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Abstract
Photoreceptors are coupled via gap junctions in many mammalian species. Cone-to-cone coupling
is thought to improve sensitivity and signal-to-noise ratio while rod-to-cone coupling provides an
alternative rod pathway active under twilight or mesopic conditions (Smith et al., 1986; DeVries et
al., 2002; Hornstein et al., 2005). Gap junctions are composed of connexins and Cx36, the
dominant neuronal connexin, is expressed in the outer plexiform layer. Primate (Macaca mulatta)
cone pedicles, labeled with an antibody against cone arrestin (7G6) were connected by a network
of fine processes called telodendria and, in double-labeled material, Cx36 plaques were located
precisely at telodendrial contacts between cones, suggesting strongly they are Cx36 gap junctions.
Each red/green cone made non-selective connections with neighboring red/green cones. In
contrast, blue cone pedicles were smaller with relatively few short telodendria and they made only
rare or equivocal Cx36 contacts with adjacent cones. There were also many smaller Cx36 plaques
around the periphery of every cone pedicle and along a series of very fine telodendria that were
too short to reach adjacent members of the cone pedicle mosaic. These small Cx36 plaques were
closely aligned with nearly every rod spherule and may identify sites of rod-to-cone coupling,
even though the identity of the rod connexin has not been established. We conclude that the matrix
of cone telodendria is the substrate for photoreceptor coupling. Red/green cones were coupled
indiscriminately but blue cones were rarely connected with other cones. All cone types, including
blue cones, made gap junctions with surrounding rod spherules.
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In the mammalian retina, cones support color vision under relatively bright conditions and,
in the primate fovea, they are densely packed to support the highest acuity. Rods are much
more numerous, except in central retina, and they have increased sensitivity to function in
low light conditions. There are several different but partially redundant rod and cone
pathways through the retina: together, they provide a visual range covering 10 log units of
intensity. Certain retinal cell types form networks coupled via gap junctions, thought to
serve functions such as signal averaging and noise reduction (Sohl et al., 2005; Bloomfield
and Volgyi, 2009). In addition, gap junctions can provide alternative signal pathways. Cx36,
the dominant neuronal connexin, is an essential component of the high gain rod pathway
(Deans et al., 2002).
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Ultrastructural studies have revealed gap junctions between cones, as well as between cones
and rods, in many mammalian species (Raviola and Gilula, 1973; Smith et al., 1986; Ahnelt
et al., 1990; Tsukamoto et al., 1992; Kolb et al., 1997). In primate and ground squirrel, red/
green or green cones were dye coupled and paired recordings showed that electrical
coupling was bidirectional. In both species, blue cones were not coupled to surrounding
cones despite the anatomical finding that blue cones in the primate retina made occasional
gap junctions with other cones (DeVries et al., 2002; Hornstein et al., 2004; Li and DeVries,
2004). Cones and rods were also dye coupled (Hornstein et al., 2005) and, definitively, in
rod-cone pairs from the ground squirrel retina, electrical signals were transmitted
bidirectionally (Li et al., 2010). In addition, signals bearing a rod signature could be
recorded in cones and in horizontal cells that were exclusively connected with cones (Nelson
et al., 1975; Nelson, 1977; Schneeweis and Schnapf, 1995; Schneeweis and Schnapf, 1999;
Hornstein et al., 2005). These signals are thought to be transmitted by rod to cone gap
junctions which are controlled by a circadian clock via D2-like dopamine receptors
(Ribelayga et al., 2008; Ribelayga and Mangel, 2010).

Cones express Cx36, in the mouse, guinea pig, ground squirrel and bass retina (Lee et al.,
2003; Feigenspan et al., 2004; Li and DeVries, 2004; O’Brien et al., 2004). The proposed
sites of electrical coupling are the telodendrial contacts between cones. Telodendria are very
fine processes emanating from the base of each cone pedicle which have been difficult to
visualize except by electron microscopy (Raviola and Gilula, 1975; Kolb, 1977; Smith et al.,
1986; Ahnelt et al., 1990; Tsukamoto et al., 1992; Kolb et al., 1997; Tsukamoto et al., 2001).
We used an antibody, 7G6, against cone arrestin (Wikler et al., 1997; Zhang et al., 2003), to
label cones in the primate retina and examine the distribution of Cx36 gap junctions. Cx36 is
located at telodendrial contacts between red/green cones but blue cones have short
telodendria which rarely reach neighboring cones. In addition, all cones, including blue
cones, make Cx36 gap junctions with many surrounding rod spherules.

Materials and Methods
Rhesus macaque (Macaca mulatta) eyes, from animals of either sex, were purchased from
Covance Research Products (CRP: Alice, TX). The macaque eyes were enucleated and
hemisected. The posterior eyecup, composed of the retina, choroid and sclera, was placed in
a jar containing 4% paraformaldehyde in 0.1 M phosphate buffer (PB) (pH 7.4) and was
adjusted to ensure no internal folding of the retina during fixation. The eyecup was fixed for
1-1.5 hours at 4°C, transferred to a new jar containing 0.1M PB and shipped overnight on
icepack. Retinas were then dissected from the eyecup, cut and mounted on filter paper. The
fovea and optic nerve head were identified. Tissues were rinsed several times in 0.1M PB
and stored in 0.1M PB with 0.5% Triton X-100 and 0.1% NaN3. Macaque retinas were
removed from filter paper before incubation in antibodies. Some pieces of retina (~3×3
mm2) were embedded in 4% agarose (Sigma, St. Louis, MO, A-2576) and sections were cut
50 μm thick on a Vibratome (Technical Products International, Inc., Model 1000, St. Louis,
MO or Leica Microsystems Inc., Model VT1000 S, Bannockburn, IL).

Immunohistochemistry
Retinas were blocked overnight at 4°C in 3% donkey serum in 0.1M PB with 0.5% Triton
X-100 and 0.1% NaN3. Antibodies were diluted in 1% donkey serum in 0.1M PB with 0.5%
Triton X-100 and 0.1% NaN3. The tissues were incubated with primary antibodies for 5-10
days at 4°C, rinsed, and incubated with secondary antibodies overnight at 4°C. Retinal
sections were incubated with antibodies overnight at 4°C. In experiments utilizing two
antibodies from the same species, antibodies were applied and developed sequentially.
Tissues were blocked between sequential antibody incubations with donkey anti-mouse
unconjugated, fab monovalent fragments (Jackson Immunoresearch Laboratories, West
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Grove, PA, 1:50) in 3% donkey serum/ 0.1M PB/ 0.5% Triton/ 0.1% NaN3. As a control,
primary antibodies were omitted, and tissues were only incubated in secondary antibodies.

The primary antibodies used in these experiments included: mouse anti-Connexin35/36
(Clone 8F6.2) (Chemicon, Temecula, CA, MAB3045, 1:250-1:500); monoclonal 7G6 (Gift
from Dr. Peter MacLeish, Morehouse School of Medicine, Atlanta, GA, 1:200-1:400); rabbit
anti-blue cone opsin (Chemicon, AB5407, 1:400); rabbit anti-SV2b (a gift from Dr. Roger
Janz, University of Texas Health Science Center at Houston, Houston, Texas); and rabbit
anti-mGluR6 (a generous gift from Dr. Noga Vardi, University of Pennsylvania School of
Medicine, Philadelphia, PA, 1:1000). Donkey secondary antibodies labeled with Cy3, Cy5,
or Alexa 488 (Jackson Immunoresearch Laboratories, West Grove, PA; Molecular Probes,
Eugene, OR) were used at a dilution of 1:200 and tissue was mounted in Vectashield
(Vector Laboratories, Burlingame, CA).

A Zeiss LSM-510 Meta confocal microscope was used to image retinal whole mounts and
sections with 40x (N.A. 1.3) or 63x (N.A. 1.4) oil immersion objectives. Images were
acquired in series of 0.3 to 0.5 μm optical sections and figures were presented as short
stacks of 2-6 images, which had the effect of flattening slight ripples in the tissue. Images
were processed in Adobe Photoshop (Adobe Systems Inc, San Jose, CA) to enhance
brightness and color.

Size Analysis
To obtain size distributions of Cx36 plaques, images were analyzed using MatLab Version
5.3 (The MathWorks, Inc., Natick, MA) and Sigma Scan Pro 4 (Systat Software, Inc., Point
Richmond, CA). All images used for statistical comparisons were taken with similar settings
on the confocal microscope. Contiguous pixels of a given intensity were selected in
SigmaScan Pro 4 software using a pixel intensity threshold of 50 to minimize enlargement
of the plaque by optical blur. In MatLab, signals with color intensities greater than 50
(50-255) were extracted and re-plotted in a new image. The new image was imported into
Sigma Scan Pro 4 and individual plaques were highlighted in order to determine their pixel
number and size. Signals smaller than 0.07-0.09 μm2 may be below the resolution limit (~
0.3 μm diameter) and were excluded. Plaque sizes were sorted into groups in MatLab and
those greater than 0.09μm2 were used in the analysis.

Results
Cone pedicles have telodendria

The monoclonal antibody 7G6 was first identified in a screen for retinal antibodies because
primate cones were well labeled (Wikler et al., 1997). Subsequently, the epitope was
identified as cone arrestin, a component of the phototransduction cascade that is expressed
abundantly in cones (Zhang et al., 2003).

In vertical sections of macaque retina, the 7G6 antibody labeled cones in their entirety, from
the outer segments to the pedicles. The cone axons descended through the outer nuclear
layer and terminated in a row of contiguous synaptic terminals or pedicles. In central retina,
where the cones were closely packed, every cone pedicle was stained. There were no holes
in the mosaic which suggests that all cones were labeled by the 7G6 antibody (Wikler et al.,
1997). Red and green cones could not be distinguished, either morphologically or by
currently available antibodies, but the outer segments of some cones, approximately 10%,
were double labeled for S-cone opsin (Fig. 1A). This indicates that red, green and blue cones
were all labeled.
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In the primate fovea, the central region of highest visual acuity, cones are reduced to their
minimal size to enhance packing density and hence visual acuity. In this area, there is a
depression, known as the foveal pit, where overlying neurons are displaced to reduce light
scattering. Staining with 7G6 showed that the cone axons, known as Henle fibers, ran
radially away from the center to terminate in an annular zone of cone pedicles (Fig. 1B).
Focusing at this level revealed a tightly packed array of cone pedicles near the fovea where
rods are sparse.

At an eccentricity of 0.3mm, there were approximately 25,000 cones/mm2 and the cone
pedicles formed a 2-dimensional array, often touching at the perimeter (Fig. 1C). In this
region, the cone pedicles were interconnected by very short, very fine telodendria, which
were only 0.8 ± 0.3 μm (n = 54) in length. Away from the fovea, the spacing between the
cone pedicles increased as the density fell (~6,000 pedicles/ mm2) and consequently the
telodendria were longer (Fig. 1D). In mid- and far-peripheral retina, the cone telodendria
were 2.3 ± 0. 9μm (n = 128) and 3.9 ± 1.8μm (n =97) long, respectively. The longest
telodendria occurred in far peripheral retina, reaching a maximum length of approximately
10μm. The cone coverage (telodendrial field area × cone density) was 1.2 in the peripheral
retina so that the telodendria touch the immediate neighbors. As the length increased, the
cone telodendria formed lobules at their tips. In mid-peripheral retina, each pedicle had 8.6 ±
1.6 (n = 11) telodendria that reached out to touch the neighboring cones. These results are
consistent with studies of human retina where there are 4-7 telodendria per cone which
contact surrounding cones and the length ranged from 2-10 μm (Ahnelt et al., 1990).
Sometimes, the telodendria projected predominantly in one lateral direction (see figure 4)
and this could produce a skewed population of dye coupled cells, as reported for primate
retina (Hornstein et al., 2005). It is important to note that cone telodendria extended
laterally. They did not run distally to penetrate the outer nuclear layer. Rather, cone
telodendria were confined to the OPL.

Synaptic invaginations at the cone pedicle
Cone pedicles are relatively large polygonal structures. Each cone pedicle may contain as
many as 40 synaptic ribbons and hundreds of post-synaptic dendrites contact each cone
pedicle (Chun et al., 1996; Haverkamp et al., 2000). Thus, it has been suggested that cone
pedicles form the most complex synapse in the brain. With the level of focus at the base of
the cone pedicle, there were many dark holes in the pattern of 7G6 labeling (Figs. 1C, D and
Fig. 2). These could be indentations or synaptic invaginations in the base of the cone
pedicle. To test this idea, we prepared material in which some of the post-synaptic processes
were also labeled.

The sites of chemical synaptic communication at the cone pedicle are at synaptic
invaginations, immediately beneath the synaptic ribbons. The dendrites of second order
neurons, particularly horizontal cells and ON-cone bipolar cells, enter the synaptic
invagination and approach closely to the synaptic ribbon (Haverkamp et al., 2000). In the
mammalian retina, the dendritic tips of ON-cone bipolar cells and rod bipolar cells can be
labeled with antibodies against the metabotropic glutamate receptor, mGluR6 (Vardi et al.,
2000; Li et al., 2004). In wholemount retina, labeling for mGluR6 produced a stereotypical
pattern in the outer plexiform layer (Fig 2B). Two distinct structures were present. The large
clusters of fine, lightly-stained terminals were ON cone bipolar cell dendrites. Some of these
clusters were circled and each one coincided with the presence of a cone pedicle. In
addition, brightly labeled, immediately adjacent, doublets represented the tips of two, or
rarely three, rod bipolar cell dendrites that invaginated each rod spherule. These structures
were abundant because rods greatly outnumber the cones.
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In a high resolution view of the double labeled material, it can be seen that the faint mGluR6
clusters (magenta) occurred within the dark holes of the 7G6-labeled cone pedicles (green)
(Fig. 2C). Every hole contained an mGluR6 labeled post-synaptic process. This showed that
the cone arrestin antibody, 7G6, outlined the synaptic invaginations at the base of the cone
pedicle. In turn, the presence of holes in the 7G6 pattern indicated that the level of focus was
at the very base of the cone pedicle. The clear labeling of cone pedicles and their telodendria
with this antibody permitted a detailed evaluation of cone to cone contacts.

Connexin 36 in the outer plexiform layer
In the first reports of Cx36 in the mammalian retina, a faint signal was noted in the OPL.
However, the exact location could not be determined because the first Cx36 antibodies had a
relatively low affinity (Feigenspan et al., 2001; Mills et al., 2001). In mouse retina, cones
were shown to express Cx36-EGFP but much of the labeling was at a post-synaptic location
beneath the cone pedicles (Feigenspan et al., 2004). In the primate retina, Cx36 gap
junctions occurred in both the outer and inner plexiform layers (Fig. 3A). The Cx36 labeling
in the OPL consisted of small puncta distinctly clustered in small patches which occurred
periodically. In contrast, the intense labeling of large plaques in the lower part of the IPL
(sublamina b) was consistent with the expected labeling of the AII amacrine cell network.
Visual inspection suggests that the OPL gap junctions are smaller than the gap junctions in
the AII network.

Double labeling with the 7G6 antibody revealed that the Cx36 clusters were associated with
cone pedicles (Fig. 3B, C). However, Cx36 appeared to be distributed in two distinct
locations. Cx36 plaques occurred underneath the cone pedicles as well as between the cone
pedicles. Close examination of the high-resolution image in figure 3B showed that the base
of each cone pedicle was scalloped. These indentations correspond to the holes in the base
of 7G6 labeled pedicles which we have identified as synaptic invaginations (Fig.2). The
Cx36 labeling underneath the cone pedicles lay distinctly below the scalloped edge of the
cone pedicle and did not extend into the cone pedicle. These Cx36 gap junctions may
represent the gap junctions between post-synaptic dendrites as they converge below the cone
pedicle. In contrast, the Cx36 labeling between the cone pedicles was colocalized with 7G6
(Fig. 3B, arrows) and occurred at telodendrial contacts between neighboring cones.

We also looked for Cx36 plaques deeper in the outer nuclear layer, among the photoreceptor
cell bodies, as reported for salamander retina (Zhang and Wu, 2004). However, we could
find no pattern indicating gap junction structures. There are a very few red dots for Cx36 in
this area but there is no structure to them and they are randomly distributed. Considering the
lack of structure and seemingly random distribution, we attribute this to a small amount of
noise or background labeling.

In the primate retina, certain OFF cone bipolar cells, including DB2 and OFF midget bipolar
cells, may be labeled with an antibody against the glutamate transporter GLT-1 (Grunert et
al., 1994). In figure 3, D and E, bipolar cell dendrites can be seen ascending from the inner
nuclear layer to terminate in flat tops, apposed to the base of the cone pedicle. In addition,
the large round structures, which occurred between the cone pedicles, are the dendritic tips
of rod bipolar cells where they invaginate individual rod spherules. The significance of a
glutamate transporter at this location is unknown but the presence of GLT-1 on rod bipolar
cell dendrites has previously been reported (Reye et al., 2002). Triple labeling confirmed
that the Cx36 labeling beneath the cone pedicle was colocalized with OFF bipolar cell
dendrites (Fig. 3D, E). However, additional Cx36 labeling between the cone pedicles
occurred at contact points (arrows) or on fine processes that extended laterally from the cone
pedicle (arrowhead).
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The cluster of Cx36 labeling beneath each cone pedicle has previously been observed in
mouse and primate retina (Feigenspan et al., 2004; Cuenca et al., 2005) and Cx36 was
colocalized with OFF bipolar cell markers in the mouse retina (Feigenspan et al., 2004). The
dendrites of OFF bipolar cells may also express Cx45 but Cx45 is not colocalized with Cx36
in the OPL (Hilgen et al., 2010). The function of these gap junctions is unknown but dye
coupling between different bipolar cell types has been reported (Mills, 1999). In the primate
retina, small gap junctions were identified between the dendrites of ON bipolar cells, OFF
bipolar cells and horizontal cells as they made their way to the cone pedicle (Raviola and
Gilula, 1975). Horizontal cells in other mammals express either Cx50 or Cx57 and mouse
horizontal cells did not express Cx36 (Deans and Paul, 2001; Mills et al., 2001; Massey et
al., 2003; Feigenspan et al., 2004; Hombach et al., 2004; O’Brien et al., 2006; Janssen-
Bienhold et al., 2009). Thus, it is unlikely that horizontal cells contribute to the Cx36 gap
junctions underneath primate cone pedicles.

Connexin 36 occurs on Cone Telodendria
So far, we have shown that Cx36 occurred at two locations in the OPL; between and
underneath the cone pedicles. To focus on the gap junctions between cone pedicles, we
wished to exclude the Cx36 labeling underneath the cone pedicle. This was easily
accomplished because, in whole mount preparations, the Cx36 labeling beneath the cone
pedicle was almost completely contained within the perimeter of the cone pedicle (Fig. 4).
The conspicuous synaptic invaginations indicated that the level of focus was at the base of
the cone pedicle. Where the holes started to blur and fill in, because a few pedicles were
slightly higher (boxes, Fig. 4), the density of Cx36 labeling underneath the cone pedicle was
strongly reduced because it was just out of focus.

In central retina (Fig 4A), the cone pedicles were closely packed in a 2-dimensional array.
Many of the cone pedicles were close enough to touch and others extended very fine
telodendria to make contact with adjacent pedicles. Double labeling showed that Cx36
plaques (red) occurred at nearly every contact point between cone pedicles. Within the
circle, for example, there were numerous Cx36 gap junctions between neighboring cone
pedicles. In this image, the red and green cones were indistinguishable. However, the
asterisks indicate the presence of two small and unusual cone pedicles. These were probably
blue cone pedicles (see below) and, even at this low resolution, it is clear they had few
telodendria and made almost no Cx36 gap junctions with the surrounding cones.

In peripheral retina, the cone pedicles were widely spaced and the telodendria were much
more prominent but still confined to the OPL (Fig. 4B). Every red/green cone pedicle
extended several lateral telodendria that usually contacted every member in the surrounding
ring of cone pedicles. Occasionally, a telodendron terminated before reaching a neighboring
cone. Double labeling showed clearly that the contact points between telodendria and
neighboring cone pedicles were nearly always decorated with a Cx36 plaque. We have
learned that this pattern of labeling, when Cx36 plaques occur at contact points, is diagnostic
for gap junction labeling and similar to the pattern reported at dendritic crossings and
intersections in the AII matrix (Mills et al., 2001). In addition, a few smaller, potentially
blue, cone pedicles with poorly developed telodendria were marked by asterisks. They
accounted for 5 out of approximately 60 cone pedicles in this image, close to the number
expected for blue cones. Again, it was important to exclude the Cx36 plaques within the
perimeter of 7G6 labeling which were due to the presence of gap junctions between post-
synaptic processes underneath the cone pedicle. Essentially all the Cx36 gap junctions
between the cone pedicles were colocalized with cone telodendria. Thus, in the OPL, the
network of fine telodendria is the substrate for cone-to-cone coupling in the primate retina.
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In a high-resolution image from peripheral retina (Fig. 5), Cx36 plaques occurred at all 10
cone contacts made by the single cone pedicle in the center. It should be emphasized that an
image like this cannot be obtained by accident and it can never be due to background or non-
specific labeling. The consistent pattern of Cx36 labeling at specific telodendrial contact
points lends great confidence in the specificity of Cx36 labeling. The image is a short stack
of six optical sections chosen to include the salient features of the central cone. Some of the
other cone pedicles in this field (lower central) had telodendria that terminated before
reaching an adjacent cone pedicle. These may be sites of rod spherule contact (see below).
On the left side of the image, the telodendria make contacts outside the image plane. The
cone pedicle in the bottom right corner is a small putative blue cone pedicle. Its telodendria
leave the image plane but do not contact neighboring cones.

Several different types of contact were observed in this image. First, there were prominent
gap junctions at the contact points between telodendria and the base of the cone pedicle,
shown by horizontal arrows. Secondly, there were Cx36 gap junctions at contacts between
telodendria from different cones (vertical arrows). Thirdly, autologous contacts occurred
when one telodendron forms a gap junction with another telodendron originating from the
same cone pedicle (arrowhead). At this site, the lower telodendron only contacted the upper
telodendron, which extended to the adjacent cone pedicle.

The central cone in this image has eight telodendria, all of which made Cx36 labeled
contacts with adjacent cone pedicles. In addition, two Cx36 labeled basal contacts were
made by the telodendria of neighboring cones. Thus, the number of gap junctions on a single
cone pedicle may exceed the number of telodendria because of basal contacts from
neighboring cones. When we counted the cone contacts and the number of telodendria in
this material, we found that each cone had an average of 8.6 ± 1.6 (n = 11) telodendria, but
each cone had an average of 9.6 ± 1.4 (n = 11) contacts with other cones. In this region, each
cone contacted 4.4 ± 0.8 (n = 11) neighboring cones with 2.2 ± 0.4 (n = 11) telodendrial
contacts between two cones. The average number of telodendria in our material is slightly
more than the 4-7 telodendria found on human cones (Ahnelt et al., 1990) perhaps because
the area analyzed was from a more peripheral region of the retina.

In wholemount primate retina, the average size of a Cx36 plaque at cone-to-cone contacts
was 0.28μm2. These immunolabeled plaques most likely represent adherens junctions,
which are regions of close membrane apposition, punctuated by small gap junctions. In
primate fovea, the adherens junctions were comparable in size (0.2μm2) although the gap
junctional area was much smaller (0.005 μm2 or 2.5%) (Tsukamoto et al., 1992). If an entire
plaque were composed of Cx36 channels at a density of 10,000 gap junction channels/μm2

(center-to-center spacing, 10nm (Caspar et al., 1977; Peracchia, 1977; Bukauskas et al.,
2000; Palacios-Prado et al., 2009)), this would maximally yield 2800 gap junction channels
for each plaque. However, the fraction of open channels is extremely low, estimated as
approximately 1% (Bukauskas et al., 2000; Palacios-Prado et al., 2009). If the number of
Cx36 contacts between adjacent red/green pedicles ranges from 1-4 then there may be
28-112 open channels between adjacent cones. (The contribution of additional input via a
third intermediary cone or rod is probably negligible.) Taking 15pS as the single channel
conductance for a Cx36 channel (Srinivas et al., 1999), we estimate the conductance
between two cones would be 420-1680pS. This is comparable to physiological results from
paired recordings between primate or ground squirrel cones where an average conductance
of 650pS or 220pS respectively was reported between adjacent cones (Hornstein et al., 2004;
Li and DeVries, 2004). These calculations, though necessarily approximate, suggest that the
Cx36 plaques we observed between cones are sufficient to provide the basis for cone-to-
cone coupling. It should be noted that the calculations also represent an upper limit because
the resolution of confocal microscopy does not reveal the underlying substructure of the gap
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junctions. Furthermore, the open fraction of gap junction channels is very low yet may be
dynamically regulated over a 20-fold range under various physiological conditions (Li et al.,
2009).

Blue Cones make Few, Small Cx36 Gap Junctions
Blue or S-cones, which account for less than 10% of cones in the primate retina (Martin and
Grunert, 1999), are unique because of their morphology, pigment and connections (Kolb et
al., 1997; Martin and Grunert, 1999; Nathans, 1999). They form a sparse, but regular mosaic
with a blue cone free zone at the fovea (Ahnelt et al., 1990; Curcio et al., 1991). The
morphology of blue cones is slightly different from red/green cones: (1) the inner segment is
longer and wider, (2) the pedicle is smaller, (Ahnelt et al., 1990), (3) blue cone pedicles
penetrate a little deeper into the outer plexiform layer, (Ahnelt et al., 1990), (4) they have
shorter and more densely packed ribbons, and (5) very few or no telodendria, (Ahnelt et al.,
1987; Ahnelt et al., 1990; Curcio et al., 1991; Kolb et al., 1997; Calkins, 2001). Blue cones
contact a blue cone (S-cone) bipolar cell, a type of ON cone bipolar cell notable for long
dendrites, which by pass red/green cones to contact blue cones exclusively (Kouyama and
Marshak, 1992). In turn, the blue cone bipolar cell synapses with a small bistratified
ganglion cell to generate a blue-ON/yellow-OFF signal (Dacey, 1993; Dacey and Lee, 1994;
Calkins et al., 1998; Crook et al., 2009).

To evaluate the Cx36 distribution of blue cones, individual blue cones within a red/green
cone array were identified using an antibody against blue cone opsin, which intensely
labeled the blue cone outer segments and lightly stained the inner segments and somas (Fig.
6). Sometimes, the axons and pedicles were faintly labeled at high antibody concentrations,
as previously reported (Martin and Grunert, 1999). However, we found it more reliable to
follow the antibody staining down through a confocal stack also labeled with 7G6 to identify
individual blue cone pedicles. Blue cone pedicles were noticeably smaller than the red/green
pedicles; central, blue: 27.1 ± 1.0 μm2 (n = 7); red/green: 48.2 ± 2.8 μm2 (n = 24);
peripheral, blue: 47.6 ± 3.1 μm2 (n = 11); red/green: 66.8 ± 5.1 μm2 (n = 114). In peripheral
retina, blue cone pedicles frequently had one long process, in addition to several short
telodendria that rarely reached the neighboring cone pedicles. These characteristics made it
relatively simple to pick out the blue cone pedicles in a mosaic.

Two blue cone pedicles with typical morphology are marked by asterisks in figure 6C.
These correspond to the well-stained outer segments shown in figure 6A. Double labeling
for Cx36 showed extensive gap junctional contacts between red/green cones as above. In
contrast, most of the telodendria from the blue cone pedicles did not reach their neighbors.
Two longer processes which have the potential to contact an adjacent cone are not labeled
for Cx36. However, occasionally we found small Cx36 plaques between blue cone pedicles
and an adjacent red/green cone, although they were often equivocal and some could also be
rod contacts (see below). This stands in clear contrast to the robust telodendrial contacts
bearing Cx36 plaques between red/green cones in the circled areas of the same field (Fig.
6C). Red/green cone pedicles had 11.3 ± 3.2 Cx36 plaques per cone (n = 46) compared with
only 2.3 ± 1.3 Cx36 plaques per blue cone pedicle (n = 10). This means that most of the 5-6
pedicles in the adjacent ring, which must all be red/green cones, are not coupled to a blue
cone pedicle. Furthermore, the blue cone gap junctions were smaller (0.21 ± 0.09 μm2, n =
9) than those made by red/green cone pedicles (0.28 ± 0.14 μm2, n = 76). However, the
difference in size was not statistically significant (p<0.1) by two sample t-test using unequal
variance. These results confirm previous work where occasional gap junctions with blue
cone pedicles were reported for human and macaque retina (Kolb et al., 1997; Tsukamoto et
al., 1992).
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Primate cone telodendria make Cx36 gap junctions with rod spherules
In several species, freeze fracture and electron microscopic analysis has shown that
processes from cone pedicles make gap junctions with neighboring rod spherules and cone
pedicles (Raviola and Gilula, 1973; Smith et al., 1986; Ahnelt et al., 1990; Tsukamoto et al.,
1992; Kolb et al., 1997; Tsukamoto et al., 2001; Lee et al., 2003). Furthermore, there is
compelling physiological evidence for rod-to-cone coupling (Li et al., 2010). In our
material, we occasionally noticed isolated telodendria that terminated away from other cone
pedicles or cone telodendria (Fig. 7A&C). However, there were still Cx36 plaques
associated with these structures and this suggests the presence of rod/cone coupling. Rod
spherules, like cone pedicles, are abundantly filled with synaptic vesicles. Therefore, we
prepared triple labeled material where, in addition to 7G6 and Cx36, rod spherules were
labeled with antibodies against synaptic vesicle proteins such as synaptophysin or SV2b. In
this material, rod spherules appeared as bright round structures, 2-3μm in diameter, which
filled the spaces in between the much larger cone pedicles. Each rod spherule had a dark
central region, devoid of synaptic vesicles, which corresponds to the single synaptic
invagination (Fig.7). The rod spherules were slightly distal to the cone pedicles forming a
band approximately 3 μm thick. Individual cone pedicles penetrated the band of rod
spherules (Fig. 8).

Because the putative cone-to-rod gap junctions were small and faint, we also increased the
concentration of Cx36 antibody (1:250) and carefully set the threshold to include faint
signals. An array of cone pedicles surrounded by rods is shown in figure 7 and one blue
cone pedicle is marked with an asterisk. As before, Cx36 was found on many telodendrial
contacts between adjacent cone pedicles. One isolated process was circled in figure 7A and
the frame was enlarged in 7C. Three Cx36 plaques were located on the swelling at the end
of this telodendron but there were no cone processes within several microns. Instead, the
SV2b labeling showed three rod spherules in close proximity to the Cx36 plaques (Fig. 7D).
Telodendria that contacted other cones could also make gap junctions with rod spherules in
passing. In figure 7E and F, processes from two different cones had Cx36 plaques that were
closely aligned on opposite sides of a single rod spherule (small arrowheads). Further down,
the two telodendria met and a large cone-to-cone Cx36 plaque was formed at the contact
point (large arrowhead). Many of the apparent cone-to -rod Cx36 plaques were associated
with a small swelling or bud from the parent process. This appeared to be a common
structural motif and this pattern argues against non-specific labeling or noise.

In addition to the large telodendria, several very fine processes emanated from the base of
the cone pedicle and approached closely to adjacent rods. These short processes were also
labeled for Cx36, often at their tips, to form apparent gap junctions with neighboring rod
spherules (arrows, Fig. 7C). In this material (from nasal periphery), the telodendria that
contacted adjacent cones were 2.95 ± 2.07μm (n = 97) in length, whereas the cone processes
contacting rods were only 1.55 ± 1.09μm (n = 87) long. This reflects the wide spacing of the
cone array in the peripheral retina in comparison to the close proximity of nearby rods. A
size analysis of the putative Cx36 gap junctions showed that the cone-cone plaques were 2.3
times larger in area than the rod-cone plaques (cone-cone: 0.28 ± 0.20μm2, n = 85; rod-
cone: 0.12 ± 0.06μm2, n = 63) (p <0.001 by two sample t-test with unequal variance). Thus,
the Cx36 plaques at apparent rod-cone contacts were close to the resolution limit for
confocal microscopy. We propose that these small Cx36 plaques are rod/cone gap junctions.

Blue cone pedicles also had many short telodendria. They were decorated with small Cx36
plaques that appear to be aligned with adjacent rod spherules (circled, Fig. 7, E, F). Blue
cone telodendria rarely reached adjacent cones. Consequently, blue cones made the majority
of their gap junction contacts with rods (blue cone pedicle: rod-contacts: 90.1% ± 7.6%, n =
37; cone-contacts: 9.9% ± 7.6%, n = 37). In contrast, red/green cone pedicles had more cone
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than rod contacts. (red/green cone pedicles: rod-contacts: 30.5% ± 12.3%, n = 49, cone-
contacts: 69.5% ± 12.3%, n = 94). We conclude that blue cone pedicles make few contacts
with other cones but they make numerous gap junctions with rods. In summary, all cones,
red/green and blue, make gap junctions with neighboring rods.

Rod spherules sometimes had several Cx36 plaques and could make contact with two
different cone pedicles. Occasionally, one cone could be red/green and one blue cone
pedicle (Fig. 7F and 8D). These contacts would appear to connect a red/green cone to a blue
cone via an intermediate rod spherule. Functionally, the consequence of this pathway is
probably negligible. From Li et al., (2010), a 40 mV depolarization of a rod produced a 5mV
depolarization of a gap junction coupled cone. Thus, the coupling coefficient is 0.125. To
traverse a pathway from cone – rod – cone, requires passing through two gap junctions so
the coupling coefficient would be 0.125 × 0.125 = 0.016 or 1.6%. A very large cone
response of 40 mV would produce a near threshold response in another cone coupled via an
intermediary rod of 0.64 mV. We should add that 40 mV in the first cone is a very large
response which might prove difficult to achieve selectively for a single cone without
activating other cones or rods. Hyperpolarizing the intermediate rod would further diminish
the hypothetical signal transfer.

In peripheral retina, rods far outnumbered cones by a factor of 20:1. To determine what
fraction of the rod population was coupled to cones, we mapped all the gap junction contacts
in a small area of peripheral retina (Fig. 8). In this example, we counted 18 cone pedicles
and 400 rod spherules, yielding a rod/cone ratio of 22. Cone-to-rod gap junctions were
scored if Cx36 plaques were colocalized with telodendria in close proximity to a rod
spherule. Cx36 plaques between telodendria were counted as cone-to-cone or autologous
gap junctions. A small number of red dots not associated with a 7G6-labeled process were
discounted as noise. An array of cone pedicles with many fine telodendria bearing numerous
small Cx36 gap junctions is shown in figure 8A as a mini-stack of six consecutive 0.3 μm
confocal sections. The SV2b stained rod spherules, which filled the space between the cone
pedicles, sometimes overlapped at slightly different depths but they could be followed
through the confocal stack (Fig. 8B). The band of rod spherules was approximately 3 μm
thick, largely coincident with the reach of cone telodendria. Cone telodendria did not enter
the outer nuclear layer.

A mini-stack of triple labeled confocal sections is shown in Fig 8C. All apparent rod
contacts were followed through the confocal stack. Rod spherules were assigned to each
cone pedicle and color-coded as shown in Figure 8D. Many immediately adjacent rod
spherules had potential Cx36 contacts with the base of the cone pedicle. In addition, small
telodendria extended to the second ring of rod spherules and sometimes further.
Occasionally, a single rod spherule received contacts with two cone pedicles. The single
cone pedicle in the middle of figure 8 made potential Cx36 gap junctions with 30 rods, a
greater number than we had anticipated. On average, each cone pedicle made telodendrial
Cx36 contacts with 25 ± 3.4 rod spherules (n = 8). The single blue cone pedicle in this patch
contacted 16 rod spherules. There were very few rod spherules (<5%), only those at the mid-
point between widely spaced cones, which did not make contact with a Cx36 labeled
telodendron. We conclude that most rods make gap junction contacts with the cone mosaic.

Discussion
Connexin 36 in the outer plexiform layer

There is strong evidence that cones express Cx36 in several species. Cx36 labeling was
found in dye injected cones from mouse retina, in the cytoplasm of cones from guinea pig
retina and on short processes between cones of the ground squirrel retina (Lee et al., 2003;
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Feigenspan et al., 2004; Li and DeVries, 2004). In the primate retina, there was a very high
probability of finding a Cx36 plaque at a telodendrial contact between two cone pedicles. In
one high-resolution example, 10/10 examples had Cx36 staining at the contact points (Fig.
5). The consistent location of Cx36 plaques precisely at the contact points indicates that
cone-to-cone coupling is mediated by Cx36 gap junctions. It is analogous to the restriction
of Cx36 to dendritic crossings and contact points in the matrix of AII amacrine cells (Mills
et al., 2001). We have learned that this type of pattern is diagnostic for gap junction labeling.
The location of Cx36 plaques at telodendrial contacts confirmed previous ultrastructural
data, which showed the presence of gap junctions at these points (Raviola and Gilula, 1973;
Smith et al., 1986; Ahnelt and Kolb, 2000).

It was more difficult to identify cone-to-rod contacts with such confidence because the gap
junctions could occur anywhere on the rod spherule, which is approximately 2μm in
diameter. However, Cx36 plaques were usually found at the edge of the rod spherule or on
the lower surface but never over the synaptic invagination (Figs. 7 and 8). This is consistent
with the location described in ultrastructural studies (Raviola and Gilula, 1973).
Furthermore, the telodendria of blue cone pedicles and the shorter processes of red/green
cone pedicles were consistently decorated with Cx36 puncta even though they did not reach
adjacent cones. Finally, Cx36 plaques associated with rod spherules were significantly
smaller than the cone-to-cone gap junctions. In the electron microscope, rod-to-cone gap
junctions were described as point-to-point whereas the cone-to-cone gap junctions were
more prominent and could be associated with a desmosome-like structure (Raviola and
Gilula, 1973; Tsukamoto et al., 1992). Thus, it is very likely that these small Cx36 plaques
represent rod/cone gap junctions.

Setting aside the small differences between red and green cones, cone-to-cone gap junctions
are homologous, occurring between two cells of the same type. Gap junctions are assembled
from two docked hemichannels which, in this example, may both be composed of Cx36. In
contrast, rod-to-cone gap junctions are heterologous, between two different cell types. This
may be accomplished by the use of Cx36 on the cone side but mouse rods did not express
Cx36 (Feigenspan et al., 2004). In an EM study of guinea pig retina, Cx36 labeling was
found on both sides of cone-to-cone gap junctions but only on the cone side of rod-to-cone
gap junctions (Lee et al., 2003). Therefore, although rod-to-rod coupling mediated by Cx36
has been shown in salamander retina (Zhang and Wu, 2004, 2005), the identity of the rod
connexin in the primate retina must be regarded as unknown. If, in fact, rods express a
different connexin, then the rod/cone gap junctions would be heterotypic.

Photoreceptor coupling
Red/green cones were coupled indiscriminately. In contrast, blue cones rarely make Cx36
gap junctions with other cones, they are not dye coupled to other cones and signals could not
be passed between a blue/green pair (Hornstein et al., 2004; Li and DeVries, 2004). These
results also confirm previous ultrastructural results that demonstrated telodendrial contacts
between red/green cones but rarely with the morphologically distinct pedicles of blue cones
(Kolb et al., 1997; Ahnelt and Kolb, 2000). The chromatic penalty for red/green coupling is
minor but the situation is different for blue cones because the spectral absorption curve is far
removed from the red and green curves (Hornstein et al., 2004; Li and DeVries, 2004).
Furthermore, the sparse mosaic means that a single blue cone is always surrounded by a ring
of different cones. It seems that blue cones may be electrically isolated to prevent a severe
reduction in color discrimination (Hsu et al., 2000).

All cone types made Cx36 apparent gap junction contacts with the surrounding rods.
However, cone-to-rod plaques were significantly smaller than the cone-to-cone plaques
(0.12μm2 versus 0.28μm2). This is consistent with ultrastructural results which show that
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cone-to-rod contacts are point like (Raviola and Gilula, 1973; Smith et al., 1986; Tsukamoto
et al., 1992; Tsukamoto et al., 2001). This leads to the prediction that coupling between rod/
cone pairs will be smaller than for comparable cone pairs, although this was not the case in
ground squirrel (Li et al., 2010). Rod signals could be directly recorded in cones and,
following Neurobiotin injections, an average of 6 rods were dye coupled to each injected
cone with a range of 0-28 (Hornstein et al., 2005). The top of this range is comparable to the
range, 20-30, mean = 23, obtained by the reconstruction of potential cone-to-rod contacts
(Fig. 8). In peripheral retina, most rods are apparently coupled to the cone mosaic via Cx36
gap junctions with only 5% of rods isolated. This is similar to the mouse retina, where the
potential convergence of rods-to-cones was 32 and only 12/98 rods were isolated
(Tsukamoto et al., 2001).

Potential Cx36 gap junctions with neighboring rods were dominant for blue cones because
of the lack of blue cone-to-red/green cone contacts. In primate retina, small bistratified
ganglion cells carry a blue-yellow color opponent signal and receive a strong rod input with
the same sign as blue cone input ((Dacey and Lee, 1994; Crook et al., 2009; Field et al.,
2009). Under low scotopic conditions, the rod input was mediated via the high sensitivity
rod → rod bipolar → AII amacrine cell pathway. This pathway saturates at a few R*/rod/s
(Robson and Frishman, 1995; Trexler et al., 2005; Dunn et al., 2006) yet rod input was
found under mesopic light levels in the range of 75 – 150 R*/rod/s before the color opponent
signature of cone input was dominant (Crook et al., 2009; Field et al., 2009). Blue cone
bipolar cells were identified by their sparse dendrites which by-pass other cones to contact
blue cones (Mariani, 1984; Kouyama and Marshak, 1992). There was no evidence for direct
contacts from rods. Thus, in the mesopic range, rod input to the blue-yellow ganglion cells
may be mediated via gap junctions between blue cones and rods.

Dye coupling has also been observed between rods and this is consistent with the summation
of low intensity responses across a small pool of rods (Hornstein et al., 2005). Gap junctions
between rods have also been observed in the mouse retina (Tsukamoto et al., 2001), but we
did not find evidence for Cx36 coupling between rods in the primate retina. However, as
noted above, it is possible that rods express a different connexin which could be responsible
for coupling.

Functions of Photoreceptor Coupling
In general, photoreceptor coupling appears to fulfill several important functions. First,
phototransduction is inherently noisy and cone-to-cone coupling improves the signal-to-
noise ratio by correlating shared light driven signals while random noise from each cone is
reduced by averaging across the network (DeVries et al., 2002). The small loss of spatial
acuity as a result of coupling is less than the optical blur of the eye. The resulting gain in
luminance sensitivity is partially offset by a minor reduction in spectral discrimination (Hsu
et al., 2000; Hornstein et al, 2004). Coupling will also tend to diminish saturation for
transmission to second order neurons (Attwell et al., 1987).

Secondly, rod/cone coupling provides an alternative pathway for rod signals to enter cone
pathways at intermediate light intensities (Smith et al., 1986). At threshold levels, the high
gain rod pathway via rod bipolar cells is operational but it is saturated at a few R*/rod/sec
(Robson and Frishman, 1995; Trexler et al., 2005; Dunn et al., 2006). Depending on species,
up to 100 rods converge to each rod bipolar cell but at very low light levels few rods capture
a photon. If only a small fraction of rods are excited, then there will be insufficient signal to
influence adjacent cones via gap junctions. At mesopic intensities, there are enough photons
to stimulate all rods simultaneously while the cone signals are still close to threshold. This is
a favorable situation for rods to influence cones (Hornstein et al., 2005). ERG recordings
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with Cx36 knockout mice also suggest that rod/cone coupling is active in the mesopic range
(Abd-El-Barr et al., 2009).

It has long been proposed that rod/cone coupling should be modulated by light. Indeed, the
circadian control of rod/cone coupling appears to be mediated by D2 dopamine receptors
(Ribelayga et al., 2008). Rod/cone coupling is robust at night providing a pathway for rod
input to horizontal cells which are exclusively connected to cones (Nelson, 1977; Ribelayga
and Mangel, 2010). Gap junction modulation, by phosphorylation of Cx36 (Li et al., 2009),
may serve to adjust rod/cone coupling to optimize rod and cone pathways for different light
intensities (Smith et al., 1986).
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Figure 1. An antibody to cone arrestin, 7G6, labels primate cones
A. Cones in the macaque retinal sections were labeled with 7G6, a cone arrestin antibody,
shown in green. Cones were labeled in their entirety with particularly bright staining of the
outer segments and pedicles or synaptic terminals. Red/green cones cannot be distinguished
but double labeling with an antibody against blue cone opsin (blue) shows that blue cones
are also stained by 7G6. 8 × 0.5 μm optical sections
B. A wholemount view of the macaque fovea shows cones labeled with the 7G6 antibody.
The axons of the foveal cones are displaced radially away from the foveal pit, forming
Henle’s fiber layer, and terminating in a ring of cone pedicles around the fovea. 20x
objective, 9 × 1 μm sections.
C. Central primate retina, focus at the level of the outer plexiform layer. Cone pedicles,
labeled with 7G6, are densely packed, often in contact. They also extend short processes,
called telodendria, to contact adjacent pedicles. The rim of each cone pedicle is densely
stained but there are many holes in the base of the cone pedicle that correspond to synaptic
invaginations (see below). 5 × 0.4 μm optical sections.
D. In peripheral primate retina, the cone density decreases, the cone pedicles are widely
spaced and the telodendria lengthen to compensate. 5 × 0.4 μm optical sections.
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Figure 2. 7G6 antibodies outline synaptic invagination sites
A. A high-resolution image of 7G6-labeled cones shows several cone pedicles
interconnected by telodendria. Some cone telodendria appear to have enlarged endings in
peripheral retina. As in figure 1, there are holes in the central base of each cone pedicle.
B. The tips of ON cone bipolar cells and rod bipolar cells contain mGluR6. Antibodies
against mGluR6 (magenta) stain two distinct structures in the outer plexiform layer. The tips
of ON cone bipolar cells appear as clusters of small mGluR6 labeled processes, which
invaginate the cone pedicle (several circled). The tips of rod bipolar cells appear as brightly
stained doublets that occupy the space between cone pedicles. These also indicate the
positions of unlabeled rod spherules.
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C. Double label image shows that the holes in the center of 7G6-labeled cone pedicles
colocalize with the mGluR6 signals of ON cone bipolar cells. This indicates that the
dendritic endings of ON cone bipolar cells enter each hole in the base of the cone pedicle.
Therefore, the holes represent synaptic invagination sites and indicate that the level of focus
is at the very base of the cone pedicle. 5 × 0.5 μm optical sections.
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Figure 3. Cx36 labeling occurs both between and underneath cone pedicles
A. A cross section of macaque retina shows Cx36 labeling in both plexiform layers. The
prominent Cx36 labeling in the inner IPL is mainly associated with AII amacrine cells. In
comparison, the Cx36 labeling in the OPL is fainter; the plaques are smaller and form
clusters.
B. Double labeling shows that Cx36 plaques occur in two locations: on fine processes
between 7G6 labeled cone pedicles (arrows) and in prominent clusters underneath each cone
pedicle. The Cx36 plaques underneath the cone pedicle are distinct from and do not
colocalize with the base of the cone pedicle.
C., D. E. Triple label images from vertical sections of macaque retina. C. Cone pedicles are
stained with 7G6 (blue). Cx36 plaques (red) occur at cone pedicle contacts (arrows) and on
fine processes leaving the cone pedicle base (arrowheads). D. Certain OFF bipolar cells,
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including OFF midget bipolar cells and DB2, are labeled with antibodies against the
glutamate transporter GLT-1 (green). The OFF bipolar dendrites terminate in flat tops,
apposed to the base of the cone pedicle. Most of the Cx36 labeling underneath the cone
pedicles is colocalized with the OFF bipolar dendrites. E. Triple label image shows that the
Cx36 plaques below each cone pedicle are colocalized with GLT-1 stained OFF bipolar cells
and not with the cone pedicle. All panels, 6 × 0.4 μm optical sections.
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Figure 4. Cx36 forms gap junctions between red/green cones
Macaque retina was viewed in wholemount with the level of focus at the base of the cone
pedicles in the OPL. A. In central retina, cone pedicles stained for 7G6 (green) were tightly
packed, frequently with direct contacts between neighboring pedicles. In addition, there are
many small processes or telodendria, which contact adjacent pedicles. The Cx36 labeling
within the perimeter of each cone pedicle is due to the presence of Cx36 gap junctions
beneath the cone pedicle (red). In two pedicles (+) (boxes) that are slightly higher, the
synaptic invaginations (holes) in the pedicle base begin to blur and fill in and the Cx36
labeling underneath is markedly reduced. Two smaller, potentially blue cone pedicles are
marked with asterisks. It should be noted that Cx36 plaques occur at nearly all direct or
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telodendrial contacts between red/green cone pedicles. For example, a well-labeled group of
Cx36 gap junctions are stained within the circle. 6 × 0.4 μm optical sections.
B. In peripheral retina, the cone pedicles are more widely spaced and the telodendria are
more obvious. Again, Cx36 plaques occur at telodendrial contact points between
neighboring cone pedicles (oval). A few presumed blue cone pedicles, marked with
asterisks, have very few telodendria or Cx36 contacts. 6 × 0.4 μm optical sections.
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Figure 5. Cx36 plaques occur precisely at telodendrial contacts between adjacent cone pedicles
A high magnification image of 7G6-labeled cones (green) shows Cx36 (red) forms gap
junctions at all 10 cone contacts of a single cone pedicle. This cone has Cx36 plaques at 8
telodendrial contacts (vertical arrows) and at 2 basal contacts from neighboring cones. The
number of gap junctions may exceed the number of telodendria because some neighboring
telodendria make gap junctions with the base of the cone pedicle (horizontal arrow). In
addition, autologous telodendrial contacts may also occur where one telodendria forms a gap
junction with another telodendria, originating from the same cone pedicle (arrowhead).
Some telodendria on the left side make contacts outside the image plane. 6 × 0.31 μm
optical sections.
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Figure 6. Blue cones form smaller and fewer Cx36 gap junctions
A. The outer segments of primate cones were labeled with a cone arrestin antibody (7G6). In
addition, blue cone outer segments were stained with antibodies against blue cone opsin
(BCO). B. The labeling could be followed through the confocal stack down to the cone cell
bodies. C. The blue cone opsin and 7G6 labeling were followed further in the confocal
series to identify blue cone pedicles in the array of green/red cone pedicles. Blue cone
pedicles, marked by asterisks, were smaller with fewer telodendria. There was robust Cx36
labeling (red) at telodendrial contacts between cones, some of which are circled. In contrast,
the telodendria of blue cones were mostly too short to reach adjacent cones. Nevertheless,
there were still occasional Cx36 plaques (arrows).
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Figure 7. Primate cones make Cx36 gap junctions with rod spherules
Wholemount macaque retina was stained with antibodies against cone arrestin (7G6, green),
Cx36 (red) and SV2b (blue), to stain rod spherules. A. A mosaic of cone pedicles in
peripheral retina. A blue cone pedicle is marked with an asterisk. As before, there are many
Cx36 plaques at telodendrial contacts. In addition, a few telodendria terminate in isolation
(circle, top right). B. The same field shows that the space between cone pedicles is mostly
filled by rod spherules stained for SV2b. C. High magnification image of the isolated
telodendron from A shows clear Cx36 plaques, even in the absence of adjoining cones
pedicles (small circles). In addition, many other small telodendria, also bearing Cx36
plaques, project from a cone pedicle base (arrows). D. The isolated cone telodendron is
surrounded by rod spherules and the Cx36 plaques occur at contact points with rod spherules
(small circles). The Cx36 plaques on short telodendria also contact rod spherules (arrows).

O’Brien et al. Page 26

J Neurosci. Author manuscript; available in PMC 2012 September 28.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



E. The blue cone pedicle also has many fine telodendria, too short to reach adjacent cones.
In addition, Cx36 plaques maybe observed along a telodendrial shaft (long arrows). F. Cx36
plaques on the blue cone telodendria are aligned with the surrounding rod spherules
(circles). Some rod speherules have Cx36 contacts with the blue cone pedicle and an
adjacent cone pedicle. Two small Cx36 plaques from different telodendria contact opposite
sides of a single rod spherule (small arrowheads). Further down, there is a much larger cone-
to-cone gap junction (large arrowhead). In summary, many fine telodendria form all types of
cones make small Cx36 gap junctions with surrounding rod spherules (small arrows). A-D,
4, E,F 3 × 0.4 μm optical sections.
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Figure 8. Cone pedicles make potential Cx36 gap junctions with most surrounding rod spherules
A. A mosaic of cone pedicles stained with 7G6 (green). Many telodendria, long and short,
are decorated with Cx36 plaques (red). A single small blue cone pedicle is marked with a
letter B. B. Same field showing rod spherules, which are round with a dark central spot
stained for SV2b (blue). Cone pedicles are larger polygonal structures. C. Triple-label image
shows Cx36 contacts with many neighboring rods and cones. D. A reconstruction of part of
the cone pedicle mosaic. The cone pedicles were outlined and colored grey. Each rod
spherule receiving a Cx36 telodendrial contact was shaded with one color indicating
contacts from a single cone pedicle. A few rods receiving Cx36 contacts from two different
cones were coded as hemispheres of two colors, including at least two rod spherules with
blue input. The small telodendria extend for 2-3 rows of rod spherules around each cone
pedicle. Almost every rod spherule receives potential gap junction contacts. Red/green cone
pedicles contacted 20-30 adjacent rods. A single blue cone pedicle (B) made potential
contacts with 16 rod spherules. 6 × 0.3 μm optical sections.
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