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Coupling between A-Type Horizontal Cells Is Mediated by
Connexin 50 Gap Junctions in the Rabbit Retina

Jennifer J. O’Brien, Wei Li, Feng Pan, Joyce Keung, John O’Brien, and Stephen C. Massey
Department of Ophthalmology and Visual Science, University of Texas Medical School at Houston, Houston, Texas 77030

There are many examples of neuronal coupling via gap junctions in the retina. Of these, perhaps the best known is the extensive coupling
between horizontal cells. In the rabbit retina, there are two types of horizontal cells, A-type and B-type, both of which are independently
coupled. Connexin 50 (Cx50) cDNA, encoding a 440 aa protein, was successfully isolated from rabbit retina RNA. Cx50 was also obtained
fromisolated A-type horizontal cells (A-type HCs) by single-cell RT-PCR. A-type HCs were visualized by intracellular dye injection or with
an antibody against calbindin. Confocal analysis revealed all Cx50 labeling occurred on the A-type HC matrix, typically at dendritic
intersections. The Cx50 plaques varied in size, from punctate signals in which fine dendrites cofasciculated, to giant plaques, >50 wm?,
in which large dendrites crossed. The numerous Cx50 plaques between A-type HCs may adequately account for the remarkable coupling
observed in this network. We could not detect Cx50 staining on the tips of horizontal cell dendrites within the cone pedicle invagination.
This distribution does not support a role for Cx50 in hemichannel-mediated feedback. In addition, the absence of Cx50 in B-type HCs
suggests the presence of a different connexin for this cell type. In summary, these results suggest that gap junctions in the A-type
horizontal cell matrix are composed from Cx50. Multiple neuronal connexins are expressed in the mammalian retina and different cell

types express specific connexins.
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Introduction

Horizontal cells are laterally extensive interneurons that provide
negative feedback to cones in the outer retina and subtract alarge,
slow version of the visual scene. This is the basis for center sur-
round antagonism, a common strategy in sensory systems, which
helps to differentiate small, low contrast signals against a com-
mon background (Wissle, 2004). Horizontal cells are much
larger than cones, but they are also famously connected via gap
junctions into an extensively coupled network (Raviola and Gi-
lula, 1975; Kolb, 1977; Vaney, 1991; Mills and Massey, 1994).
Thus, the size of the receptive field far exceeds the extent of the
dendritic field, and the spatial extent of the feedback signal to
cones is determined, in part, by the strength of coupling in the
horizontal cell network (Dacheux and Raviola, 1982; Bloomfield
et al,, 1995). Horizontal cell coupling is affected by several neu-
romodulators (Teranishi et al., 1984; DeVries and Schwartz,
1989, 1992; Hampson et al., 1994; Xin and Bloomfield, 1999; He
et al., 2000). This suggests that horizontal cell coupling is plastic
and that the spatial extent of horizontal cell feedback can be
modulated by light intensity or circadian processes.
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Gap junctions are composed of two connexons or hemichan-
nels, one from each of two cells, which dock to form an intercel-
lular pore. In turn, each hemichannel consists of a hexamer as-
sembled from connexins, a family of membrane-spanning
proteins with >20 members. Each connexin forms channels with
specific pharmacology and permeation properties (Chandross et
al., 1996; Guldenagel et al., 2000; Goodenough and Paul, 2003).
Connexin 36 (Cx36) appears to be the dominant neuronal con-
nexin, but it is not expressed by horizontal cells (Deans and Paul,
2001; Feigenspan et al., 2001, 2004; Mills et al., 2001; Deans et al.,
2002; Lee et al., 2003). In addition to gap junctional coupling, it
has been proposed that unapposed hemichannels expressed in
the dendritic tips of horizontal cells could mediate feedback to
cones (Kamermans et al., 2001).

In the rabbit retina, there are two types of horizontal cell,
which have different coupling properties. Dye injections reveal
that A-type horizontal cells (A-type HCs) allow the passage of
both Lucifer yellow and Neurobiotin, whereas B-type horizontal
cells (B-type HCs) are only permeable to Neurobiotin (Vaney,
1993; Mills and Massey, 1994). This immediately suggests that the
two horizontal cell networks use different connexins. In the
mouse retina, axon-bearing horizontal cells with the morpholog-
ical appearance of B-type HCs express Cx57, and horizontal cell
coupling was eliminated in the Cx57 knock-out mouse (Peichl
and Gonzalez-Soriano, 1994; Hombach et al., 2004). In this pa-
per, we report that Cx50 forms gap junctions at dendritic inter-
sections in the network of A-type HCs. The size and location of
Cx50 plaques may be sufficient to account for the extensive cou-
pling in the network of A-type HCs, and this finding explains the
difference in tracer permeability between A- and B-type horizon-
tal cells.
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Materials and Methods

Retinas were isolated from adult New Zealand rabbits as described pre-
viously (Mills and Massey, 1991). Animals were deeply anesthetized with
1.5 g/kg urethane at 1 g/ml intraperitoneally and killed with an overdose
of 5-10 ml of urethane at 1 g/ml intracardially under a protocol approved
by the Institutional Animal Welfare Committee of the University of
Texas Health Science Center at Houston Medical School and in accor-
dance with the guidelines of the National Institutes of Health. The orbit
was infused with 2% lidocaine hydrochloride before enucleation. The
retina was isolated from the sclera into oxygenated Ames medium
(Sigma, St. Louis, MO) (Ames and Nesbett, 1981) and mounted on ni-
trocellulose filter paper (Millipore, Bedford, MA) with ganglion cell side
up for intracellular injections or immunohistochemistry. Cat eyes were
donated from Dr. Douglas L. Mann (Michael E. DeBakey Veterans Ad-
ministration Medical Center and Baylor College of Medicine, Houston,
TX) after unrelated experimental dissections and isolated as described
above. Tissues were fixed in 4% paraformaldehyde in 0.1 M phosphate
buffer, pH 7.4, for 15-60 min and rinsed in 0.1 M phosphate buffer (PB),
pH 7.4, to be processed for immunohistochemistry. Retinal tissues were
embedded in agarose, and sections were cut 30—50 um thick on a Vi-
bratome (model 1000; Technical Products International, St. Louis, MO;
or model VT1000 S; Leica Microsystems, Bannockburn, IL).

Reverse transcription-PCR. Total RNA was extracted from rabbit retina
using an RNeasy Mini kit (Qiagen, Valencia, CA). cDNA fragments of
individual connexins were cloned from rabbit retina by using reverse
transcription (RT)-PCR. First-strand cDNA was made by reverse tran-
scription with an oligo-dT primer and Superscript II reverse transcrip-
tase (Invitrogen, Rockville, MD). First-strand cDNA was amplified with
35 cycles of PCR by using 0.2 ug of each primer. PCR products were gel
purified and cloned into pGEM-T vectors (Promega, Madison, WI). The
sequence from the cDNA clones was analyzed with GeneRunner (Hast-
ings Software, Hastings-on-Hudson, NY) and BLAST software (National
Center for Biotechnology Information, Bethesda, MD). Cx50 primer
pairs were derived based on mouse and human Cx50. Several Cx50
cDNA fragments were isolated to generate a full-length rabbit sequence.
The primers used were as follows: (1) forward, 5'-CTTGGAGGA-
GGTGAATGAGC-3', and reverse, 5'-TGATGTGGCAGATGTAGGTC-
3'; (2) forward, 5-GTGGGTGAGAAATGGGCG-3', and reverse,
5"-TGGTTGCTCTACAGGCCTCTTG-3"; (3) forward, 5'-CAAGAG-
GCCTGTCGAGCAGCCC-3', and reverse, 5'-TCATACGGTTAG-
ATCGTCTGACCTG-3'.

Single-cell RT-PCR. Superior rabbit retina was dissected in Ames me-
dium and placed on filter paper, ganglion cell side up. The following
dissociation procedure was performed in a sterile tissue culture facility.
Retina was rinsed twice for 5 min in sterile aerated HBSS without calcium
or magnesium (Invitrogen). An enzyme mixture of papain was activated
30 min before retina dissection (5.5 mum cysteine, 2.5 mm EDTA, and 25
mg of papain, =14 U/mg protein) (Sigma) in 10 ml of HBSS. Tissue was
placed in 5 ml of enzyme mixture for 15 min at 37°C, removed from filter
paper, and shaken at room temperature for 20 min in 5 ml of fresh
enzyme mixture. The papain enzyme digestion was stopped by placing
the retina for 5 min in 10 ml of HBSS solution containing 20% fetal
bovine serum (FBS) (Invitrogen). The retina was cut into fragments and
mechanically dispersed by trituration in 2 ml of HBSS solution with 10%
FBS, 1 mm calcium chloride, 1 mm magnesium chloride, and 0.2%
DNAase I (Sigma). Dissociated cells (100 ul) were spread out in a 35 mm
small dish with 2 ml of Dulbecco’s PBS (Invitrogen).

Individual A-type horizontal cells were identified by their typical mor-
phology and collected with a micropipette. The tip of the pipette was
broken and contents were then expelled into a 0.5 ml microcentrifuge
tube containing RNaseOut, random hexamers (50 ng) and dNTPs (Su-
perscript First Strand Synthesis System for RT-PCR; Invitrogen). To start
reverse transcription, tubes were incubated for 30 s at 65°C, chilled on
ice, and supplemented with a solution that contains buffer, MgCL,, DTT,
and DEPC-water (Superscript First Strand Synthesis System for RT-
PCR; Invitrogen, Rockville, MD). After incubation at room temperature
for 2 min, Superscript II reverse transcriptase (Invitrogen) was added,
and cDNA synthesis was performed at 42°C for 50 min and terminated by
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incubating at 70°C for 15 min. Two rounds of PCR amplification were
performed with the second primers nested within the first primer set.
Primers were based on the Cx50 sequence in the rabbit retina. For the
first round, the forward primer was 5'-CACCAAGAAGTTCCG-
GCTGGAG-3" and the reverse primer was 5'-ATGGAGGAGA-
CAGCAATGGAG-3'. For the second round, the forward primer was
5'-GGACCTACATCTGCCACATCATC-3', and the reverse primer was
5'-TGGTTGCTCTACAGGCCTCTTG. Second-round PCR products
were analyzed by gel electrophoresis. The expected size of the amplified
c¢DNA is 284 bp.

Western blot. Tissues were isolated from multiple organs that are
known to contain connexins, such as heart, lung, liver, and lens as well as
retina. The tissues were sonicated in homogenization buffer [0.32 M su-
crose, 2 mm EGTA, 5 mm MgCl,, 10 mum Tris, pH 7.4, and a proteinase
inhibitor mixture (1:100; Sigma)] and centrifuged at 1700 X g for 10 min
to remove large particulates. The supernatant was removed and centri-
fuged at 38,000 X gfor 1 h to isolate a membrane fraction. Homogenates
of rabbit tissues were quantified with a protein assay. Rabbit proteins
(20-60 ug) were separated by SDS-PAGE and transferred to either ni-
trocellulose membranes (Bio-Rad, Hercules, CA). The membranes were
blocked with 4% powdered milk in 1X TBS-T (0.32 m sodium chloride,
2.68 mM potassium chloride, 25 mwm Tris, 0.05% Tween 20) for 1 h at
room temperature and probed with the connexin antibodies plus 4%
milk in 1X TBS-T at 4°C overnight. Membranes were then washed in 1X
TBS-T and probed with secondary antibodies conjugated to horseradish
peroxidase (1:2000) in 4% milk in 1X TBS-T. Labeled bands were de-
tected by chemiluminescence (Pierce Biotechnology, Rockford, IL.).

Primary antibodies that were used for Western blot analysis include
rabbit anti-Cx40 (1:250; Chemicon, Temecula, CA) that cross-reacts
with Cx50-CT and rabbit anti-Cx50-IL (1:500), donated by Dr. Thomas
W. White (State University of New York, Stony Brook, NY) (White et al.,
1992). The 19 aa peptide sequence used to generate the Cx40 antibody
from Chemicon shares 16 aa (84%) with rabbit Cx50 sequence in the
carboxyl terminus, and will be referred to as Cx50-CT.

Intracellular injections and immunohistochemistry. Isolated pieces of
live retina with sclera attached were incubated in DAPI (4,6-diamino-2-
phylindole) to visualize cells, and then mounted ganglion side up on filter
paper. Individual cells were filled with both 4% Neurobiotin and 0.5%
Lucifer yellow-CH or with Alexa 568 hydrazide. The Alexa 568 hydrazide
has very low permeability through gap junctions. The retina was perfused
for 5 min more to permit cellular diffusion, fixed in 4% paraformalde-
hyde for 30—45 min, and then washed several times with 0.1 M PB/0.5%
Triton/0.1% NaN;.

Retinal tissues were blocked in 3% donkey serum and incubated in
primary and secondary antibody dilutions, made in 1% donkey serum/
0.1 M PB/0.5% Triton/0.1% NaNj. Primary antibodies were incubated at
4°C for 5-7 d, and secondary antibodies were incubated at 4°C overnight.
Antibodies were applied and developed sequentially in experiments us-
ing two antibodies from the same species. Tissues were blocked between
sequential antibody incubations with unconjugated, Fab monovalent
fragments. The primary antibodies included the following: rabbit anti-
Cx50 (1:500; gift from Dr. Thomas W. White); rabbit anti-Cx40 (1:250—
1:500; Chemicon); mouse anti-calbindin, clone CB-955 (1:200; Sigma);
mouse anti-calbindin, clone CL-300 (1:100-1:200; Abcam, Cambridge,
MA); rabbit anti-calbindin (1:5000; Swant, Bellinzona, Switzerland);
goat anti-glutamate receptor 5 (GluR5) (1:100; Santa Cruz, Santa Cruz,
CA); and rabbit anit-GluR2/3 (1:100; Chemicon).

Imaging. Zeiss (Oberkochen, Germany) LSM-410 and LSM-510 Meta
confocal microscopes were used to image retinal whole mounts in which
tracer dyes and antibodies were labeled with Cy3, Cy5, or Alexa 488
conjugated to streptavidin or secondary antibodies, raised in donkey
(Jackson ImmunoResearch, West Grove, PA; Invitrogen). Images were
usually presented as short stacks of 5-10 X 0.3—0.5 wm sections to in-
clude structures of interest and flatten the tissue. Alignment was checked
with fluorescent 1 um latex beads (Invitrogen) and resolution was esti-
mated as 0.3 wminxyand 0.5 wm in the z dimension. Digital images were
acquired from the confocal microscope with 40 or 63X objectives and
processed in Adobe Photoshop (Adobe Systems, San Jose, CA) to en-
hance brightness and color. Structures of interest (Cx50 plaques) were
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selected, aligned, and averaged to evaluate pos-
sible colocalization with neighboring struc-
tures (A- or B-type HCs) (Li et al., 2002). No
filtering was applied to the images presented.

Quantitative analysis. The size analysis was
conducted for two-dimensional plaques found
in stacked projections, usually 10-20 X 0.3—
0.5 wm sections, to image the band of HC pro-
cesses and flatten the tissue. Gap junction
plaques may have three-dimensional (3D)
structure, but no attempt was made to correct
for this in the size analysis. Nevertheless, most
giant plaques were planar in whole-mount
view, probably because they occur between
overlapping major A-type HC dendrites. The
errors associated with 3D structure may lead to
a minor underestimate of gap junction size but
should have little effect on the range of sizes
encountered.

We wanted to determine the Cx50 plaque
sizes to estimate the possible functional roles.
Signals <0.1 wm* may be below the resolution
limit (~0.3 wm) and were excluded. To obtain
size distributions of Cx50, images were ana-
lyzed using MatLab, version 5.3 (The Math-
Works, Natick, MA), and Sigma Scan Pro 4
(Systat Software, Point Richmond, CA). Allim-
ages used for statistical comparisons were taken
with similar settings on the confocal micro-
scope. A signal intensity threshold was applied
to images to decrease the enlargement of plaque
sizes by optical blur. Because all contiguous
pixels of a given intensity were selected in
Sigma Scan Pro 4 software, a threshold was required to easily differentiate
signals that were above background. The threshold of 60 that was used for
image analysis of whole-mount tissues was based on the intensity of
pixels at the edge of a Cx50 plaque.

In MatLab, signals with color intensities >60 (60—-255) were extracted
and replotted in a new image. The new image was imported into Sigma
Scan Pro 4, and individual plaques were highlighted to determine their
pixel number and size. Plaque sizes were sorted into groups in MatLab,
and those >0.1 um? were used in the distribution analysis. For the
distribution of Cx50 plaques per cell, 12 images were acquired from three
retinas, all in inferior retina ~3.6 mm from the myelinated band (1 mm
from visual streak) and 0.6—3.2 mm from the optic nerve. For distribu-
tion along superior and inferior axes, images were taken 2 mm lateral to
the optic disk, in 1 mm steps from the visual streak. For overall superior
versus inferior distribution, images were acquired using a 40X objective:
regions in far peripheral retina (>5 mm from myelinated band) were
selected based on calbindin labeling, rather than Cx50 labeling.

Figure1.

Results

Gap junctions in A-type horizontal cells pass Lucifer yellow
In the rabbit retina, as in many mammalian species, there are two
types of horizontal cell. A-type HCs are axonless with large asym-
metrical dendrites that contact cones (Raviola and Dacheux,
1990; Vaney, 1991; Mills and Massey, 1994). In contrast, B-type
HCs have more numerous, symmetrical dendrites that also con-
tact cones, and a long axon that expands into an elaborate axon
terminal. The fine branches of the axon terminal selectively con-
tact rods (Nelson et al., 1975; Boycott et al., 1978; Bloomfield and
Miller, 1982).

A-type HCs are extremely well coupled. This can be observed
after the intracellular injection of Neurobiotin, when a network
of thousands of dye-coupled horizontal cells may be obtained.
The gap junctions between A-type HCs are unusual, because they
are also permeable to Lucifer yellow, which has a molecular
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Neurobiotin

Neurobiotin LY/Nbt

A-type and B-type horizontal cells in the rabbit retina have different dye-coupling properties. A-C, An A-type HCwas
injected with Lucifer yellow (LY) (green) and Neurobiotin (NBT) (red). A, The A-type HC showed significant Lucifer yellow coupling,
because tracer spread to numerous A-type HC somas and dendrites. B, A-type HCs also showed extensive tracer coupling with
Neurobiotin. €, The overlay of Lucifer yellow and Neurobiotin shows that A-type HCs were more extensively coupled with Neuro-
biotin (C). Scale bar: A-C, 60 pum. D—F, A B-type HCinjected with Lucifer yellow (LY) and Neurobiotin (NBT). D, In contrast to the
A-type HC, the B-type HC did not show Lucifer yellow coupling. The individual dendrites of a single B-type HC are clearly visible in
addition to the axon (arrow). E, B-type HCs showed extensive coupling with Neurobiotin. F, The overlay of Lucifer yellow and
Neurobiotin shows a single LY-filled B-type HC against a background of Neurobiotin-coupled cells. Scale bar: DF, 25 um.

weight of 443 Da and carries a charge of —2. After the intracellu-
lar injection of Lucifer yellow, a dye-coupled network of A-type
HCs is recovered in which the somas and thick primary dendrites
are particularly prominent (Fig. 1A) (Dacheux and Raviola,
1982; Mills and Massey, 1994). There is a substantial intensity
gradient from the injection site to the edge of the figure which
reflects the relatively low permeability of Lucifer yellow. Neuro-
biotin (286 Da; +1) was simultaneously injected through the
same pipette, and when visualized with streptavidin/Cy3, a much
larger patch of A-type HCs is visible (Fig. 1 B). In Figure 1C, all of
the cells are double labeled with the central cells yellow fading to
orange in the periphery because of the relatively poor diffusion of
Lucifer yellow.

In contrast, filling B-type HCs with the two dyes yielded a
different result. In B-type HCs, Lucifer yellow labeled only the
injected cell and did not pass through the network (Fig. 1D).
Nevertheless, B-type HCs are coupled as demonstrated by the
injection of Neurobiotin, which labeled an extensive patch of
coupled cells (Fig. 1E). In Figure 1F, there is only one central
double-labeled B-type HC surrounded by a patch of
Neurobiotin-coupled cells. This is a direct demonstration that
A-type and B-type HCs have different dye coupling properties, as
reported previously (Mills and Massey, 1994, 1998). This imme-
diately suggests the presence of different gap junction proteins in
the two types of horizontal cell.

Identification of connexins in rabbit retina

Many studies indicate that Cx36 is an important connexin in
retinal neurons (Sohl et al., 1998; Feigenspan et al., 2001; Mills et
al., 2001; Deans et al., 2002). However, coupling in some well
coupled neurons, such as horizontal cells, cannot be attributed to
Cx36. Cx40 has been reported to be present in bovine and rat
retina (Matesic et al., 2003) based on immunostaining with a
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A Cx40/50- CT Antibody B Cx50- IL Antibody
Ree Hzo Lgzo Lveo Ls20 Reo Lgzo LS2o
100 = ' 100 =
» 75— 75 == il
50 = 5(}....'--"
37 B 37 —
(j Rabbit Retina Connexin50

(5') ATGGGCGACTGGAGTTTCCTGEEGAACATCTTGGAGGAGGTGAATGAGCACTCCACAGTCATCGE
CAGGGTCTGGCTCACCGTGCTTTTCATCTTCCGCATCCTGATTCTCGGCACAGCCGCAGAGTTCGTGTG
GGGGGATGAGCAGTCCGACTTCGTGTGCAATACCCAGCAGCCCGGTTGCGAGAATGTCTGCTACGATGA
GGCTTTCCCCATCTCCCACATCCGCCTGTGGGTCCTGCAGATCATCTTCCTCTCCACACCGTCCCTCAT
GTACGTGGGCCATGCCGTGCACCACGTGCGCATGGAGGAGAAGCGCAAGCGACCGCGAGGCGGAGGAGCT
GTGCCAGCAGTCCCGGGGCGACCGGGAGCCAGAGGGTGCCCATCAGCCCCGACCAGGGCAGCATCAGGAA
GAGCAGCAGCAGCAGCAAAGGCACCAAGAAGTTCCGGCTGGAGGGGACTCTGCTGAGGACCTACATCTG
CCACATCATCTTCAAGACCCTCTTTGAGGTGGGCTTCATTGTGGGCCACTACTTCCTGTATGGTTTCCG
GATCCTGCCCCTCTACCGCTGCAGCCGCTGGCCCTGCCCCAATGTGGTGGACTGCTTCGTGTCCCGACT
CACTGAGAAAACCATCTTCATCTTGTTCATGTTGTCTGTGGCCTTTGTGTCGCTCTTCCTCAACATTAT
GGAGCTGAGCCACCTGGGCCTGAAGGGGATCCGETCTGCCTTCAAGAGGCCTETCGAGCAGCCCCTCGG
GGAGATCCCTGAGAAATCCCTCCACTCCATTGCCGTCTCTTCCATCCAGAAAGCGAAGGGCTACCAGCT
CCTTGAAGAAGAGAAGATCGTGTCCCACTACTTCCCATTGACTGAGGTTGGGATGGTGGAGACCAGCCC
CCTGTCTGCCAAGCCTTTCAGTCAGTTCGAGGAAAAGATCAGCACTGGACCCCTAGCGGACATGCCCCG
GAGTTACCAAGAGACACTGCCTTCCTATGCCCAGGTGGGCGCACCGGAAGTGGAAGGGGAGGAGCCGCC
AGTAGAGGAGGCCGCAGAACCGGAAGTGGGAGAGAAGAGGCCGGAAGCTGAGAAGGTGACCGCAGAAGG
GCCAGAGATGGTGGCTGTGCTGGAGGCGGAGAAAATAGAGCCCCCTGCTGTGGGGAAGGAAGGAGAAAA
GGAGGAGCTGCAGGCTGAGGTTGCCAAGCAAGGGCTGGCGGCTGAGAAGACGCCTCCGCTGTGTCCGGA
GCTGACCTCCGAAGATACCAGACCTCTGAGCAGGCTGAGCAAAGCCAGCAGCAGAGCCAGGTCAGACGA
TCTAACCGTATGA (3')

MGDWSFLGNILEEVNEHSTVIGRVWLTVLFIFRILILGTAAEFVWGDEQSDFVCNTQQPGCENVCYDEA
FPISHIRLWVLQIIFVSTPSLMYVGHAVHHVRMEEKRKDREAEELCQQSRGDGSERVPISPDQGSIRKS
$$SSKGTKKFRLEGTLLRTYICHIIFKTLFEVGFIVGHYFLYGFRILPLYRCSRWPCPNVVDCFVSRPT
EKTIFILFMLSVAFVSLFLNIMELSHLGLKGIRSAFKRPVEQPLGEIPEKSLHSIAVSSIQKAKGYQLL
EEEKIVSHYFPLTEVGMVETSPLSAKPFSQFEEKISTGPLADMPRSYQETLPSYAQVGAPEVEGEEPPV
EEAAEPEVGEKRPEAEKVTAEGPEMVAVLEAEKIEPPAVGKEGEKEELQAEVAKQGLAAEKTPPLCPEL
TSEDTRPLSRLSKASSRARSDDLTV

Figure 2.  Western blot analysis of (x50 antibodies and (x50 sequence. A, (x40/Cx50-CT antibody. Lane 1, Molecular weight
markers; lane 2, retina; lane 3, heart; lane 4, lung; lane 5, liver; lane 6, lens. The (x40/(x50-(T antibody recognized (x40 from heart
and lung (gray arrowhead; ~40 kDa). This band was not present in retina or lens. Instead, this antibody recognized a band close
to 70 kDa in retina and lens (black arrowhead). This band was absent in heart, lung, and liver. (x50 has been identified as MP70,
one of the major intrinsic proteins of the lens with an apparent molecular mass of 70 kDa (White et al., 1992). In addition, a
nonspecific protein was stained in all tissues at ~50kDa, perhaps denatured rabbit IgG heavy chains. B, (x50-IL antibody. Lane 1,
Molecular weight markers; lane 2, retina; lane 3, lung; lane 4, lens. The (x50-IL antibody also recognized a band close to 70 kDa in
retina and lens (black arrowhead). This antibody did not produce a 40 kDa band (gray arrowhead) in retina or in lung, which is a
control tissue for (x40. As before, a nonspecific band at ~50 kDa was also stained. In summary, these blots demonstrate that the
(x50-CT and the (x50-IL antibodies both recognize a 70 kDa band in retina, which is equivalent to MP70 or (x50 from lens. Because
(x40 is absent from retina, the (x50-CT antibody can be used to label (x50 gap junctions in retina. €, Rabbit (x50 nucleotide and
amino acid sequences. (x50 cDNA was isolated from rabbit retina. Rabbit (x501is a 1320 bp sequence that encodes a 440 aa protein,
which is 80.1 and 83.4% similar to human and mouse, respectively. Overall, the rabbit (x50 and rabbit (x40 sequences are very
similar (71%). When the C-terminal portion of rabbit (x50 was sequenced, C-terminal amino acids 425— 440 were highly similar
(87%) to rabbit (x40 C-terminal amino acids 343358, the region used to raise an antibody. The regions for the intracellular loop
(I-loop) peptide and the C-terminal peptide are marked by underlining.
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kDa in rabbit retina (Fig. 2A, lane 1).
The Cx40 antibody also recognized a
dense band of ~70 kDa in rabbit lens
(Fig. 2A, lane 5).

Mammalian lens is known to express
Cx43, Cx46, and Cx50 (White et al., 1992).
Cx50 has been identified as membrane
protein 70 (MP70), one of the major in-
trinsic proteins of the lens with an appar-
ent molecular mass of 70 kDa (White et
al., 1992). We hypothesized that the 70
kDa band recognized by the Cx40 anti-
body in rabbit retina and rabbit lens may
be Cx50. We note that amino acids 425—
440 from the C-terminal of rabbit Cx50
are highly similar (87%) to amino acids
343-358 from the C-terminal of rabbit
Cx40. To test this hypothesis, we per-
formed Western blots with another spe-
cific antibody against the intracellular
loop of Cx50 (Cx50-IL) (White et al.,
1992). Figure 2 B shows that this antibody
also recognized the same 70 kDa band in
rabbit retina as well as the high molecular
weight band (MP70) in rabbit lens. This
indicates that Cx50 is expressed in rabbit
retina, and the Cx40 antibody from
Chemicon also recognizes the C-terminal
of rabbit Cx50. Therefore, throughout the
rest of the paper, this antibody will be re-
ferred to as Cx50-CT.

To examine whether Cx50 is expressed
in retina, we performed RT-PCR on rab-
bit retina total RNA with Cx50-specific
primers. This resulted in amplification
of several fragments of Cx50 cDNA. We
subsequently used 3’-rapid amplifica-
tion of ¢cDNA ends to amplify the
C-terminal portion of Cx50 to yield
the full coding region of Cx50 (Fig. 2C).
The coding region of rabbit Cx50 was
1320 bp and encoded a 440 aa protein.
Rabbit Cx50 was 80.1% similar to hu-
man Cx50 and 83.4% similar to mouse
Cx50 at the amino acid level.

Because the connexin responsible for
the densely coupled network of A-type
horizontal network was unknown (Deans
and Paul, 2001; Mills et al., 2001), we ex-
amined isolated A-type HCs to see
whether they expressed Cx50 mRNA.
Rabbit retina was dissociated, and A-type

commercial antibody against a Cx40 C-terminal peptide (amino
acids 340-358). We examined whether this antibody recognized
connexins in Western blots of rabbit tissues. Cx40 occurs in heart
and lung tissues, and antibodies against Cx40 label a band in
Western blots that is near the predicted molecular weight (40
kDa) (Beyer et al., 1992; Hennemann et al., 1992; Gros et al.,
1994; Kanter et al., 1994). The Cx40 C-terminal antibody rec-
ognized this band in heart and lung tissues from rabbit (Fig.
2A) but did not recognize a comparable band in rabbit retina.
A nonspecific band of ~50 kDa was detected in all three tis-
sues. In addition, the Cx40 antibody labeled a band of ~70

HCs were easily identified based on their morphology (Fig. 3A).
We collected single A-type HCs with a suction pipette and iso-
lated RNA for single cell RT-PCR. As a positive control, 3-actin
was amplified from dissociated cells by RT-PCR. On the B-actin-
positive samples, primers specific for Cx50, Cx40, and metabo-
tropic glutamate receptor 6 (mGluR6) were used in RT-PCR.
Eighteen of 20 B-actin-positive cells were positive for Cx50, but
all were negative for Cx40 and mGluR6. Examples of RT-PCR
from a few A-type HCs are shown in Figure 3B. These experi-
ments indicate that Cx50 is expressed by rabbit A-type horizontal
cells.
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Figure 3. Single-cell RT-PCR and Western blot analyses show (x50 is expressed in rabbit
A-type horizontal cells. A, Dissociated A-type HCs from dissociated rabbit retina were identified
based on their characteristic morphology and collected for single-cell RT-PCR with a suction
pipette. B, Single-cell RT-PCR shows that (x50 is expressed in A-type HCs of the rabbit retina. M,
The 100 bp molecular weight standard. Lanes 1— 4 show different individual A-type HCs; lane 5
shows no DNA negative control; lane 6 shows positive control with rabbit retina cDNA. The
expected size of the product is 284 bp. Thus, these experiments indicate that (x50 is expressed
by isolated rabbit A-type HCs.

A-type horizontal cells express connexin 50

A-type HCs in the rabbit retina can be labeled conveniently with
antibodies against calbindin (Rohrenbeck et al., 1987). A few
other structures, such as B-type somas and certain bipolar cells
are also lightly labeled, but the most prominent structure is the
matrix of A-type HCs (Massey and Mills, 1996). The two different
Cx50 antibodies, against the intracellular loop (I-loop) or C ter-
minus, were used in double label experiments with essentially the
same result (Fig. 4). Cx50 labeling is confined to the A-type HCs,
and both antibodies revealed similar labeling patterns. Where
large primary dendrites cross, there are often giant Cx50 plaques
with irregular or polygonal shapes. When the horizontal cell den-
drites run parallel together, long strings of Cx50 labeling occur,
particularly in superior retina where the A-type HCs tend to be
elongated. In addition, there were many small Cx50 clusters
along the finer dendrites of the A-type HCs, which may be very
lightly stained for calbindin. A more detailed view was obtained
after filling with Neurobiotin (see below), but to a close approx-
imation, all the Cx50 immunoreactivity was confined to the ma-
trix of horizontal cells. We have learned that this pattern of label-
ing, at dendritic crossings and intersections, is diagnostic for gap
junction labeling (Mills et al., 2001).

The Cx50 C-terminal antibody appears to have a higher affin-
ity and provides brighter labeling with more detail compared
with the Cx50 I-loop antibody. The Cx50 C-terminal antibody
also produces faint and diffuse speckled labeling of the outline of
the A-type HCs, which is not present in other neurons (Fig. 4 D).
Because it is restricted to the outline of A-type HCs, this labeling
may represent the trafficking of Cx50 hemichannels in the cell
membrane as they diffuse to form Cx50 plaques. We differentiate
between the diffuse labeling, which outlines major dendrites but
contains no clusters large enough to resolve, and Cx50 plaques,
which are bright, demarcated and form gap junctions at the con-
tact points between overlapping A-type HCs.

A giant Cx50 plaque, ~7 wm in diameter (20.1 um?), is
shown at a high magnification in Figure 4 E. The plaque occurs at
the intersection of two primary A-type HC dendrites and fills the
entire region of the dendritic crossover. A through-focus image
series indicates that the gap junction plaque lies at the interface
between the two dendrites. There are “holes” in the central region
of the plaque, a feature common to large plaques in both inferior
and superior retina. It should be noted that the holes go right
through the gap junction, and they do not represent under-
sampled folds or 3D structure. Furthermore, this substructure is
found with both Cx50 antibodies and it may be a result of con-
nexin turnover. New connexons are added to the edge of the
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plaque, and old connexins are removed from the center (Lauf et
al., 2002).

To confirm the specificity of the Cx50 antibodies, both were
used in a double label experiment. Because the C terminus of
Cx50 is cleaved in the lens (White et al., 1992; Lin et al., 1997,
1998), it was possible that cleaved forms of Cx50 would not be
recognized by an antibody developed against the C terminus. These
modified forms of Cx50, however, would be recognized by the anti-
body against the intracellular loop of Cx50 (White et al., 1992).

Because the antibodies were both raised in rabbits, we fol-
lowed a sequential procedure so that one primary antibody was
developed with the first secondary (Cy3) followed by a blocking
step before the next primary was applied and visualized with
another secondary antibody of a different color (Alexa 488). With
this sequence, only the first primary antibody is exposed to Cy3,
but the Alexa 488 secondary can label both primaries. Figure 5
shows a typical result. The first Cx50 antibody against the intra-
cellular loop stained the A-type HC matrix at dendritic crossings
and areas of contact as above. The second Cx50 antibody stained
exactly the same structures. Of course, this is ambiguous because
the gap junctions could either be labeled with both primary an-
tibodies or the first antibody alone could be recognized by both
secondaries. However, the second Cx50 antibody labeled no ad-
ditional structures, and the same result was obtained if the order
of the primary antibodies was reversed. Thus, despite the limita-
tions of the sequential application, it appears that both antibodies
recognize the same structures. Recognition of the same target by
antibodies against two different regions of the same protein is
strong evidence for antibody specificity and the presence of Cx50
in the A-type HC matrix. Additionally, because the substructure
was still present in the large plaques using both antibodies, we
believe that the holes in large Cx50 gap junctions result from
plaque remodeling rather than from Cx50 cleavage (Lauf et al.,
2002; Zampighi et al., 2005).

Size analysis

To determine the distribution of Cx50 plaques and the relative
contribution of giant plaques, a size analysis was conducted. A
threshold intensity of 60 was applied to remove background sig-
nals and puncta smaller than 0.1 wm?, approximately the resolu-
tion limit of the microscope, were excluded. These signals fall into
at least three groups that could not be discriminated: (1) a fine
background noise randomly distributed throughout the images;
(2) a fine diffuse label dispersed throughout the major horizontal
cell dendrites, which may represent hemichannel trafficking be-
fore incorporation into a gap junction; this diffuse labeling con-
tained no resolvable plaques; (3) some extremely small gap junc-
tion clusters close to the detection limit.

The size analysis showed several trends (Table 1, Fig. 6). First,
Cx50 plaques displayed a wide variety of shapes and sizes, which
ranged from 0.1 wm? puncta to giant plaques larger than 100
wm? The Cx50 plaques in whole-mount rabbit retina had an
average of 0.55 = 0.82 um?. Second, in central retina, small gap
junctions were predominant, both numerically (86%) and in
their contributions to the total area (44%). In peripheral retina,
small gap junctions were still numerous (66%), but they only
accounted for 22% of the total area, as opposed to 44% for me-
dium Cx50 clusters (1-5 wm?). Many small gap junctions oc-
curred where fine horizontal cell dendrites crossed beneath the
cone pedicles (see below). Third, the large gap junction structures
(>5 um?) occurred more often in peripheral retina where they
accounted for ~5% of gap junctions, compared with <1% in
central retina. Thus, peripheral gap junctions tend to be larger.
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Figure 4. (x50 plaques occur at dendritic crossings in calbindin-labeled A-type horizontal cells. A—D, Whole-mount rabbit
retina labeled with calbindin antibody (red) and antibodies that recognized different regions of (x50, either (x50-IL (A, B) or
(x50-CT (€=F) (green). Both (x50 antibodies produced the same results. Many small (x50 plaques occur along the fine A-type HC
dendrites, but most notably, giant (x50 plaques appear at the dendritic crossings of A-type HC primary dendrites. A, B, Long (x50
“strings” occur more often in superior retina where A-type HC dendrites run parallel (arrow). €, Inferior retina shows very promi-
nent giant (x50 plaques. D, An enlarged field from the box in € shows the (x50 labeling alone. Faint diffuse staining occurs along
some of the primary dendrites, which may represent hemichannel trafficking. Scale bars: 4, B, 20 wm; (, 25 um; D, 10 um. E, F,
A high-magpnification image shows that small (x50 plaques occur on the intersections of fine A-type HC dendrites. [Some fine
dendrites are not visible after staining with the calbindin antibody (see Results and Fig. 7).] In addition, a large (x50 plaque, 7.3
um in diameter (20.1 um 2), occurs at the intersection of two primary A-type HC dendrites. The “holes” within the (x50 plaque
may result from connexin turnover. Scale bars: E, F, 10 m.

Giant Cx50 plaques occurred where large, primary dendrites
crossed. The largest Cx50 plaque in this analysis was 113 um?
with significant substructure present within the plaque. In fact,
the giant Cx50 plaque in Figure 8 is 63 wm?. Fourth, in superior
retina, the largest gap junctions occurred as long linear rows or
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“strings” between adjacent dendrites,
whereas round or oval structures were
more common in inferior retina.

At 1 mm below the visual streak (~3.6
mm inferior to the myelinated band), we
estimated that the Cx50 plaques covered a
total area of at least 4.1 X 10* um?/mm?
(Fig. 6B). Dividing by the local density
of A-type HCs at this eccentricity (365/
mm?) (Mills and Massey, 1994), we esti-
mate that there is ~112 wm?* of Cx50 gap
junction per A-type HC. Additionally, at 1
mm from the visual streak, the largest
Cx50 plaque covered 52.3 um?. In this re-
gion, there were 213 gap junction plaques
per A-type HC. As we have seen, giant
plaques often have central holes. How-
ever, the holes were not included in the
size analysis because only contiguous pix-
els in the gap junction plaque were se-
lected. The connexin area per tissue area
increased slightly from the central to pe-
ripheral retina. As the horizontal cell
density decreased from central to pe-
ripheral retina, the connexin area per
horizontal cell increased from 75 to 244
wm? per HC cell (Fig. 6 B). This mirrors
the increase of ~3 in dendritic field area
from central to peripheral retina, the re-
ciprocal of the fall in cell density, as re-
quired to maintain an even coverage across
the retina (Mills and Massey, 1994). Thus,
the number of gap junctions per unit area of
horizontal dendritic field appears to be in-
variant across the retina.

Connexin 50 is located on horizontal
cell dendrites beneath the cone pedicle
In the above experiments, when calbindin
was used as a marker for A-type HCs, we
noticed that small Cx50 clusters were of-
ten found at the terminal dendrites, in the
vicinity of cone pedicles. Because it is
difficult to visualize the fine dendrites of
horizontal cells in material labeled for
calbindin, we chose to fill A-type HCs with
Neurobiotin. In fact, the extensive cou-
pling between A-type HCs results in a rel-
atively poor fill from a single tracer injec-
tion, because the Neurobiotin diffuses
away through the major dendrites of the
horizontal cell matrix. This problem was
overcome by injecting a ring of three or four
A-type HCs to get more dye into the matrix.
Under these conditions, large sections of the
A-type HC matrix were completely filled so
that even the finest terminal dendrites were
labeled (Fig. 7).

Alow-power view (Fig. 7A) shows the A-type HC matrix filled
with Neurobiotin. The major dendrites are prominent, as with
the calbindin antibody, but in addition, many fine dendrites and
the terminal clusters, which indicate the sites of cone pedicles, are
also labeled. It should be noted that essentially all of the Cx50
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Figure 5.
izontal cells. Sequential labeling with (x50-IL and (x50-CT antibodies. A, The (x50-IL antibody
(red) labeled gap junction plaques on the calbindin-labeled matrix of A-type HCs (blue). B, In
the same piece of retina, sequential labeling with (x50-CT antibodies (green) marked the same
structures with no additional labeling. The overlap from the two (x50 antibodies (red plus
green) produces yellow labeling. The same result was obtained if the sequence of (x50 anti-
bodies was reversed. Scale bars, 10 um.

Antibodies against (x50-IL and (x50-CT label the same structures on A-type hor-

labeling is found on the A-type HC matrix when it is completely
filled in this way with Neurobiotin. This suggests that only A-type
HCs express Cx50. The large plaques occur at the intersections of
major dendrites but many small Cx50 profiles are found along
small branches, particularly where they cross major dendrites. A
high-magnification view shows that several fine dendrites con-
verge to form a terminal cluster (Fig. 7B). Several small Cx50
profiles seem to occur between horizontal cell dendrites beneath
the cone pedicle.

There are few selective markers to label the cone pedicles.
However, certain OFF cone bipolar cells express kainate recep-
tors on their dendritic processes and they may be labeled with an
antibody against GluR5 (Haverkamp et al., 2001, 2003; Li and
DeVries, 2004). This procedure effectively marks the sites of the
cone pedicles (Fig. 8A). As expected, the terminal clusters of
A-type HCs are found at every cone pedicle where the horizontal
cell processes are intermingled with the dendrites of OFF cone
bipolar cells. Giant Cx50 gap junctions are found on major den-
drites without regard to the cone mosaic. This is particularly
obvious for the giant plaque in Figure 8 A, which has an area of 63
wm? and typical holes in the central region. In addition, many
small Cx50 plaques occur at or close to the cone pedicles. How-
ever, this is not a requirement, because some cone pedicles,
marked by the presence of GluRS5, have little or no Cx50 labeling
(Fig. 8 A). At high magnification, it can be seen that several hor-
izontal cell processes converge at a single cone pedicle (Fig. 8 B).
The GluR5 and the Neurobiotin labeling are not colocalized. This
is because they label two different types of neurons, OFF cone
bipolar cells and A-type HCs, which both converge at the cone
pedicle mosaic. There are several small Cx50 plaques close to the
site of the cone pedicle (Fig. 8C). The Cx50 plaques occur exclu-
sively on the A-type HC dendrites where they branch and meet
beneath the cone pedicle (Fig. 8 D).

Two dye injections

When the A-type HC matrix is uniformly filled with Neurobi-
otin, it can be seen that Cx50 is confined to A-type HCs. How-
ever, it is frequently difficult to tell whether the gap junctions
occur between two different cells or in isolation, especially along
the finer dendrites. Specifically, because gap junction proteins
migrate and dock to form gap junction plaques at the contact
point between two cells, we expect to find Cx50 plaques where
two cells are in close apposition. The complexity and overlap
within the matrix makes it necessary to label different horizontal
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cells with distinct markers so they can be clearly distinguished.
This was achieved by filling single A-type HCs with Alexa 568
hydrazide in a patch of matrix previously labeled with Neurobi-
otin in the usual way. In Figure 9, a single A-type HC is labeled
with both Neurobiotin and Alexa 568, and it is shown in purple
(blue plus red) against a background of cells filled with Neurobi-
otin only (blue).

In Figure 9C, a string of small Cx50 plaques occurs between
two A-type HC dendrites that run closely parallel. There are mul-
tiple gap junctions along the length of the adjoining dendrites.
This would have been almost impossible to see without differen-
tially labeling the horizontal cell processes. At terminal clusters,
beneath the cone pedicle, it is clear that both blue and purple
processes converge. Furthermore, at some terminal clusters, it
appears that the Cx50 plaques occur at contact points between
the dendrites of differentially labeled horizontal cells. It is also
possible that some Cx50 plaques could occur between dendrites
arising from the same HC. In the cluster circled in Figure 9D,
there are three small Cx50 plaques and they all occur where the
blue and purple dendrites are mingled. In summary, the two dye
injections demonstrate that Cx50 gap junctions are found at the
contact points between different A-type HCs. This is the expected
location for a horizontal cell gap junction. We were unable to
detect Cx50 on isolated dendrites, which suggests either there
were no unapposed hemichannel aggregates or they were below
the detection threshold.

B-type horizontal cells do not express Cx50

The rabbit retina contains B-type HCs as well as A-type HCs.
However, B-type HCs have different dye coupling properties
(Vaney, 1993; Mills and Massey, 1994, 2000). This immediately sug-
gests the presence of distinct connexins in each horizontal cell type.
Therefore, we examined the expression of Cx50 in B-type HCs.

In a triple-label experiment, a single B-type HC was dye in-
jected with Neurobiotin (red), producing a small patch of cou-
pled cells with an overlapping matrix of dendrites (Fig. 10A).
B-type HCs have more radial dendrites, and many dendritic
crossings between neighboring cells are present in this field. Nu-
merous Cx50 plaques (green) are present in this frame but they
are not colocalized with the dendrites of B-type HCs. Specifically,
Cx50 plaques do not occur at dendritic crossings in the B-type
HC matrix.

The outer plexiform layer is actually somewhat stratified in
that the major dendrites of A-type HCs are adjacent to the inner
nuclear layer, whereas the finer B-type processes tend to lie a little
higher, toward the cone pedicles. Thus, to obtain a complete view
of the A-type HCs, the injected B-type HC, and the Cx50 plaques,
it was necessary to present a projected stack of images. To visual-
ize A- and B-type HCs from the somas in the inner nuclear layer
through to the terminal dendrites, this image was reconstructed
through the entire outer plexiform layer (OPL) (37 X 0.3 pum;
11.1 wm). This also has the advantage of flattening ripples in the
tissue. However, because this image is a confocal stack, occasion-
ally there was coincidental overlap between the Cx50 labeling and
the B-type HCs. In these examples, animating through the
stacked images showed that Cx50 labeling was always at a differ-
ent depth in an A-type process.

In the same field, the A-type HC matrix was labeled with an
antibody against calbindin (blue) (Fig. 10B) and the Cx50
plaques were labeled with a C-terminal antibody (green). As be-
fore, it is immediately obvious that Cx50 plaques are almost en-
tirely restricted to the matrix of A-type HCs. Thus, the Cx50
plaques appear cyan (green plus blue) because they are colocal-
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Table 1. Size analysis of (x50 gap junctions in rabbit retina
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Very small puncta Small clusters Large clusters Very large plaques Extra large plaques Giant plaques Largest plaque
0.1-1 p,mz) (1-5 ;Lmz) (5-10 ,umz) (10-20 ,umz) (20-40 umz) (>40+ umz) (Mmz)
Central retina
Area (mean = SD) 032 £0.22 1.83 = 0.85 6.86 = 1.41 13.9 £ 2.60 30.3 = 5.86 46.9 = 4.95 52.2
Fraction of total number 86.9% 12.3% 0.58% 0.16% 0.04% 0.01%
Fraction of total area 47.9% 38.5% 6.79% 3.71% 2.22% 0.93%
Superior retina
Area (mean = SD) 0.35 £ 0.24 2.05 £ 096 6.87 £ 1.31 13.8 =293 253 £ 447 41.0 = 0.00 41.0
Fraction of total number 72.0% 23.8% 3.02% 0.97% 0.20% 0.01%
Fraction of total area 22.3% 43.0% 18.2% 11.7% 4.47% 0.34%
Inferior retina
Area (mean = SD) 037 £0.24 2.05 = 0.96 6.79 = 1.35 13.1 =243 26.2 = 5.04 423 =294 113
Fraction of total number 71.4% 25.1% 2.49% 0.78% 0.18% 0.06%
Fraction of total area 22.8% 44.6% 14.7% 8.85% 4.16% 2.10%
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Figure6. (x50 plaque areaincreases from central to peripheral retina. 4, In central retina, the extra small puncta (0.1-1 m?)
accounted for both the largest percentage and area covered (85.7 and 44.4%, respectively). Conversely, large (x50 plaques (>5
14m %) were more prominent in peripheral retina. B, The sum of all (x50 plaque areas increased slightly from central to peripheral
retina (central, 4.2 X 10* wm %/mm?; peripheral, 4.8 X 10* .m */mm2); also, the (x50 plaque area per A-type HC was greater
in peripheral inferior retina. (x50 area per horizontal cell increased from 75 to 244 um 2 per HC cell.

Figure 7. (x50 plaques occur where fine A-type horizontal cell dendrites converge under cone pedicles. A, A-type HCs were
filled with Neurobiotin to visualize the finer dendrites. (x50 labeling was confined to the A-type HC network. Larger (x50 plaques
occurred at the intersection of major dendrites. Small (x50 puncta occur where fine dendrites meet, often at terminal clusters associated
with cones. B, High-resolution view of a terminal cluster (circle). (x50 labeling is seen where fine dendrites converge underneath the cone
pedicle. Scale bars: 4,10 pum; B, 5 um.

ized with A-type HCs. The presence of a
few isolated Cx50 plaques is attributable
to the difficulty of staining fine HC den-
drites with the calbindin antibody.

We also performed a quantitative anal-
ysis of colocalization for Figure 10. In Fig-
ure 10 B, 96.8% of the Cx50 pixels (green)
were colocalized with the calbindin signals
in A-type HCs (blue). This is slightly less
than 100% attributable to understaining
of A-type HCs with the calbindin anti-
body. When the Cx50 image was rotated
through 90° increments, to destroy the
registration between the two labels, the co-
localization was reduced to 48.3%. This
represents the random overlap between
two nonaligned images. In Figure 104,
53% of the Cx50 pixels were colocalized
with the Neurobiotin-filled B-type HCs
(red). However, when the Cx50 channel
was rotated through 90° increments, the
colocalization with B-type HCs was still
48.7%. Thus, the apparent colocalization
between Cx50 and B-type HCs was almost
random, barely reduced by rotating one
channel of the image out of alignment. If
there is some slight preference for the orig-
inal orientation, this could be attributable
to cofasciculation in the OPL, where the
dendrites of A-type and B-type HCs run
together. This analysis indicates that es-
sentially all of the Cx50 plaques are found
on the dendrites of A-type HCs and not
B-type HCs.

Finally, we used image analysis to se-
lect, align, and average structures of par-
ticular interest, in this case Cx50 plaques
(Li et al., 2002). A sampling box was cen-
tered on each Cx50 plaque, and then the
boxes were clipped from the image,
aligned, and averaged. This gives the aver-
age structure for a repeated motifsuch asa
gap junction. Then, the average distribu-
tion of the other channels around the se-
lected structure can be determined. When
evaluated, the Cx50 signal was correlated
with the peak of the calbindin labeled
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Figure8. (x50 plaques occur under cone pedicles at fine dendritic crossovers. 4, A-type HCs
in the inferior rabbit retina were filled with Neurobiotin (red). Several giant (x50 plaques
(green) occur at the intersections of large A-type HC dendrites. The giant (x50 plaque in the
centeris 63 .um 2 The positions of the cone pedicles in the background are marked by staining
OFF bipolar dendrites for GIuR5 (blue). Small (x50 plaques are close to many, but not all, cone
pedicles. B, High-resolution view of the circled area shows A-type HC dendrites converging ata
cone pedicle whose position is shown by GIuRS labeling. €, Small (x50 plagues at the same
location. D, Triple-label image shows fine A-type HC dendrites are interconnected by small (x50
gap junctions beneath the cone pedicle. Scale bars: 4, 10 ym; B=D, 2 um.

A-type HCs, but not the Neurobiotin-injected B-type HC (data
not shown). When the A-type and B-type HC images were ro-
tated 90° out of phase, as a control, then neither cell type corre-
sponded to the Cx50 peak signal. Thus, Cx50 is correlated with
A-type but not B-type HCs, and this is consistent with the pixel
analysis above. In turn, this suggests that B-type HCs use a differ-
ent connexin, and this is consistent with results of dye-coupling
experiments.

Connexin 50 does not form plaques within the cone

pedicle invagination

Recently, it has been proposed that horizontal cell feedback to
cones is mediated by hemichannels on the dendritic tips of hor-
izontal cells, apposed to the cone pedicle membrane within the
synaptic invagination (Kamermans et al., 2001). In a schematic
cone pedicle, the processes of horizontal cells and ON cone bipo-
lar cells are shown invaginating close to the synaptic ribbon [sup-
plemental material, available at www.jneurosci.org; modified
from Haverkamp et al. (2000)]. In contrast, OFF cone bipolar
cells make basal synapses, some of which use kainate receptors at
a distinctly different level (DeVries, 2000; Haverkamp et al.,
2003). The proposed hemichannel locations are on the dendritic
tips of the horizontal cell processes (supplemental material, avail-
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able at www.jneurosci.org; shown as yellow dots), whereas the
locations of gap junctions between the converging dendrites of
horizontal cells occur beneath the cone pedicle. To determine
whether Cx50 is found at either of these locations, it is a simple
matter to compare the relative position of the Cx50 labeling to the
position of the OFF bipolar cell basal synapses, which can be
marked with an antibody against GluR5. Hemichannel labeling
should be above the basal synapses, and gap junction labeling
should be below.

Vibratome sections were prepared from tissue in which sev-
eral patches of A-type HCs had been dye injected with Neurobi-
otin. This approach was used because it is often difficult to see the
fine details of dendritic structure in material stained for calbi-
ndin. The A-type HCs run throughout the outer plexiform layer,
and at low power, Cx50 was distributed along the dendrites (Fig.
11). At higher magnification, when the positions of the cone
pedicles were marked by GIuR5, it can be seen that Cx50 labeling
is often nearby (Fig. 11C). The positions of three individual cone
pedicles are shown in Figure 11 D-G. The A-type HC dendrites
(red) protrude above the level of the basal synapses marked by
GluRS5 labeling (blue). The Cx50 labeling, shown in green, is
colocalized on the A-type HC dendrites, but essentially all of the
Cx50 occurs below the level of the OFF cone bipolar contacts. We
could not detect Cx50 labeling on the A-type HC dendrites above
the level of the basal synapses marked by GluR5.

In whole-mount retina, a focal series was taken of the region
just below a cone pedicle. Single labels are shown for dye-injected
A-type HCs, GluRS5 labeled OFF cone bipolar cell dendrites and
Cx50 in addition to the triple-labeled images (Fig. 12, last col-
umn). In the first row (Fig. 12A-D), the level of focus is on the
dendritic tips of the A-type HCs. There is no labeling for GluR5 at
this level because the A-type HC dendrites are higher within the
cone pedicle invagination. There is also no Cx50 labeling at this
level. In the second row (Fig. 12 E-H ), the focus is on the GluR5-
labeled contacts that mark the base of the cone pedicle. The
A-type HC labeling is more extensive at this level, but again, there
is almost no Cx50 labeling. In the third row (Fig. 12I-L), the focal
plane is on the A-type HC dendrites where they converge beneath
the cone pedicle. The GluR5 labeling is absent, but there is sub-
stantial Cx50 labeling. The final column of triple-label images
(Fig. 12J-L) shows that, high within the invagination, there are
only A-type HC dendrites (red). At the base of the cone pedicle,
A-type HC dendrites and GluR5-labeled OFF bipolar dendrites
are interspersed. And, finally, beneath the cone pedicle, there is
extensive colocalization of Cx50 in the A-type HC dendrites. In
summary, we were unable to detect Cx50 labeling on the den-
dritic tips of A-type HCs within the cone pedicle invagination.
Rather, Cx50 gap junctions are found on the A-type HC matrix
below the cone pedicle base. These results do not support a role
for Cx50 in the hemichannel-mediated mechanism of horizontal
cell feedback.

Connexin 50 in A-type horizontal cells of the cat retina

The cat retina also contains both A-type and B-type HCs, similar
to the rabbit retina (Boycott et al., 1978). In contrast, the mouse
retina only contains only one type of horizontal cell similar to
B-type HCs (Peichl and Gonzalez-Soriano, 1994). A supplemen-
tal figure (available at www.jneurosci.org as supplemental mate-
rial) shows a region of cat retina double labeled with calbindin
and Cx50. The thick primary dendrites of the cat A-type HCs are
clearly visible, crossing each other. In addition to the thick pri-
mary dendrites, some finer secondary dendrites are also stained
for calbindin. When the distribution of Cx50 was examined in the
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Figure 9.  Two dye experiments show (x50 gap junctions at contact points between different A-type horizontal cells. A, An
A-type HC was injected with an Alexa 568 hydrazide (red), and the surrounding A-type HC network was filled with Neurobiotin
(blue). (x50 plaques (green) occur where individual dendrites of one A-type HC contact another A-type HC. B, In a different pair,
(x50 forms gap junction plaques where a small dendrite crosses another of large diameter. €, (x50 forms a linear row of gap
junctions where two A-type dendrites contact as they run in parallel. This picture is enlarged from A. D, In another pair of cells, (x50
forms gap junction puncta where A-type HCs converge under a cone pedicle (circled). Scale bars: 4, 20 wm; B-D, 5 um.

Figure10.  B-type horizontal cells do not express (x50. 4, A patch of coupled B-type HCs was filled with Neurobiotin (red). (x50
plaques (green) did not colocalize with B-type HCs. Shown is a confocal stack through the OPL, 37 X 0.3 wm optical sections. B,
The same field showing A-type HCs stained with an antibody against calbindin (blue). (x50 plaques (green) are almost entirely
colocalized within the matrix of A-type HCs and thus appear cyan (green plus blue). A few apparently isolated (x50 plaques were
associated with lightly stained fine A-type HC dendrites (see Results). Scale bars, 10 pem.

cat retina, Cx50 plaques were found on the A-type HC network at
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mary dendrites. Thus, Cx50 may account
for coupling between axonless horizontal
cells in other mammalian species in addi-
tion to the rabbit.

Discussion

Itis becoming clear that electrical synapses
constructed from connexins are impor-
tant network components with specific
functional properties in the mammalian
retina. In this paper, we describe the dis-
tribution of Cx50 in A-type HCs in the
rabbit retina. The size and number of
Cx50 gap junctions are consistent with the
extensive coupling of the A-type horizon-
tal cell network.

Gap junctions in the A-type horizontal
cell network contain connexin 50

In this type of study, it is important to es-
tablish the specificity of the antibody used
to locate Cx50. Although the C-terminal
antibody that we used recognized a se-
quence common to Cx40 and Cx50, West-
ern blot analysis showed that only Cx50
was expressed in the rabbit retina. Fur-
thermore, the antibody was shown to rec-
ognize Cx50 from the lens and an anti-
body against the intracellular loop of Cx50
labeled the same structures as the
C-terminal antibody. When two antibod-
ies against different portions of a sequence
(in this case, C terminus and intracellular
loop) recognize the same target, this repre-
sents strong evidence for antibody specific-
ity. RT-PCR using dissociated A-type HCs
also identified Cx50, as reported previously
(Huang et al., 2005). In summary, these re-
sults indicate that the C-terminal antibody
was specific to Cx50 and could be used in
immunolocalization studies.

Of all of the structures in the retina,
only A-type HCs were positive for Cx50.
Cx50 plaques were found at dendritic
crossings and contact points in the A-type
HC matrix. The presence of large plaques
at junctions between major dendrites was
particularly noticeable. This kind of con-
nexin staining pattern, also reported for
Cx36 at dendritic crossings in the AIl am-
acrine cell matrix, is diagnostic for gap
junction labeling (Mills et al., 2001).

Distribution and size of Cx50 can
account for the extensive A-type

HC coupling

It is instructive to estimate the coupling
that may result from the Cx50 gap junc-
tions between A-type HCs. In a gap junc-
tion plaque, the center-to-center spacing

dendritic intersections. Additionally, the Cx50 plaques in the cat  of individual connexins is ~10 nm. Thus, each channel occupies
retina had a similar size distribution, from small puncta on fine ~ ~100 nm? at a density of ~10,000 channels/um? (Caspar et al.,
dendritic crossings to large plaques at the intersections of pri-  1977; Peracchia, 1977; Bukauskas et al., 2000). The giant plaques
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have significant substructure and spacing;
however, this extra space is eliminated in
the size analysis because only contiguous
pixels are included. Thus, for a giant
plaque of 52 wm? in central retina, there
are ~520,000 channels. However, the gat-
ing properties mean that the channels are
not all open at the same time. It has been
estimated that <2% of channels are open
in a small gap junction plaque, but that as
much as 10-20% of channels are open for
plaques of 0.5 wm in diameter (0.25 wm?)
(Bukauskas et al., 2000). If 2% of the chan-
nels are open, then there are ~10,400
open channels in a 52 wm? giant Cx50
plaque. Because Cx50 has a high unitary
conductance of 220 pS (Srinivas et al.,
1999), a giant Cx50 plaque may have a
plaque conductance of 2.29 uS. This sug-
gests the transjunctional resistance across
a 52 um? Cx50 plaque may be as low as
0.44 MQ. Although the estimates of
plaque size may be subject to systematic
errors, especially for the smallest sizes,
there can be little doubt that the giant
Cx50 plaques reported here must have a
very low transjunctional resistance.

We also calculated the total Cx50
plaque density, which, divided by the local
density of A-type HCs, yielded 113 um?* of
Cx50 gap junctional area per A-type HCin
the central retina. All of the Cx50 gap
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Figure 11. (x50 plaques occur on A-type horizontal cell dendrites, below GIuRS OFF bipolar cell dendrites. A matrix of
Neurobiotin-filled A-type HCs was sectioned vertically to determine the relative location of (x50 plaques at the cone pedicle. A,
A-type HC somas occupied a lower position and the dendrites were laterally extensive at a slightly higher level in the outer
plexiform layer. At low power, (x50 gap junctions (green) were evenly distributed along the injected A-type HC dendrites (red).
INL, Inner nuclear layer; IPL, inner plexiform layer. B, C, Sections were also stained with antibodies against GluR5 to label OFF cone
bipolar cell dendrites and mark the location of the cone pedicles. It can be seen that small (x50 gap junctions are often located near
the cone pedicles. D—G, High-magnification views of a different section. D, A-type HC dendrites. Some terminal clusters are visible.
E, Indouble-label material, it can be seen that the A-type HC terminal clusters coincide with the cone pedicles and protrude above
the GluR5-labeled processes that mark the base of the cone pedicle. F, Triple-label material shows that the (x50 plaques were on
the A-type HC dendrites, slightly below the GluR5 signals, and thus farther from the synapticinvagination. G, (x50 and GIuR5 alone
also show that the (x50 plaques are below the base of the cone pedicle. Thus, we are unable to detect (x50 labeling on the
dendritic tips of A-type HC. The (x50 gap junctions are located distinctly below the cone pedicle at a level where incoming A-type
HC dendrites converge. Scale bars: A-C, 10 wm; D-G, 5 um.

junctions occur between A-type HCs, so

the total gap junction conductance between a single A-type HC
and the immediate neighbors may be as high as 5 uS, equivalent
to an extremely low coupling resistance of 0.2 M(). Dividing by
the coverage, which is ~6 in central retina, gives an estimate of
~1 MQ transjunctional resistance between two neighboring
A-type HCs. In addition, the distribution of Cx50 plaques suggests
that horizontal cells may show increased coupling in the peripheral
retina. These calculations, although necessarily approximate, sug-
gest that the gap junctions formed by Cx50 have an extremely low
resistance and may account for the extensive coupling between
A-type horizontal cells.

The staining pattern does not support a role for Cx50 in a
hemichannel mechanism for horizontal cell feedback to cones
In the absence of a conventional explanation for horizontal cell
feedback, an alternative ephaptic mechanism, based on the pres-
ence of hemichannels, has been proposed. In this model, open
hemichannels, expressed in the tips of horizontal cell dendrites,
pass sufficient current to change the voltage across the presynaptic
membrane, resulting in an increased calcium current, close to the
synaptic ribbon. This will alter the release of glutamate from the cone
pedicle (Kamermans et al., 2001). In order for this to occur, connex-
ins must be located at the tip of the horizontal cell dendrite.

Our anatomical data provide no direct evidence to support a
role for Cx50 in hemichannel-mediated feedback. First, we could
not detect Cx50 at the tips of A-type HC dendrites within the
cone invagination. Rather, triple-label experiments showed that
Cx50 plaques occurred beneath the base of the cone pedicle, not
higher apposed to the cone pedicle membrane. Second, Cx50
plaques were always found to occur between two crossed or ad-

jacent A-type HC dendrites. The position of small Cx50 plaques
beneath the cone pedicles was attributable to gap junctions be-
tween fine dendrites from different A-type HCs, as they con-
verged at individual cone pedicles. We never found unapposed
Cx50 plaques in isolated dendrites. In summary, the data in this
paper clearly demonstrate that Cx50 gap junctions occur at den-
dritic contact points in the matrix of A-type HCs. We also de-
tected faint and diffuse Cx50 labeling in the major dendrites of
A-type HCs, which may represent the trafficking of hemichannels
in the cell membrane. It is possible that hemichannels diffuse
throughout the entire cell, but we were unable to detect any Cx50
signal on A-type HC dendrites within the cone pedicle invagina-
tion. Although our data do not support a role for Cx50, we cannot
rule out contributions from other connexins should they be ex-
pressed by A-type HCs.

Cx50 regulation and horizontal cell modulation have some
similar properties
Cx50 occurs primarily in the lens where it forms gap junctions
between lens fiber cells. Furthermore, mutations in Cx50 result in
cataract formation in the lens (White et al., 1998). Similar to
A-type HCs, lens fibers also exhibit tracer coupling with Lucifer
yellow (Tenorio et al., 1996). The open/closed state of Cx50 is pH
dependent over a narrow range and channels close in an acidic
environment (Xu and Yang, 2002). The pH sensitivity is primar-
ily located in the C terminus, which is naturally truncated within
the lens core to facilitate homeostasis (Lin et al., 1998; Xu and
Yang, 2002).

The pH sensitivity of Cx50 may be significant because the
uncoupling of A-type HCs in the rabbit retina in response to
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exogenous dopamine only occurs within a narrow acidic pH
range (Hampson et al., 1994). Furthermore, the fluctuation of pH
in the outer plexiform layer has a circadian rhythm (Dmitrievand
Mangel, 2001). This suggests a possible mechanism whereby
A-type HC coupling could also be regulated in a circadian cycle.

Multiple neuronal connexins are expressed in the

rabbit retina

In this paper, for the first time, we have demonstrated the pres-
ence of Cx50 gap junctions in neurons. The expression of Cx50 in
A-type HCs appears to be common to both rabbit and cat retinas,
suggesting that Cx50 gap junctions may be cell type specific. In
contrast, the axon-bearing B-type HC, which also forms a cou-
pled network, does not express Cx50. In the mouse retina, which
has only one axon-bearing type of horizontal cell analogous to the
rabbit B-type, Cx57 was expressed in horizontal cells, and in a
Cx57 knock-out, there was no coupling in the horizontal cell
matrix (Peichl and Gonzalez-Soriano, 1994; Hombach et al., 2004).
This may suggest that B-type HCs in the rabbit retina also express
Cx57. Because the two kinds of horizontal cell in the rabbit overlap
extensively in the outer plexiform layer, the expression of different
connexins may ensure specificity between the two independent net-
works. In addition, the large conductance of Cx50 channels and the
large size of the Cx50 plaques are responsible for the much greater
degree of coupling in the A-type HC network.

Thus, it is now clear that there are multiple neuronal connex-
ins that are responsible for coupling in different neuronal net-
works. In addition to Cx50 and Cx57, which appear to be specific
to horizontal cells, the retina also uses Cx36 and Cx45. Cx36 is
localized to AIl amacrine cells and photoreceptors, among other
cells, whereas Cx45 is expressed in bipolar cells and bistratified
ganglion cells (Feigenspan et al., 2001, 2004; Mills et al., 2001; Lee
et al., 2003; Maxeiner et al., 2005; Schubert et al., 2005; Volgyi et
al., 2005). Thus, four neuronal connexins have been identified in

(x50 plaques occur below the cone pedicle where horizontal cell dendrites converge. Different focal planes of whole-mount retina, near a cone pedicle, are shown. A-type HC dendrites
were scanned every 0.2 um after injection of Neurobiotin (red) and staining with (x50 (green) and GIuR5 (blue). A-D, At the level of the horizontal cell tips, high within the cone pedicle invagination,
there was no GIuR5 (B) or (x50 labeling (€). The triple-label image (D) shows only horizontal cell dendrites. E~H, At the base of the cone pedicle, marked by the staining of GluR5-labeled OFF bipolar
dendrites (F), there was a little (x50 staining (G), colocalized with A-type HC dendrites. In the triple-label image (H), the dendrites of OFF cone bipolar cells and A-type HCs are interspersed, not
colocalized. I-L, Below the base of the cone pedicle, A-type HC dendrites converge (/), there is no GIuRS5 labeling (/), and there are prominent (x50 plaques (K). The triple-label image shows that
the (x50 plaques occur at dendritic crossings and contacts in the matrix of A-type HC dendrites (L). Scale bar: A=L, 2 um.
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the mammalian retina: Cx36 (the dominant neuronal connexin),
Cx45, Cx50, and Cx57.
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