynaptic side, respectively. Scale bars: A, B, 20 m; (~F, 10 m.

photoreceptors. Therefore, we examined whether Cx36 is ex-
pressed in horizontal cells, rod bipolar cells, or cone bipolar cells.
Single-cell reverse transcriptase PCR combined with immunocy-
tochemical detection of the intermediate filament protein vimen-
tin indicate that Miiller cells do not express Cx36 (data not
shown).

The calcium-binding protein calbindin D28K is commonly
used as a marker for horizontal cells in the rodent retina (Rohren-
becketal., 1987). We showed previously that the retinal morphology
of mice deficient for Cx36 is indistinguishable from wild-type ani-
mals in terms of cell types and cell numbers (Giildenagel et al., 2001).
Therefore, we stained vertical sections of Cx36-"“%*“ mice for
B-gal, followed by immunocytochemistry using polyclonal anti-
bodies to calbindin. Calbindin-immunoreactive cell bodies in the
outer INL are devoid of LacZ (Fig. 6 A), indicating that horizontal
cells do not contain Cx36.

Rod bipolar cells of the mammalian retina display protein kinase
C (PKC)-like immunoreactivity (Greferath et al., 1990; Haverkamp
and Wiissle, 2000). Vertical sections of Cx36“* ¥ mice were
immunolabeled with monoclonal antibodies to the a-isoform of
PKC. Figure 6 B clearly shows that patches of EGFP appear exclu-
sively in regions spared by rod bipolar cell dendrites (Fig. 3C). In
addition, we found no evidence for expression of N36—[3-gal
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Figure 6.
a (367" mouse retina processed for B3-galactosidase and calbindin-like immunocyto-
chemistry. Cell bodies of horizontal cells do not contain 3-gal reaction product (arrows). B,
Confocal micrograph of PKC-like immunoreactivity in a vertical section of (x36°° 5" mouse

retina. Staining patterns of EGFP and PKC do not overlap (arrows), indicating that (x36 is not

expressed in rod bipolar cells. Scale bars, 20 pm.

in PKC-immunoreactive rod bipolar cell bodies (data not
shown).

In summary, our findings indicate that Cx36 is not expressed
in horizontal cells, rod bipolar cells, and Miiller cells of the mouse
retina, confirming two recently published studies (Deans and
Paul, 2001; Deans et al., 2002).

OFF-cone bipolar cells

Next, we examined whether OFF-cone bipolar cells are the cellu-
lar source of clustered EGFP staining in the OPL. Bipolar cells
with their axon terminals in the outermost part of the IPL are
selectively labeled with antibodies directed against the
neurokinin-3 receptor NK3R (Casini et al., 2000). In rat and
mouse retina, NK3R labels at least two populations of OFF-cone
bipolar cells (Haverkamp et al., 2003). In addition, the calcium-
binding protein caldendrin can be used as a marker for OFF-cone
bipolar cells in the mouse retina (Haverkamp and Wiissle, 2000).
Anti-NK3R and anti-caldendrin appear to label the same popu-
lation of OFF-cone bipolar cells (Haverkamp et al., 2003). A third
type of OFF-cone bipolar cell is selectively stained with antibodies
against the hyperpolarization-activated cyclic nucleotide-gated
potassium channel HCN4 (Miiller et al., 2003).

Vertical sections of Cx36“***“** mice were immunolabeled
with polyclonal antibodies directed against NK3R and, in a sep-
arate experiment, caldendrin. Patches of EGFP puncta are located
on the dendrites of NK3R-positive OFF-cone bipolar cells (Fig.
7A). We obtained the same result with sections of Cx36°2¢ECFP
mice stained against caldendrin (data not shown). Unfortu-
nately, it was impossible to combine NK3R immunocytochemis-
try and X-gal histochemistry. Therefore, OFF-cone bipolar cells
with an overall morphology similar to that of NK3R-positive cells
were labeled by intracellular injections of Cx36™"#%*“ mice with
the fluorescent dye Alexa 594 (Fig. 7B). The presence of the X-gal
reaction product in the cell body confirms expression of Cx36 in
type 1 and type 2 OFF-cone bipolar cells.

To investigate expression of Cx36 in other types, OFF-cone
bipolar cells terminating in a slightly deeper stratum were in-
jected in a vertical slice preparation of Cx36<7° <" mice. Su-
perimposition of the EGFP staining pattern in 200 nm confocal
sections indicates the presence of Cx36 in the dendrites of this
type of OFF-cone bipolar cell (Fig. 7C). In addition, we per-
formed immunocytochemistry against the potassium channel
HCN4 in both Cx36“°7F“™" and Cx36"“** mice. This
marker is present in type 3 OFF-cone bipolar cells, which termi-

(x36 s not expressed in horizontal cells and rod bipolar cells. 4, Vertical section of
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Figure7.
a (x36°%°~E" mouse retina immunolabeled with polyclonal antibodies to the neurokinin-3
receptor NK3R. Patches of EGFP colocalize with NK3R-positive dendrites of OFF-cone bipolar
cells (arrows). B, Localization of 3-galactosidase in a dye-injected OFF-cone bipolar cell (arrow).
(,A 200 nm optical section obtained from a different type of OFF-cone bipolar cell demonstrates

Expression of (x36 in different types of OFF-cone bipolar cells. A, Vertical section of

dendritic localization of EGFP puncta (arrows). D, Vertical section of a (x36°°6 £ mouse

retinaimmunolabeled against the potassium channel HCN4. EGFP-positive puncta are localized
to type 3 OFF-cone bipolar cell dendrites (arrows). £, Vertical section of a Cx36**Z mouse
retina immunolabeled against HCN4 and superimposed on a transmission image. Most cell
bodies of HCN4-positive OFF-bipolar cells express 3-galactosidase (arrows), although few so-
mata are devoid of the 3-gal reaction product (arrowhead). Dotted lines indicate the INL-IPL
border. Scale bars, 10 pm.

nate in a sublamina below the axon terminals of NK3R-positive
OFF-cone bipolar cells. We routinely observed colocalization of
Cx36—-EGFP and HCN4 on the dendrites of bipolar cells (Fig.
7D), as well as expression of 3-gal in HCN4-immunoreactive cell
bodies (Fig. 7E). Both findings strongly suggest expression of
Cx36 in type 3 OFF-cone bipolar cells. As described above, ex-
pression of Cx36 in all types of OFF-cone bipolar cell dendrites is
spatially restricted to the area beneath the cone pedicle.

Expression of Cx36 and glutamate receptor subunits
Transmission of the light response from cones to OFF-cone bi-
polar cells is mediated by sign-conserving synapses using the
amino acid glutamate. These synapses are located at non-
invaginating or flat contacts characterized by the expression of
ionotropic glutamate receptors at the postsynaptic side (Brand-
stdtter et al., 1997; Haverkamp et al., 2000; Hack et al., 2001). In
the mouse and rat retina, the AMPA receptor subunits GluR1 and
GluR2 are predominantly found at flat contacts between cone
pedicles and OFF-cone bipolar cells (Hack et al., 2001).

We labeled vertical sections from Cx36“*° *“* mouse retina
with antibodies against the AMPA receptor subunits GluR1,
GluR2/3, and GluR4, against the kainate receptor subunit GluRS5,
and finally, with antibodies against the metabotropic glutamate
receptor mGluR6. Interestingly, the staining patterns of EGFP
and GluR1 showed significant colocalization, indicating close
spatial vicinity of Cx36 and glutamate receptors containing the
GluR1 subunit (Fig. 8A). We also found a spatial relationship
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Figure 8.  Spatial association of (x36 with glutamate receptor subunits in the OPL. 4, Confocal micrograph of a vertical section through (x36%°° " mouse retina labeled with polyclonal

antibodies against GIuR1. Arrows indicate close spatial relationship of (x36 —EGFP label and GIuR1 immunoreactivity. B, Vertical section of a Cx36°°° £7 mouse retina labeled with polyclonal
antibodies against GIuRS. (x36 —EGFP label appears associated with GIuRS but confined to a region below the GluRS immunoreactivity (arrows). C, Vertical section of a (x36%%6 £ mouse retina
labeled with polyclonal antibodies against the metabotropic glutamate receptor subtype mGluR6. mGluR6 is expressed on the dendrites of rod hipolar cells and ON-cone bipolar cells and is not

associated with (x36 —EGFP (arrows). Scale bars, 10 um.

between Cx36—EGFP and the kainate receptor subunit GluR5,
which is also expressed by OFF-cone bipolar cells (Fig. 8 B). How-
ever, it appears that Cx36—EGFP is located just beneath the
GluR5 immunoreactivity. In contrast, we did not find a similar
coincidence of Cx36 and glutamate receptors composed of
GluR2/3 or GluR4 (data not shown). Finally, Cx36-EGFP and
mGluR6, which is expressed in ON-cone bipolar cells and rod
bipolar cells, do not colocalize beyond chance level (Fig. 8C).

Discussion

Transgenic mouse lines

We used two transgenic mouse lines to examine the expression of
Cx36 in the outer mammalian retina (Fig. 9). The punctate stain-
ing pattern obtained by tagging Cx36 with EGFP reflects the dis-
tribution of Cx36-containing gap junctions in the retina, and
therefore it is equivalent to immunolabeling with polyclonal an-
tibodies specific for Cx36. In fact, we found a close-to-perfect
match of EGFP and antibody distribution in the synaptic layers of
the retina. Interestingly, C-terminal attachment of EGFP does
not appear to prevent formation of functional gap junctions in
the rod pathway.

In the second transgenic mouse line, the sequence coding
for Cx36 on exon 2 was replaced by the histological reporter 8-
galactosidase, resulting in somatic labeling of N36 —3-gal-expressing
cells. Whereas the transgenic approach in Cx36<° " mice allows
identification of the terminal location of Cx36, this second strategy
reveals possible cell types expressing Cx36. Thus, the two transgenic
lines provide complementary information on the expression pattern
of Cx36. As shown previously, mice deficient in Cx36 have a nor-
mally developed retina and display no changes in the cellular orga-
nization of the rod pathway (Gtildenagel et al., 2001).

Expression of Cx36 in cones

In our study, three lines of evidence indicate that Cx36 is ex-
pressed in cone photoreceptors: (1) targeting of Cx36—EGFP to
cone pedicles, (2) colocalization of N36 —3-gal and S-cone opsin
in cell bodies of cones in the outermost ONL, and (3) detection of
Cx36 mRNA in reverse transcriptase PCR samples obtained from
the outer half of the ONL but not from the inner half. Deans et al.
(2002), however, observed expression of -gal throughout the
ONL. Because rods constitute ~97% of all photoreceptors in the
mouse retina (Jeon et al., 1998), the results obtained by Deans et
al. (2002) suggest expression of Cx36 in rods. Currently, we have
no explanation for this apparent discrepancy. However, it is pos-
sible that the simultaneous expression of two histological mark-

Cx36  Cx36

Figure 9.  Schematic drawing indicating the distribution of (x36 in the outer retina. Cone
pedicles make homotypic gap junctions containing (x36 with neighboring cone pedicles in the
scleral part of the OPL. In addition, OFF-cone bipolar cells make homotypic, (x36-containing gap
junctions with other OFF-cone bipolar cells in the vitreal part of the OPL. These gap junctions
appear restricted to an area outlined by the cone pedicle. (x36-containing gap junctions in the
rod pathway are also indicated. C, Cones; R, rods; (B, cone bipolar cells; RB, rod bipolar cells; All,
all amacrine cells; GC, ganglion cells.

ers in a bicistronic construct as used by Deans et al. (2002) leads
to a different labeling pattern.

It has to be noted that, in several of our specimens, the Cx36—
EGFP staining pattern in the ONL appears too dense to be gen-
erated by cones only (Fig. 3B2). The same holds true for the
number of LacZ-positive puncta in the region of the inner seg-
ments (Fig. 1 D), which do not always colocalize with the S-cone
opsin staining. It is conceivable that those inner segments that
contain 3-gal but are negative for S-cone opsin correspond to
L/M-cones. However, given the high density of EGFP-positive
puncta in the ONL and expression of 3-gal in the inner segments,
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we cannot finally exclude expression of Cx36 in rods. To answer
this question, the entire population of cones in the mouse retina
has to be labeled, and its staining pattern matched to the distri-
bution of both EGFP and LacZ.

Multiple rod pathways have been hypothesized in the mam-
malian retina. In the primary pathway, rods connect to rod bipo-
lar cells, which relay their signal to AIl amacrine cells. These cells
serve as an interface for transmitting the rod signal into the cone
pathway, by both glycinergic synapses and electrical synapses in-
volving Cx36 (Feigenspan et al., 2001; Mills et al., 2001). Cx36-
containing gap junctions between AIl amacrine cells and ON-
cone bipolar cells are essential for normal synaptic transmission
in the primary rod pathway (Giildenagel et al., 2001). A second
rod pathway was suggested based on the presence of gap junc-
tions between rods and cones (Raviola and Gilula, 1973; Smith et
al., 1986). It is assumed that rod—cone coupling provides the
structural basis for the rod signal to enter ON-cone and OFF-
cone bipolar cells. Extracellular recordings of ON-ganglion cells
performed in Cx36 knock-out animals reveal complete elimina-
tion of rod-mediated responses (Deans et al., 2002). Because
intermediate-sensitivity responses also disappear, this finding
was interpreted as evidence for involvement of Cx36 in both of
the rod pathways outlined above. Alternatively, if two signals
were generated within the same rod, as shown for primate rod
photoreceptors (Schneeweis and Schnapf, 1995), Cx36 would not
be required in gap junctions between rods and cones.

In other mammalian species, Cx36 appears to be involved in
both cone—cone and rod-cone coupling, although it seems to be
expressed exclusively by cones (Lee et al., 2003). Our results re-
veal that Cx36 —EGFP puncta are not located close enough to rod
spherules to contribute to rod—cone coupling in the mouse ret-
ina. In the mammalian retina, especially the primate fovea, small
gap junctions between cone pedicles have been demonstrated
(Raviola and Gilula, 1973; Tsukamoto et al., 2001). Adjacent
cones are in close physical contact (Zhu et al., 2002), which is a
prerequisite for cone—cone coupling. Paired recordings of cones
performed in the ground squirrel retina have indeed demon-
strated that cone—cone coupling improves the signal-to-noise
ratio without compromising visual acuity (DeVries et al., 2002).
Therefore, cone—cone coupling in the mouse retina is likely to
play a similar physiological role.

Expression of Cx36 in OFF-cone bipolar cells

In Cx36°°~FCFP mouse retina, EGEP label accumulates on den-
drites of OFF-cone bipolar cells. These patches of EGFP are con-
fined to an area just below the base of the cone pedicle, and there
is always only one patch per pedicle. OFF-bipolar cells expressing
Cx36 are immunoreactive for NK3R, caldendrin, and HCN4,
thus comprising at least three different cell types.

At present, we can only speculate on the physiological signif-
icance of Cx36-containing gap junctions on dendrites of OFF-
cone bipolar cells. In the mouse retina, cone pedicles contain, on
average, 10 ribbon synapses (Tsukamoto et al., 2001), suggesting
transmission of the cone signal to a similar number of postsyn-
aptic bipolar cells. A cluster of EGFP signals underlying the cone
pedicle is composed of eight Cx36-containing gap junctions on
average, indicating that at least some OFF-cone bipolar cells con-
tacting a single cone pedicle are electrically coupled. Because
Cx36-expressing bipolar cells belong to the OFF variety, their
membrane potential is rather depolarized in the dark and hyper-
polarized in the light. The depolarizing signal, induced by the
release of glutamate from a single cone pedicle and the subse-
quent binding of transmitter to ionotropic glutamate receptors
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on the postsynaptic membrane, is likely to affect all connected
bipolar cells of a given type differently. Consequently, the efficacy
of signal transmission onto ganglion cells will vary according to
the membrane potential of glutamate-releasing bipolar cells.
Therefore, providing bipolar cell dendrites with a low-resistance
electrical pathway could equilibrate the membrane potential
within the network of coupled cells, eventually decreasing blur of
the cone signal. This would be especially effective if the dynamics
of coupling were linked to transmitter release at the cone-to-
bipolar cell synapse.

Colocalization of Cx36—EGFP and glutamate

receptor subunits

In a recent study, the AMPA receptor subunits GluR1 and GluR2
were predominantly found at flat contacts established between
cone pedicles and OFF-cone bipolar cells (Hack et al., 2001). On
the level of the light microscope, Cx36 ~EGFP and GluR1 appear
in close spatial proximity, whereas there is no such relationship
with other AMPA receptor subunits. The kainate receptor sub-
unit GluR5 does not colocalize with GluR1 on the dendrites of
OFF-cone bipolar cells (Haverkamp et al., 2001). Similarly, we
did not observe colocalization of Cx36 and GluR5.

The close proximity of Cx36 and GluR1 suggests a role of
glutamate receptors containing this subunit in the regulation of
gap junctions. Modulation of gap junction coupling of astroglia
and cerebellar Bergmann glial cells by glutamate receptor activa-
tion has been described previously (Enkvist and McCarthy, 1994;
Miiller et al., 1996). This effect is most likely caused by the in-
creased influx of calcium through ionotropic glutamate receptor
channels. Recently, the fish homolog of Cx36, Cx35, has been
shown to mediate electrical transmission at Mauthner cell mixed
synapses (Pereda et al., 2003). It is conceivable that activity-
driven interactions between chemical and electrical synapses are
not limited to mixed synapses but will occur when chemical syn-
apses are located sufficiently close to gap junction plaques
(Pereda et al., 1998; Smith and Pereda, 2003). Therefore, influx of
calcium through GluR1-containing AMPA receptors could reg-
ulate gap junction permeability of OFF-cone bipolar cells and
thus provide a link between synaptic activity and synchronization
of a postsynaptic network of coupled cells.

We did not observe any spatial relationship between Cx36—
EGFP and mGluR6. Because rod bipolar cells outnumber ON-
cone bipolar cells in the mouse retina, we do not consider this
immunocytochemical result as sufficient evidence to exclude ex-
pression of Cx36 in ON-cone bipolar cells. However, on the basis
of their respective expression patterns, a functional interaction
between Cx36 and mGluR6 seems very unlikely.

In conclusion, glutamate released from cone pedicles at flat
contacts is likely to have a twofold effect on its postsynaptic tar-
gets. Binding to ionotropic glutamate receptors induces depolar-
ization of OFF-cone bipolar cells, i.e., the classical sign-
conserving transmission of visual information in the OFF
pathway. Simultaneously, the influx of calcium ions through the
very same glutamate receptor channels influences gap junction
permeability between interconnected OFF-cone bipolar cells,
eventually leading to averaging of voltage changes within a pop-
ulation of OFF-cone bipolar cells.
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