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Abstract Retinal connexins (Cx) form gap junctions (GJ)
in key circuits that transmit average or synchronize signals.
Expression of Cx36, -45, -50 and -57 have been described
in many species but there is still a disconcerting paucity of
information regarding the Cx makeup of human retinal
GJs. We used well-preserved human postmortem samples
to characterize Cx36 GJ constituent circuits of the outer
plexiform layer (OPL). Based on their location, morpho-
metric characteristics and co-localizations with outer reti-
nal neuronal markers, we distinguished four populations of
Cx36 plaques in the human OPL. Three of these were
comprised of loosely scattered Cx36 plaques; the distal-
most population 1 formed cone-to-rod GJs, population 2 in
the mid-OPL formed cone-to-cone GJs, whereas the
proximalmost population 4 likely connected bipolar cell
dendrites. The fourth population (population 3) of Cx36
plaques conglomerated beneath cone pedicles and con-
nected dendritic tips of bipolar cells that shared a common
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presynaptic cone. Overall, we show that the human outer
retina displays a diverse cohort of Cx36 GJ that follows the
general mammalian scheme and display a great functional
diversity.
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Introduction

Gap junctions (GJ) are conduits between cells that allow
the free intercellular diffusion of ions and small molecules
up to 1 kDa (Furshpan and Potter 1957; Watanabe 1958).
They are formed at sites of close cell membrane apposi-
tions with a very narrow (1-2 nm) gap between contacting
membrane surfaces. Connexons (hemichannels) are hex-
ameres of connexin (Cx) protein subunits, each possessing
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four transmembrane domains, one intra- and two extra-
cellular loops and intracellular C- and N-terminal endings.
Two connexons of neighboring cells coalesce to form
functional channels, whose conductance is largely deter-
mined by the makeup of the connexin constituents and the
intracellular molecular milieu (Cruciani and Mikalsen
2006; Sohl and Willecke 2003). Over 20 Cx genes have
been sequenced in various mammals (S6hl and Willecke
2003) and the gene product protein sequences are named
after their molecular weights between 21 and 70 kDa (e.g.,
Cx43, Cx26, etc.). Retinal GJs have been shown to play a
number of roles in signal processing, including transmis-
sion, averaging and synchronization of signals (Bloomfield
and Volgyi 2009). In the mammalian retina, Cx36 and
Cx45 have been found in both plexiform layers (Giilde-
nagel et al. 2000; Petrasch-Parwez et al. 2004), whereas
Cx50 and Cx57 (Massey et al. 2003; Hombach et al. 2004)
are restricted to the outer plexiform layer (OPL) and
Cx30.2 is found only in the inner plexiform layer (IPL)
(Miiller et al. 2010). Cx36 and Cx45 have been shown to
process rod-mediated signals between AIl amacrine and
ON cone bipolar cells (BC) and between rod and cone
photoreceptors (Feigenspan et al. 2001, 2004; Giildenagel
et al. 2001; Mills et al. 2001; Deans et al. 2002; Lee et al.
2003; Volgyi et al. 2004; Han and Massey 2005; Maxeiner
et al. 2005; Lin et al. 2005; O’Brien et al. 2012), and also
serve to correlate ganglion cell signals (Hidaka et al. 2004;
Schubert et al. 2005a, b; Volgyi et al. 2005, 2009, 2013a, b;
Pan et al. 2010).

It has been shown that the human retina, similar to those
of other mammalian species, expresses Cx36 both in the
IPL and OPL (So6hl et al. 2010), and the distribution of
immunostained plaques resembled patterns found previ-
ously in the mouse, rabbit, rat and the monkey (Feigenspan
et al. 2001; Mills et al. 2001; Deans et al. 2002; Kihara
et al. 2006, 2010; O’Brien et al. 2012; Kovacs-Oller et al.
2014). However, it has been difficult to obtain details on
the GJ forming neurons of the human retina due to the
postmortem decomposition of available tissue. Therefore,
it is unclear if the human retina shares the electrical circuit
design described in other mammalian species. Such com-
parison is particularly important when mammalian animal
models are in use to examine clinically relevant retinal
conditions or to study human visual information process-
ing. To this end, we obtained human retinal samples with
minimal postmortem period (2-3 h) and performed multi-
ple label immunohistochemistry to characterize Cx36-ex-
pressing neurons. Results of this immunohistochemical
analysis on the outer retina are summarized in this manu-
script, whereas findings regarding the inner retina will be
detailed in a following study. We distinguished four pop-
ulations of Cx36 plaques in the human outer retina. Plaques
of population 1 were scattered throughout the distal part of
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the OPL and often showed co-localizations with cone
axons whereas population 2 consisted of Cx36 plaques that
colocalized with cone pedicles in the mid-OPL area. While
plaques of population 2 regularly connected neighboring
cone terminals, some Cx36 plaques of population 1 con-
nected cone photoreceptors to neighboring rods. In contrast
to population 1 and 2, members of the third population
(population 3) were rather arranged in laterally extended
conglomerates just beneath cone terminals. These latter
plaques colocalized with dendritic tips of various types of
cone BCs that shared the same presynaptic cone photore-
ceptor. A fourth Cx36 plaque population (population 4)
was scattered in the proximal-most OPL area and was
associated with preterminal BC dendrites. Overall, the
distribution of Cx36 plaques in the human retina displayed
similarities to those of other mammals and showed a
wealth of Cx36 GlJs in the first synaptic layer of the human
retina.

Materials and methods
Human patients

Human donor tissue from patients with no reported history
of eye disease, collected for corneal transplantation, was
used in this study, in accordance with the tenets of Dec-
laration of Helsinki. After the removal of the cornea and
the lens, the posterior eyecup was placed into fixative (4 %
paraformaldehyde diluted in 0.1 M phosphate buffer (PB)
(for 2 h at +4 °C) within 2-3 h after exitus. All personal
identifiers were removed and samples were coded before
histological processing. Retinas from four patients were
investigated in this study (2 males, 2 females, age
27-59 years, postmortem time 2-3 h). The experimental
protocol was approved by the local ethics committee of the
Semmelweis University (TUKEB 58/2006).

Histological preparation

After fixation, specimens were rinsed several times in PB,
the vitreous body was carefully removed and eyecups were
radially cut into six pieces. For whole-mounts, the retina
was carefully isolated from the mediotemporal parafoveal
and peripheral area of the eye ball and the pigment
epithelium was gently removed. The tissue was cut into
small pieces, soaked overnight in 30 % sucrose in
0.1 M PB at +4 °C and stored in cryoprotectant solution at
—20 °C for further use. For sections, inferonasal retinal
pieces were placed into 30 % sucrose in PB at +4 °C then
embedded in Tissue Tek (Sakura Finetek Europe B. V.,
Alphen aan den Rijn, The Netherlands). Blocks were stored
at —80 °C until sectioning. 10-20 pm sections were cut in
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the radial plane with a cryostat (Leica CM 1950, Leica
Microsysteme, Wetzlar, Germany), mounted on gelatine-
coated slides and stored at —20 °C until processing.

Immunohistochemistry

Fluorescent immunohistochemical reactions were carried
out in sections and in whole-mounts according to stan-
dard protocols (Kantor et al. 2006). To enhance pene-
tration in the whole-mounts, tissue was digested with
1 % pepsin solution for 15 min at 37 °C and increased
rinsing and incubation times were applied. Sections or
tissue samples were washed several times with PBS
(25 mM with 0.2 % Triton X; PBS-TX). Nonspecific
staining was blocked in 10 % donkey serum diluted in
PBS-TX. Afterwards, specimens were incubated in the
primary antibodies at +4 °C (60 h for sections and 72 h
for whole-mounts). Primary antibodies used in the pre-
sent work are listed in Table 1. After extensive rinsing,
specimens were incubated with the appropriate mixture
of the following secondary antibodies: donkey anti-mouse
immunoglobulin G (IgG) conjugated with Alexa 488,
donkey anti-rabbit IgG conjugated with Alexa 555 or
DyLight 649, donkey anti-guinea pig IgG conjugated
with Alexa 555 (all Alexa conjugated antibodies were
purchased from Life Technologies, Budapest, Hungary
and all DyLight conjugated antibodies from Jackson
ImmunoResearch Europe Ltd., Suffolk, UK) diluted in
PBS-TX and 3 % normal donkey serum. Sections were
incubated for 3 h at room temperature, whereas whole-
mounts were incubated overnight, at +4 °C. After several
rinsing steps, whole-mounts were mounted on gelatine-
coated slides and all specimens were coverslipped using
AquaPolymount (Polysciences Europe GmbH, Eppel-
heim, Germany) as mounting medium. Slides were kept
at +4 °C prior to imaging.

In cases when the utilized primary antibodies were
raised in the same species (e.g., anti-connexin36 and anti-
protein kinase C alpha (PKCa) were both raised in mouse)
fluorescent tyramide signal amplification (TSA) was car-
ried out according to Hunyady et al. (1996). Briefly, first
we carefully titrated the dilution of the first primary anti-
body (anti-PKCa) to determine the dilution where con-
ventional immunostaining resulted in no detectable signal.
We then used the first primary antibody at this dilution (50
times more diluted than used for conventional immuno-
histochemistry) with biotin-TSA. After washing, sections
were incubated with biotinylated goat anti-mouse IgG for
1 h at room temperature (1:500; Vector Laboratories,
Burlingame, CA, USA). After extensive rinses, TSA was
carried out using a TSA Kit (Life Technologies Hungary
Ltd, Budapest, Hungary) according to the manufacturer’s
manual and using Cy5 conjugated streptavidin as

fluorophore (1:300, 3-h incubation; Jackson Immunore-
search Laboratories Inc., West Grove, PA, USA). Subse-
quently, conventional fluorescent immunohistochemistry
(anti-Cx36) was applied on the sections.

To visualize cones on whole-mounts, we performed
lectin histochemistry using biotinylated peanut agglutinin
(PNA; 1:10, Sigma-Aldrich Ltd., Budapest, Hungary) and
Cy5 conjugated streptavidin (1:300; Jackson ImmunoRe-
search Europe Ltd., Suffolk, UK). In some sections, after
the immunohistochemical reactions nuclei were stained
using 4’,6-diaminido-2-phenylindole (DAPI, 1:1000 for
10 min at room temperature; Sigma-Aldrich Co., Budapest,
Hungary).

Imaging

Images were captured utilizing a confocal microscope
(Zeiss LSM 510 Meta and Zeiss 710 with upright micro-
scope Axio Imager Z1, Carl Zeiss Microscopy, Jena,
Germany), 63 x Plan-Apochromat oil-immersion lens (NA:
1.4) and the ZEN 2010 software (Carl Zeiss Microscopy,
Jena, Germany). Alternatively, a Bio-Rad Radiance 2100
Rainbow confocal laser scanning system (Bio-Rad Labo-
ratories, Hemel Hampstead, UK) and a 60x (NA: 1.4) oil-
immersion objective attached to a Nikon Eclipse E800
microscope was utilized to obtain images. Voxel sizes in Z-
stacks were 84 x 84 x 250 nm. Final images were con-
structed using Adobe Photoshop 7.0 (San Diego, CA,
USA). Only minor adjustments of brightness and contrast
were applied and did not alter the original appearance of
the images.

Image deconvolution was carried out utilizing the
Huygens Software (Scientific Volume Imaging B. V.,
Hilversum, The Netherlands) and using classical decon-
volution methods.

To detect the colocalization of Cx36 with either PKCa,
Rec or CaB labeled structures raw data were analyzed
using the ZEN 2012 software (Carl Zeiss Microscopy,
Jena, Germany). Fifty Cx36 plaques per stack were ran-
domly chosen in the OPL for analysis. Colocalization was
suggestive if the maximal staining intensity of the Cx36 dot
appeared in the same focal plane (Z dimension) as the
maximal intensity of the secondary marker (PKCo, Rec or
CaB) and no black pixels were detected between the two
labeled structures. Orthogonal views of the stacks were
generated and putative colocalizing sites were verified by
measurements of the staining intensities. Histograms of
staining intensities were generated along the Z axis.
Colocalization of stainings was declared if the peaks of the
histograms were found to be less than 9 pixels apart
(750 nm, corresponding to the axial resolution limit of the
confocal microscope). Note that orthogonal views were
rescaled by ZEN to avoid image distortion; thus the
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Table 1 Antibodies used in the present study

Antibody Source Host Concentration
Anti-connexin 35/36 (Cx36) clone 8F6.2 Millipore, Temecula, CA, USA Mouse 1:1000
monoclonal
Anti-short wavelength sensitive opsin (SO) Millipore, Temecula, CA, USA Rabbit 1:1000
polyclonal
Anti-middle/long wavelength sensitive Millipore, Temecula, CA, USA Rabbit 1:1000
opsin (M/LO) polyclonal
Anti-recoverin (Rec) Generous gift of Karl-Wilhelm Koch Rabbit 1:2500
polyclonal
Anti-calbindin D-28k (CaB) Swant, Bellinzona, Switzerland Rabbit 1:5000 (for sections)
polyclonal 1:1000 (for flat mounts)
Anti-calbindin D-28k (CaB) Synaptic Systems, Gottingen, Germany  Guinea pig 1:2000
polyclonal
Anti-protein kinase C alpha subunit Santa Cruz Biotechnology Inc., Santa Mouse 1:1000 (for conventional
(PKCua) Cruz, CA, USA monoclonal immunohistochemistry)
1:50,000 (for BTA)
Anti-rod transducin (rTR) Abcam, Cambridge, UK Rabbit 1:300
polyclonal
Anti-AMPA type glutamate receptor Frontier Institute Co., Ltd., Ishikari, Guinea pig 1:500
subunit-4 (GluA4N) Japan polyclonal
Anti-metabotropic glutamate receptor 6 Generous gift of Noga Vardi Rabbit 1:3000
(mGluR6) polyclonal

original Z voxel component (250 nm) was reduced to
84 nm to match the dimensions of the X-Y components.

Statistical analyses

Datasets were obtained from Z-stacks of radial sections
(n = 20) where either M/L- or S-cones were specifically
labeled. Numbers of labeled cones were manually counted
and cone frequency numbers were calculated based on the
width (determined by the field of view) and depth (deter-
mined by the thickness of the radial section; ~ 10 pm)
dimensions for each stack. Cx36 plaques that colocalized
with M/L- or S-cone pedicles or M/L-cone pedicle contacts
were manually counted in stacks, averages and standard
deviations were determined in Origin7 (Microcal Origin,
Northampton, USA).

To perform analyses on the distribution of Cx36-im-
munolabeled plaques we obtained top views of
196 um x 196 um frames of the OPL in whole-mount
specimens. The image processing for morphometric anal-
ysis and the analysis itself were performed using Fiji
(Schindelin et al. 2012). The Cx36-immunoreactive parti-
cles and the pedicles of photoreceptors were separated
using a gray level watershed algorithm (Sage 2008) after
application of Gaussian blurring 1.5 and 5.0, respectively.
The area occupied by Cx36-immunoreactive particles
belonging to a single photoreceptor pedicle were measured
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with the convex hull plugin of Fiji, and the parameters of
the particles and clusters (area, coordinates, gray intensity
level, form description) were exported into an excel spread
sheet. We then estimated the probability density function
(P(x)) of the pedicle area, the convex hull area and the
number of Cx36 plaques with a weighted sum of log-nor-
mal components for each case:

P(x) = Z T - pr(x),

where K is the number of components and 7, is the mixing
coefficient of the k-th component. The coefficients are
normalized, that is Z,[;l i, = 1. pr(x)-s are the log-nor-
mal components which are given by:

(In(x) )2
1 T2 .

X)=——"¢ koo,
Pr(x) o o

where p and o are the location and the shape parameters of
the distribution, respectively. We fitted the model through
maximization of the likelihood given the model using an
iterative procedure called the Expectation Maximization
(EM) algorithm. The likelihood is the probability of the
data set given the parameters:

N
L = P(Data|r, u, 6) = H P(x,)
n=1
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The data set is the co-occurrence of observed data points
(x,,), so the probability of the data set is the product of the
N individual data-point probabilities (here, we assumed
that the data points are independent and identically
distributed).

We initialized the parameters randomly and then waited
800 iteration steps, this procedure was repeated 20 times
and the solution with maximal likelihood was accepted.
We performed the above procedure for a different number
of components (from 1 to 9). The optimal number of
components (K*) was chosen according to the Bayesian
Information Criterion (BIC). BIC shows the optimality of a
model by introducing a tradeoff between the likelihood and
model complexity:

BIC(K) = =2 -In(L) + (3K — 1) - In(N)

The first term on the right-hand side is the negative
logarithm of the likelihood, which is a monotonically
decreasing function of K. In the second term is the number
of free fitted parameters, namely the log-scale, the shape
and the mixing coefficient for each component and minus
one due to the normalization restriction for mixing coeffi-
cients. This latter term is a monotonically increasing
function of K, acting as a penalty for the number of
parameters, which is a simple estimate of model com-
plexity. The optimal model has the smallest BIC value.

Two population ¢ test and fitting of a linear regression
line were performed in Origin7 (Microcal Origin,
Northampton, USA). p <0.05 was considered as
significant.

Reconstruction of Cx36 plaques

For detailed description of the Cx36 plaques distribution
within the OPL, four confocal stacks of sections stained for
Cx36, M/LO and DAPI and imaged under identical con-
ditions (oversaturated pixels were strictly avoided) were
3D reconstructed using Neurolucida (version 11; Micro-
BrightField Europe, Magdeburg, Germany). 794 Cx36
plaques were mapped in total. Plaque numbers and sizes
were calculated using NeuroExplorer (version 11; Micro-
BrightField Europe, Magdeburg, Germany). Distance of
individual plaques from the borders of OPL was also
determined.

Results

Photomicrographs of this study depict central human reti-
nal areas unless it is specified otherwise. As a result,
staining patterns for each neuronal marker were identical in
all retinal samples of this study.

Cx36 distribution in the human retina

To detect Cx36 GJ sites in the human retina, Cx36
immunohistochemistry was carried out utilizing a mono-
clonal antibody raised against the perch Cx35. This anti-
serum has been widely used to recognize Cx36 GJs in the
nervous tissue of various mammals including macaque
(O’Brien et al. 2012; Rash et al. 2012; Kovacs-Oller et al.
2014; Pereda et al. 2003). Similar to other species, the
antibody recognized a number of Cx36 GJ plaques in both
plexiform layers of the human retina (Fig. la—d). While a
detailed description of Cx36 immunolabels in the IPL will
be given in another manuscript, this work focuses on Cx36
labeling of the human outer retina. The majority of Cx36
plaques in the OPL were arranged into horizontally
extended strip-like conglomerates (Fig. le, f) in the middle
of the OPL (Table 2, bottom). In addition, three popula-
tions of solitary Cx36 plaques were found: one in the distal,
one in the middle and one in the proximal OPL (Fig. le, f;
Table 2, bottom). Thus, in the following sections, we will
refer to the distal plaques as population 1, to mid-OPL
plaques as population 2, to the conglomerate forming Cx36
plaques as population 3 and to the proximal plaques as
population 4. Four stacks from paracentral retinal specimen
were selected to perform plaque counts, plaque size mea-
surements (plaque diameter) and to determine the location
of Cx36 plaques in the OPL (% depth of OPL). The number
counts and relative contributions of Cx36 plaques to each
population are shown in Table 2. The conglomerate
forming population 3 plaques accounted for almost half of
the Cx36 plaques in the OPL, whereas population 1, 2 and
4 contributed with ~ 10, 20 and 20 %, respectively. All
plaques, regardless the population fell in the 0.29-0.36 um
range with population 1 plaques amongst the smallest and
population 3 plaques amongst the largest ones. Since the
measurements of confocal microscopy are not adequate to
determine absolute plaque sizes we did not perform sta-
tistical analysis for the significance of differences.

Detection of cone photoreceptors in the human
retina

Photoreceptors in most examined mammalian species form
GJs, and some of these connect either cones or rods into
small focal arrays, whereas others signal between rods and
cones and serve the secondary rod-signaling pathway
(Bloomfield and Vélgyi 2009; Volgyi et al. 2013a). To
identify such contacts in the human retina, conventional
cone markers were tested first. Cone photoreceptors have
been successfully detected with antibodies that recognize
the calcium binding protein calbindin (CaB) in other
mammals (Massey and Mills 1996; Volgyi et al. 1997,
Griinert et al. 1994) and in the human retina (Haverkamp
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<«Fig. 1 Connexin36 immunoreactivity in the human retina. a—f Pho-
tomicrographs showing epifluorescent (a, ¢), DIC (b) and composite
(d) images of a Cx36 (green) and DAPI (blue) labeled radial section
of the human retina. Cx36 immunolabeled plaques are evident in both
the OPL (open arrow) and the IPL (arrow). e—f Enlarged view of a
radial section showing the distribution of Cx36 immunolabeled
plaques in the OPL. Solitary Cx36 plaques are located in the proximal
OPL (closer to the vitreus, dashed arrows) in the mid-OPL
(arrowhead) and distal OPL (closer to the photoreceptor somata,
open arrows), whereas characteristic strip-like (or disc-shaped)
conglomerates of Cx36 plaques (arrows) are found in the mid-OPL.
This juxtaposition of Cx36 conglomerates as well as the proximal
subset of solitary plaques to the INL is even more obvious when a
DIC view is overlayed (f). g Flat-mount view of the human retina
showing the CaB™ cone pedicles. Telodendria reach out radially
towards neighbouring photoreceptors, giving a spider-like appearance
to pedicles. h, i Epifluorescent views of a radial section of the human
retina. M/L-cones (purple) are stained for the M/LO (DAPI labeled
nuclei are blue), whereas S-cones are distinguished by their SO
(green) staining. ONL outer nuclear layer, OPL outer plexiform layer,
INL inner nuclear layer, /PL inner plexiform layer, GCL ganglion
cells layer. a—f Maximal intensity projections (MIP) of nine optical
sections (9 x 250 nm), g-i MIP of three optical sections
(3 x 250 nm). Scale bar 20 pm

et al. 2003). CaB was expressed by a cohort of cone pho-
toreceptors in our sample both in transversal sections and
whole-mounts (Figs. 1g, 8a). Besides CaB, which labeled
cones non-selectively, medium/long wavelength-sensitive
(M/L) and short wavelength-sensitive (S) cones were dis-
tinguished by using antibodies against green/red opsin (M/
LO; M and L cones can not be distinguished by immuno-
histochemistry due to the high amino acid sequence
homology of red and green opsins; Nathans et al. 1986) and
blue opsin (SO), respectively (Fig. 1h, i). We found that
S-cones of the human retina were somewhat smaller and
had unusual-shaped pedicles (Fig. 1h, i) similar to primate
S-cones (Ahnelt et al. 1987, 1990; Ahnelt and Kolb 1994,
Bumsted and Hendrickson 1999; Hendrickson et al. 2007,
2009; Kolb et al. 1997; Xiao and Hendrickson 2000). In
addition to the morphological characteristics, the SO anti-
body marked cones less frequently in all sections than the
serum  against M/LO  (density = of  S-cones:
1127.8 &+ 353.9 mmz, n = 13; density of M/L-cones
7548.7 + 2020.4 mmz, n = 17). This, thus, indicated the
specificity of our antibodies and their capability to dis-
criminate between M/L and S-cones.

Cx36 colocalization with photoreceptor axon
terminals

Next, we performed dual staining immunohistochemistry
in sections to label Cx36 GJ sites associated with either
M/L- or S-cones. We found that a number of Cx36 plaques
were superimposed on M/L-cone pedicles (Fig. 2a—c; 2.87

Cx36 plaques/pedicle £ 1.5 SD, n = 153) or less fre-
quently colocalized with S-cone pedicles (0.76 Cx36
plaques/pedicle & 0.8 SD, n = 42; Fig. 2d-f; the counts
were performed in sections thus they are likely underesti-
mations). In the case of M/L-cones, colocalizing Cx36
plaques belonged to the solitary population 1 or 2 and were
usually located on the side of pedicles or small telodendric
protrusions. Moreover, population 2 Cx36 plaques were
often found at sites where pedicles of two M/L-cones came
into contact, indicating GJ sites between M/L-cones
(Fig. 2b, c¢). In contrast, cone-to-cone contacts between
S-cones were not detected due to the low S-cone density
(Fig. 2d—f). Cone-to-cone contacts were further analyzed
by dual staining whole-mount retinal samples by utilizing
CaB and Cx36 antibodies. Besides the frequently observed
conglomerates in sub-pedicle areas, we often found that
population 2 solitary Cx36 plaques colocalized with cone
telodendria (Fig. 3) or even located at cone-to-cone contact
sites (Fig. 3c, d).

Interestingly, we found Cx36 plaques on M/L-cone
pedicles that did not seem to contribute to the above
cone-to-cone contacts. These Cx36 plaques were often
located on the side or apical surface of cone telodendria
or even more distal axonal areas but typically lacked
contacts with other cones. These population 1 and 2 Cx36
plaques resembled to sites previously described as cone-
to-rod GJs in the primate retina (O’Brien et al. 2012). In
fact, we found that some rod spherules labeled with an
antiserum against rod transducin (rTR) displayed a close
vicinity to these Cx36 plaques (Fig. 4a, f). To examine if
these are sites of rod-cone Gls, we counterlabeled the
rTR/Cx36 retinal specimen with peanut agglutinin (PNA)
that specifically binds to the galactose/N-acetylgalac-
tosamine sequence of the cone carbohydrate matrix
sheath. In fact, we encountered a number of triple co-
localizations and/or close spherule/pedicle appositions
with Cx36 plaques in key intermediate positions (Fig. 4a—
e, g-i). In addition to the rTR/Cx36/PNA triple labeled
whole-mounts, we also performed rTR/Cx36/CaB triple
label experiments in radial retinal sections. We selected
CaB labeled cone photoreceptors whose CaB staining
could clearly be isolated from labeled processes of nearby
CaB' BCs and horizontal cells (HCs). We found that
some of the selected sections displayed clear
spherule/pedicle appositions with Cx36 colocalization
(Fig. 4j-m). These experiments clearly indicated that
Cx36 forms cone-to-rod GJs in the human OPL. The
putative cone-to-rod GJs were comprised mostly by Cx36
plaques of population 1 and less frequently by population
2. We also encountered juxtapositions of spherule-plaque-
spherule triplets that suggested the existence of Cx36 rod-
to-rod GJs in the human retina (Fig. 4i).
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Table 2 Statistical dataset of the four Cx36 plaque populations in the human OPL

Plaque count Population 1 Population 2

Population 3 Population 4 Total plaque count

Stack3 36 56 134 86 312

Stack4 20 30 77 23 150

Stack5 13 47 94 25 179

Stack6 10 36 75 32 153

Total plaque count/% 79/9.9 169/21.3 380/47.8 166/20.9 794/100

Plaque size (um) Population 1 Population 2 Population 3 Population 4
Stack3 0.305556 0.298214 0.363433 0.34186
Stack4 0.3 0.313333 0.383117 0.308696
Stack5 0.246154 0.3 0.36383 0.344
Stack6 0.3 0.313889 0.365333 0.31875
Average size/SD 0.29 £ 0.07 0.3 £0.05 0.36 £+ 0.08 0.33 £ 0.07
Plaque location in OPL depth (%) Population 1 Population 2 Population 3 Population 4
Stack3 48.7 70.6 76 80.7

Stack4 46.95 58.9 63 72.1

Stack5 54 64.3 67 80.3

Stack6 4717 58.3 66.1 71

Average size/SD 49.1 &+ 1241 64.2 + 10.27 69.1 + 104 77.7 £ 9.63

Note that values of each cell in middle and bottom tables represent average values for a cohort of plaques in one certain stack and population

Characterisation of subpedicle Cx36 conglomerates

Population 3 conglomerate forming Cx36 plaques were
typically located right beneath cone pedicles. In this regard,
M/L- and S-cones were similar, as sub-pedicle spaces of
both cone populations were occupied by conglomerates
(Fig. 2). S-cone pedicle-associated conglomerates were
short and possessed less individual Cx36 plaques
(435 £2.96 SD; n =42), whereas those observed
beneath M/L-cone pedicles extended further laterally and
were composed of more plaques (11.75 + 3.62 SD;
n = 153). Note, that the above numbers of Cx36 plaques
are underestimations, as measurements were performed in
sections (some Cx36 plaque numbers corresponded to
fractioned pedicles) and thus they only represent relative
quantities. Overall, the location and structure of conglom-
erates were clearly associated with cone pedicles, even
though they did not seem to colocalize.

To further characterize conglomerates we carried out
Cx36 immunohistochemistry in whole-mount retinas and
visualized  conglomerates in randomly selected
196 pym x 196 um retinal areas (n = 10) from the mid-
peripheral retina. In whole-mount specimen, conglomer-
ates appeared disk- or crescent-shaped and were
organized in a regular honeycomb-like fashion with
rather regular spacing (Fig. 5a, b; mean dis-
tance = 46 um, n = 107). It was clear from the dual-
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stained CaB/Cx36 specimen that each conglomerate was
associated to a cone pedicle that located somewhat dis-
tally (scleral) from these structures (see also Fig. 2). To
determine if there is a preferred conglomerate shape and/
or intraconglomerate location of the individual Cx36
plaques, ten randomly selected pedicle/conglomerate
pairs were stacked into a single image (Fig. 5c). This
manipulation showed that Cx36 plaques in fact preferred
central sub-pedicle spaces, whereas the peripheral loca-
tion of Cx36 plaques was less likely (Fig. 5c). This
feature was advantageous as it further helped to distin-
guish between population 2 and population 3 plaques.

To obtain more information on the variability of sub-
pedicle Cx36 conglomerates we determined pedicle area
sizes (n = 379), subpedicle Cx36 convex hull area sizes
(n = 379) and the number of Cx36 plaques in subpedicle
conglomerates. The probability density distributions of all
three measures showed the marks of multimodality. Thus,
we performed a mathematical model selection process to
determine the optimal number of unicode components of
the observed distributions (see “Materials and methods™).
Since the Gaussian distribution can take both positive and
negative values, but all three examined measures here
(pedicle area, convex hull area and number of Cx36
plaques/pedicle) are restricted to positive values by defi-
nition, we chose lognormal distributions to describe the
form of each component.
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The selection process resulted in two components  distribution. This suggested the presence of two pedicle
(minimum BIC value occurred at 2 log-normal compo-  populations, including a less frequent population with
nents) for the optimal model of the pedicle area smaller area sizes of 42.848 umz (£18.479 umz SD) and a

Fig. 2 The Cx36 plaque
distribution in the OPL is
strongly correlated with M/L-
and S-cone pedicles. a M/L-
cone pedicles (red) are
associated with both solitary
and aggregated Cx36 plaques
(green). Cx36 conglomerates
are located right below M/L-
cone pedicles. Arrowheads
indicate population 1 solitary
plaques. b, ¢ Sets of consecutive
images of the same stack
displaying the colocalization of
population 2 (arrows) solitary
Cx36 plaques with contacting
telodendria of neighboring M/L-
cones. d—f Images of S-cones,
each displaying Cx36 plaques in
the vicinity of their pedicles.
However, S-cone pedicles are
mostly associated with Cx36
plaques that contributed to short
conglomerates but less
frequently with solitary Cx36
plaques. Arrows point to
locations enlarged in insets at
the bottom. Images a, d—f are
MIPs of two optical slices

(2 x 250 nm), b, ¢ and insets
are single optical slices

(250 nm). Scale bar 20 pm in a,
d, e, fand 2 pm in b, ¢ and d—
f small images
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Fig. 3 Cx36 plaques are often localized in cone-to-cone contacts.
a Flat mount overview of CaB™ cone pedicles (red) with Cx36
counterlabels (green). b Deconvolved high magnification image of
the flat-mount retina reveals a Cx36 plaque (arrow) localized on the
tip of a cone telodendrion without any apparent contact with

more numerous one with area sizes of 54.802 pm?
(+10.804 pm? SD; Fig. 5d). Interestingly, a three compo-
nents solution was the optimal choice when convex hull
area size values were analyzed. The modes were at
0.166 pm? (£1.226 pm? SD), 19.62 um? (£15.667 um? -
SD) and 31.678 pum? (£5.811 pm? SD). However, the first
component was confined to small values that most likely
corresponded to convex hull fragments, and the majority of
the distribution was well described by two components
(Fig. 5e). Thus, we concluded that two populations of sub-
pedicle Cx36 conglomerates existed. Similarly, the optimal
choice for the number of Cx36 plaques/pedicle dataset
occurred for the three-components calculation with modes
at 1.731 (£2.065 SD), 9.048 (£4.242 SD) and 17.455
(£4.374 SD) (Fig. 5f). Again, the first component was too
small and likely corresponded to conglomerate fragments.
This latter analysis further supported the existence of two
Cx36 conglomerate populations. Finally, we plotted the
number of Cx36 plaques against conglomerate areas (see
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neighbouring cones. ¢, d Cone telodendria and population 2 Cx36
plaques are colocalized at cone-to-cone contacts (arrows). Flat-mount
images are MIPs of three optical sections (3 x 250 nm). Scale bar a,
b 10 pm, ¢, d 5 pm

“Materials and methods”). We found that the distribution
of data points showed a quasi-linear relationship and could
be fit with a linear regression line (p < 0.0001; Fig. 5f,
inset). This reflected that the relative frequencies of Cx36
plaques in conglomerates are rather similar in the two
putative subpopulations.

Cx36 conglomerate plaques are associated
with postsynaptic glutamate receptors

The subpedicle position of population 3, conglomerate
forming Cx36 plaques suggested that they were expressed
by bipolar cell dendritic tips. To examine this, we first
performed a double label experiment to stain postsynaptic
retinal mGluR6 receptors and Cx36 forming gap junctions.
We found that the anti-mGluR6 serum stained relative
large (~1-2 um in diameter), mostly spherical structures
that were scattered throughout the human OPL. These
structures were very similar to those identified as rod
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Fig. 4 Cx36 comprises cone-
to-rod gap junctions. a Image
displaying rod transducin-
stained (r'TR) rod spherules
(red) and Cx36 immunolabeled
population 1 plaques (green) in
the distal portion of the OPL.
Arrows point to rod spherules
with nearby Cx36 plaques. b—
e Triple labeling displays cone
pedicles (PNA, blue), rod
spherules (anti-rTR, red) and
population 1 Cx36 (green)
staining in the distal OPL
(above the cone pedicles). Cone
telodendria with Cx36 plaques
contact rod spherules (arrows),
indicating the existence of Cx36
Gls between rods and cones.

f Image displaying rTR-stained
rod spherules (red) and
population 2 Cx36
immunolabeled plaques (green)
in the middle portion of the OPL
(at the level of the pedicles).
Arrows point to rod spherules
with nearby Cx36 plaques. g—
i Triple labeling displays cone
pedicles (PNA, blue), rod
spherules (anti-rTR, red) and
Cx36 (green) staining in the
proximal OPL. Cone
telodendria with Cx36 plaques
contact rod spherules (arrows),
indicating the existence of Cx36
Gls between rods and cones.
Less frequently Cx36 plaques
occurred in contact sites of two
rod spherules (arrowheads). j—
m Radial retinal sections
display rTR labeled (blue) rods,
CaB labeled cones (red) and
Cx36 stained plaques (green).
Some spherule/pedicle
appositions display clear co-
localizations (arrows) with
population 1 and 2 Cx36
plaques that indicate the
presence of Cx36 rod-cone GlJs.
Whole-mounts were collected
from midperipheral, sections
were obtained from the
peripheral part of the retina.
Scale bar 10 pm for all images

bipolar cell dendrite tips in the monkey retina (O’Brien
et al. 2012; Fig. 6a). In addition, smaller mGluR6 plaques
were also found that did not scatter but rather formed
aggregates. Interestingly, plaques of mGluR6 aggregates
and Cx36 conglomerates were entirely intermingled

suggesting that both populations occupied subpedicle
positions. This was confirmed by a triple labeling experi-
ment, in which both mGluR6 and Cx36 conglomerate
forming plaques were strictly associated with cone pedicles
(Fig. 6b). Moreover, Cx36 plaques were often found in the
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«Fig. 5 Cx36 conglomerates are associated with cone pedicles. a, b A
whole-mount view of the human OPL shows that Cx36 conglomerates
are distributed in a highly regular fashion in the OPL. Some
conglomerates display only a handful of Cx36 plaques (arrow),
whereas others display a larger number of plaques (open arrow) (b).
Images show MIPs of ten optical sections (10x 250 nm). ¢ Cx36
plaques (green) seem randomly distributed in conglomerates when
CaB" (red) pedicles are viewed individually (small panels to the
right). However, an overlay of ten pedicles shows that plaques prefer
central subpedicle locations. d Values of Bayesian Information
Criterion (BIC) for different numbers of constituent log-normal
distributions were calculated for datasets of cone pedicle area sizes
(left). The minimum of the BIC clearly occurred at 2 log-normal
components, thus 2 was used as the number of functions in the
following fitting process. The distribution of cone pedicle area sizes is
visualized in the histogram on the right. The solid black line marks
the estimated continuous probability density function, which is the
weighted sum of the constituent log-normal distributions with
maximums at 42.848 um?® (£18.479 pm> SD) and 54.802 pm?
(£10.804 pmz SD) shown by blue and green, respectively. e Values
of Bayesian Information Criterion (BIC) for different numbers of
constituent log-normal distributions were calculated for datasets of
convex hull area sizes (leff). Similar low minimum BIC values
occurred at 2 and 3 log-normal components. However, the smallest
log-normal component was likely due to the presence of a convex hull
fraction in the dataset. Thus, we rejected the smallest convex hull
sizes and used 2 as the number of functions in the following fitting
process. The distribution of convex hull area sizes of was visualized
in the histogram on the right. The solid black line marks the estimated
continuous probability density function, which is the weighted sum of
the constituent log-normal distributions with maximums at 19.62 um>
(£15.667 pm? SD) and 31.678 pum? (£5.811 um? SD) shown by blue
and green, respectively. f Values of Bayesian Information Criterion
(BIC) for different numbers of constituent log-normal distributions
were calculated for datasets of Cx36 numbers/pedicle (left). The
minimum BIC value occurred at 3 log-normal components. However,
one component corresponded to convex hull fragments, thus in the
following analysis we calculated with 2 log-normal distributions that
occurred at the next smallest BIC value. The Cx36 plaques/pedicle
distribution is visualized in the histogram on the right. The solid black
line marks the estimated continuous probability density function,
which is the weighted sum of the constituent log-normal distributions
with maximums at 9.048 (£4.242 SD) and 17.455 (+4.374 SD)
shown by blue and green, respectively. The inset on the right displays
the largely linear relationship between the number of Cx36 plaques
and the area of convex hulls, which indicates that the Cx36 density is
similar in all conglomerates. Scale bar 20 pum in a, b and 15 pm in ¢

close vicinity of small mGluR6 plaques that suggested the
proximity of neuronal structures (likely dendrites) that
expressed them (Fig. 6¢—j). It was also clear, that the larger
mGluR6 stained spots do not overlap with cone pedicles
further supporting the view that these latter mGIuR6 spots
corresponded to rod bipolar cell dendrites. Besides ON
bipolar cells we also examined if OFF bipolar cells con-
tributed to conglomerate forming population 3 Cx36 pla-
ques by utilizing an antiserum against AMPA-type
glutamate receptor subunit-4 (GluA4N). It is controversial
if kainate or AMPA glutamate receptors are the main
contributors to transmit signals from cones to OFF bipolar

cells. However, it has been shown that GluA4N is
expressed by OFF bipolar cells in the primate and ground
squirrel retina (Haverkamp et al. 2001; DeVries et al. 2006;
Li and DeVries 2006), thus we can utilize GluA4N as a
marker for OFF bipolar cell dendritic tips. We found that
GluA4N plaques formed loose aggregates in the human
OPL (Fig. 6k—m). When this staining was compared to
Cx36 labels it was evident that the GluA4N and Cx36
plaques occupied similar subpedicle positions. Further-
more, individual Cx36 plaques were often found in the
immediate vicinity of small GluA4N plaques. This sug-
gested that both ON and OFF bipolar cell dendritic tips
contributed to the population 3 Cx36 conglomerate
formation.

Cx36 conglomerates are formed by BC dendritic tips

The shape and location of conglomerates strongly resem-
bled Cx36 GJs formed by dendritic tips of OFF cone BCs
in the mouse (Feigenspan et al. 2004) and the macaque
retina (O’Brien et al. 2012). In order to prove the similar
origin of the observed human Cx36 conglomerates (popu-
lation 3), we carried out multiple label immunohisto-
chemical reactions with known BC markers and Cx36.
Recoverin (Rec) and CaB were selected to detect subpop-
ulations of cone BCs, whereas the antibody against protein
kinase Co (PKCo) was used as a rod BC marker (Haver-
kamp et al. 2003). Rod BCs served as negative controls in
this study as they have never been shown to be tracer-
coupled, to form GIJs or to express Cx proteins (Feigenspan
et al. 2004).

PKCu

It has been shown that PKCa is selectively expressed by
rod BCs in retinas of non-primate mammals (Greferath
et al. 1990), in macaques (Griinert et al. 1994) and humans
(Haverkamp et al. 2003). Besides rod BCs, PKCa is also
expressed to a lesser extent by DB4 invaginating ON BCs
in all primates. We found that the PKCo antibody selec-
tively labeled a subpopulation of BCs that displayed
characteristics of rod BCs, including short tufted dendrites
in the OPL, a short dendritic stalk, a round soma typically
located in the distal half of the INL and long axonal pro-
cesses that formed lobular axonal endings in the innermost
stratum (stratum 5) of the IPL (Fig. 7a). As expected,
dendrites of PKCa positive rod BCs showed no evidence of
significant colocalization with Cx36 punctate labels in the
OPL. Clearly, rod BC dendritic tips ended in an OPL
sublayer distal to the location of conglomerates, and
showed co-localizations only rarely with solitary Cx36
plaques (Fig. 7b—d).
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Recoverin

A population of primate OFF/flat midget BCs with cell
bodies in the mid-INL, a single long and thick dendritic
stalk and an axon that terminated broadly in the OFF
sublamina of the IPL has been reported to show Rec
immunoreactivity (Milam et al. 1993; Wissle et al. 1994;
Haverkamp et al. 2003). The Rec antiserum utilized in
this study recognized a similar subset of BCs (Fig. 8a, b).
Although, the intensive Rec immunoreactivity (Rec™) of
photoreceptors obscured some of the BC dendritic labels,
Rec™ dendrites were regularly observed and traced to
their very tip. The Rec/Cx36 dual staining revealed Cx36
plaques that were clearly associated with Rec™ BC den-
drites. We found co-localizations between Rec™ dendritic
tips and conglomerate forming Cx36 plaques (population
3) as well as between dendritic branches and population 4
solitary plaques (Fig. 8c—f). To validate co-localizations, a
thorough image analysis in Z-stacks of the Rec/Cx36

material was performed on randomly (the red color
channel was turned off) selected Cx36 plaques (n = 150).
In fact, we found that many examined Cx36 plaques
(n = 34, 22.7 %) showed intensity maximums that cor-
related with overlapping Rec™ structures (Fig. 8d—g) as a
sign of true co-localizations between the Cx36 and Rec
stainings. Furthermore, many (14 out of 34) Rect struc-
tures were identified as Rec™ BC dendritic tips that
colocalized with conglomerate Cx36 plaques. Therefore,
Rect OFF cone BC dendrites clearly contributed to these
structures. However, it was also clear that the majority of
the conglomerate forming Cx36 plaques were Rec nega-
tive, and thus they were expressed by other neuron pop-
ulations. Besides conglomerates, a number of Rec/Cx36
co-localizations (7 out of 34) were formed by Cx36 pla-
ques that belonged to the proximal solitary plaque pop-
ulation (population 4). These latter Cx36 plaques did not
occupy dendritic tips, but rather localized on thicker
preterminal branches of Rec™ BCs. The remaining

Fig. 6 Subpedicle Cx36 plaques are strongly associated with post-
synaptic glutamate receptors. a Photomicrograph showing mGluR6
(red) and Cx36 (green) immunoreactivity in a whole-mount specimen
of the human OPL from midperipheral location. The mGluR6
immunoreactive label showed larger structures (likely duplexes or
triplexes of rod bipolar dendrites) in OPL regions that harbored
relatively few population 2 Cx36 plaques and also displayed
aggregates of smaller immunoreactive population 3 Cx36 dots. The
aggregates of these latter small mGluR6 labels were intermingled
with the subpedicle Cx36 conglomerates. b This image shows the
same frame as in a with CaB (blue) counterlabels to stain cone
pedicles. Clearly, larger mGluR6 spots were in cone pedicle exclusion
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zones, whereas intermingled small mGIuR6 and Cx36 plaques
occured strictly in subpedicle areas. c—j Magnified image pairs (c—
d, e-f, g-h, i—j) show individual cone pedicles with strongly
associated mGluR6 and Cx36 plaques (arrows). k-m Photomicro-
graphs are showing the human OPL in a whole-mount specimen with
GluA4N (red) and Cx36 (green) immunoreactivity. GluA4N label
was readily found among Cx36 plaques of subpedicle conglomerates
(K). Many GluA4N plaques showed a strong steric association with
conglomerate forming Cx36 plaques (arrows in 1, m). All images
show MIPs of five optical sections (5x, 250 nm). Scale bar 10 pm on
a and k and 5 pm for c—j and I-m
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Fig. 7 Cx36 plaques do not colocalize with dendritic tips of rod
bipolar cells. a An antiserum against PKCo revealed a subset of
bipolar cells with distally located cell bodies, short dendritic tufts and
small dendritic fields, as well as long vertically running axons that
arborized in the innermost strata of the IPL and showed lobular
endings. This architecture of labeled bipolar cells corresponded to
those of rod bipolar cells in mammalian species. b Dendritic tips of
rod bipolar cells (blue) ended distal to OPL substrata that contained

examined Rec/Cx36 co-localizations belonged to Rec™
photoreceptor pedicles.

Calbindin-D28

The 28 kDa calcium binding buffer protein CaB has been
shown to be expressed in cones, HCs, a subset of amacrine
cells and two types of BCs in non-primate mammals
(Massey and Mills 1996; Voélgyi et al. 1997), in macaques
(Griinert et al. 1994) and in humans (Haverkamp et al.
2003). In primates, CaB is expressed by DB3 flat diffuse
OFF cone BCs. Here, we found that the anti-CaB serum
labeled cone photoreceptors, HCs and subsets of BC,
amacrine and ganglion cells (Fig. 9a, b). The labeled BCs
had several thin dendritic branches that arborized widely
and contacted multiple neighbouring cones, their somata
were located in the middle of the INL and their axons
entered the IPL. The stratification level of the CaB* BC
axon terminals could not be visualized clearly due to the
dense CaB™ plexus of other inner retinal neurons.

both solitary Cx36 plaques (green) and Cx36 conglomerates. Axonal
endings of rod bipolar cells on the other hand, showed a close
approximation to strata where the density of Cx36 plaques was the
highest. ¢, d High magnification view showing that both populations
of Cx36 plaques generally avoid rod bipolar cell dendritic tips (c;
arrows). Images in a—c are projections of five consecutive 0.5 pm
thick optical sections, whereas d is a single optical section. Scale bar
10 pm

Similarly, the CaB* BC dendrites in the OPL could not
always be followed all the way to the tips due to the close
proximity of the CaB™ HC processes. However, we were
able to track some CaB® BC dendrites that displayed
population 3, conglomerate forming Cx36 plaques located
on their tips (Fig. 9c—j). In addition, we also observed
many solitary, population 4 Cx36 plaques that were asso-
ciated with CaB™ BC dendritic branches. We performed Z-
stack image analysis in randomly selected plaques
(n = 200) in the CaB/Cx36 stained specimen. This con-
firmed that many Cx36 plaques (50 out of 200; 25 %)
showed Z-scale intensity maximums that overlapped with
those of the CaB™ structures (Fig. 9f-h). When colocaliz-
ing CaB™ structures were traced back to their origin, they
appeared as cone pedicles (n = 15), BC dendritic tips
(n = 18) or BC preterminal dendrites (n = 17). Therefore,
similar to Rec™ BCs, CaB™ BC dendritic tips also
expressed Cx36 plaques that contributed to conglomerates
(population 3 plaques). Moreover, CaB™ preterminal BC
dendrites colocalized with proximal solitary, population 4
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Fig. 8 Cx36 plaques colocalize with dendritic tips of recoverin-
expressing bipolar cells. a The anti-Rec antiserum specifically labels a
population of OFF cone bipolar cells with somata in the middle of the
INL and axon terminals stratifying in stratum 1 and 2 of the IPL.
b Both dendrites in the OPL and axons in the IPL of Rec™ bipolar
cells (red) appeared to costratify with Cx36 plaques (green). ¢ Cx36
plaques that were located on dendritic tips of Rec* OFF cone bipolar
cells appeared to contribute to population 3 subpedicle conglomerates
(arrows). d—g Rec/Cx36 Z-stacks (d, e) were processed to generate

plaques (Fig. 9i, j). Very rarely, we also found Cx36 pla-
ques that colocalized with HC processes or were situated at
crossings of CaB* HC processes and unidentified CaB
stained fibers (Fig. 9k).

Discussion

Cx36 has been reported to form GJs in the outer retina in a
number of mammalian species (Glildenagel et al. 2000, 2001;
Feigenspan et al. 2004; Deans et al. 2002; Mills et al. 2001;
Bloomfield and Volgyi 2009; Volgyi et al. 2013a). The sole
available study on human retina by S6hl and colleagues (2010)
reported the presence of Cx36 in the human outer retina as
well, although the identity of the GJ forming neuronal com-
ponents was not determined. In this study, we performed an
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orthogonal views of putative colocalizing Cx36 plaques (f). The
maximum intensity of the two stainings overlapped considerably
(g) confirming the colocalization. Arrow in e shows population 3
Cx36 plaque that colocalizes with a Rec™ dendritic tip, whereas the
arrowhead displays the colocalization of a labeled dendritic branch
and a solitary population 4 Cx36 plaque. a, b MIPs of 27 optical
sections (27 x 250 nm), c—e display MIPs of 5 optical sections
(5 x 250 nm). Scale bar 20 pm in a-d, 10 um in e and f

elaborate immunohistochemical survey by using well-pre-
served human material to examine the expression and the
spatial distribution of Cx36 in the outer retina and to delineate
the corresponding neuronal circuits. The exceptional quality
of the presented material allowed the characterization of
Cx36-forming circuit elements of the human outer retina, a
task that has previously been challenging. We found that
similar to other species, Cx36 GJs connect cones into spatially
confined arrays, underlie cone-to-rod coupling and connect
cone BC dendrites to one another.

Four populations of Cx36 plaques exist in the human
OPL

Based on their locations in the OPL, we identified four
populations of Cx36 plaques in the human retina (Table 2):
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«Fig. 9 Cx36 plaques colocalize with dendritic tips of calbindin
expressing bipolar cells. a An overview of CaB immunolabeling in
the central human retina shows CaB positivity in cone photoreceptors,
horizontal cells, one or two subpopulations of bipolar cells with
widely arborizing dendritic tree in the OPL and a mixed population of
amacrine and ganglion cells in the inner retina. b CaB™ bipolar cells
(red) possess dendrites that protrude towards subpedicle conglomer-
ates and intermingle with Cx36 (green) plaques in the OPL. ¢, d High
magnification views of CaB™ bipolar cell dendrites colocalized with
Cx36 plaques that contribute to population 3, Cx36 conglomerates in
the OPL (arrows). e-h CaB/Cx36 Z-stacks (e, f) were processed to
generate orthogonal views of putative colocalizing Cx36 plaques (g).
Rectangle in e marks enlarged area of f with a population 4 Cx36
plaque (arrow) analyzed further in g and h. The maximum intensity of
the two stainings overlapped considerably (h) confirming the
colocalization. i~k Occasionally we found Cx36 plaques at crossings
of horizontal cell dendrites (k), whereas population 4 Cx36 plaques
were found more often in CaB™ bipolar cell dendritic crossings
(arrows in i, j). Besides population 4 plaques, CaB* dendritic tips
harbored some population 3 conglomerate forming Cx36 plaques as
well. a, b MIPs of 19 optical sections (19x, 250 nm), c—k are MIPs of
4-6 optical sections (4—6x, 250 nm). Scale bar 20 pm in a, b and e,
10puminf, gand S pminc, d, i, j and k

(1) population 1 solitary plaques occurred distally and
often colocalized with M/L cones; (2) population 2 solitary
plaques were located at the level of cone pedicles and often
colocalized with pedicles or even found in pedicle contacts;
(3) population 3 Cx36 plaques formed densely packed
conglomerates in subpedicle locations and colocalized with
dendritic tips that were visualized with bipolar cell markers
and (4) scattered population 4 Cx36 plaques were found in
the proximalmost aspect of the OPL and often colocalized
with bipolar cell markers. Figure 10b shows the plaques
that were sorted and colorcoded according to this above
characterization scheme. The above sections of this study
detailed experiments designed to identify the neuronal
elements that harbor Cx36 plaques of each population and
the following paragraphs will summarize our findings in
the light of previous results.

Cx36 GJs mediate photoreceptor coupling

Cones have been shown to express Cx36 in various
mammals including the monkey, rabbit, mouse, guinea pig
(Raviola and Gilula 1973; Deans et al. 2002; Feigenspan
et al. 2004; Lee et al. 2003; O’Brien et al. 2012) and
humans (Sohl et al. 2010). Some of these contacts have
been shown to be functional GJs that allow for the elec-
trical and tracer coupling of nearby cones (Schneeweis and
Schnapf 1999; Li and DeVries 2004). It appears that this
Cx36 GJ-mediated coupling is generally present between
spectrally identical cones. In addition, spectrally indis-
criminate coupling has also been reported between
trichromate primate L and M cones, but not S cones
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(Hornstein et al. 2004). Population 1 and 2 solitary Cx36
plaques in our study were also associated with L and M
cone photoreceptor terminals, whereas conglomerates and
proximal solitary Cx36 plaques (population 3 and 4) were
clearly too far to partake in such photoreceptor coupling. In
fact, population 1 and more typically population 2 solitary
Cx36 plaques were often found at sites of intimate cone
terminal contacts indicating that they were sites of func-
tional cone-to-cone GJs. However, the antiserum labeled
both M and L cones, and therefore we could not differen-
tiate between spectrally discriminative and indiscrimina-
tive GJs. Overall, these findings indicate that, similar to
other mammals, cones of the human retina utilize Cx36
GJs to increase the signal-to-noise ratio of cone-mediated
signaling (Bloomfield and Vélgyi 2009; Volgyi et al.
2013a).

Similar to M/L-cones, S-cones also expressed solitary
Cx36 plaques on their axonal terminals but due to the low
S-cone frequency solitary Cx36 plaques were not observed
at contact sites of nearby S-cones. On the other hand,
S-cones theoretically could form GJs with nearby M/L-
cones, whose close proximity allows for direct physical
contacts. Although, we can not entirely rule this out, such
spectrally indiscriminate coupling of M/L-cones with
S-cones has not been found in trichromate monkeys
(Hornstein et al. 2004), and it likely does not exist in the
human retina either. In addition, rod-to-cone GJs could also
account for the observed colocalization of solitary Cx36
plaques and S-cone terminals.

A number of solitary Cx36 plaques were colocalized
with single M/L-cone pedicles and we first hypothesized
that these were possible sites of rod-to-cone GJs (Bloom-
field and Volgyi 2009; Volgyi et al. 2013a). In fact, we
found the presence of population 1 and 2 Cx36 plaques in a
number of rod-to-cone contact sites in both Cx36/PNA/rTR
and Cx36/CaB/rTR stainings as a strong support for this
hypothesis. The role of Cx36 GJs in such contacts has been
described as the bottle-neck of the secondary rod pathway
in a variety of mammals (Lee et al. 2003; Giildenagel et al.
2001; Feigenspan et al. 2001; Deans et al. 2002) and
psychophysical evidence suggested the functionality of this
pathway in humans (Sharpe and Stockman 1999). There-
fore, our results indicate that the observed Cx36 GJs in rod-
to-cone contacts might serve the secondary rod pathway in
humans. Besides plaques in rod-to-cone contacts, we found
Cx36 plaques that were located at sites of neighboring rod
spherule appositions. This suggests that rods also express
Cx36 in their hemichannel and that Cx36 GJs might form
rod-to-rod contacts as well. This finding apparently con-
tradicts to previous results in mice where rods do not
express Cx36 (Feigenspan et al. 2004), thus our hypothesis
needs further experimental support.
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Strategic positioning of Cx36 GJs may serve distinct
BC functions

Both population 4 solitary Cx36 plaques and plaques that
formed disc-like conglomerates beneath cone pedicles
(population 3) were observed in locations that suggested
their BC origin. Single cell reverse transcriptase PCR
showed that HCs and rod BCs do not express Cx36, and
thus do not contribute to the characteristic Cx36 label in
the mouse OPL (Feigenspan et al. 2004). In this study, we
found no significant colocalization between rod BC den-
drites and Cx36 plaques either. The rarely seen overlap
between Cx36 plaques and PKCa labeled processes can be
accounted for the combination of mere chance and the
PKCa-stained DB4 ON BCs (Griinert et al. 1994,

ciC

BC tip

L2

BC branch

ON CBGCs

Fig. 10 Four populations of Cx36 plaques exist in the human OPL.

a Photomicrograph showing MIPs of 28 optical sections
(28 x 250 nm) of a triple stained radial section of the human OPL
that visualize nuclei in the ONL and distal INL (DAPI—blue), M/L
cones (red) and Cx36 plaques (green). Four populations of Cx36
plaques (1, 2, 3 and 4; also see text) are clearly visible in this
section. b Neurolucida mapping from the same area of the section in
a colorcodes individual Cx36 plaques of the four populations;

Haverkamp et al. 2003). Sohl and colleagues (2010)
showed that HCs of the human retina express Cx59 and
Cx62 (human orthologues of the mouse Cx57) and not
Cx36. The occasional Cx36 plaques that appeared to
colocalize with human HC processes in this study were
rather rare and did not seem significant compared to the
high number of Cx36 plaques and the prevalence of HC
dendrites. This indicated that conglomerate forming pop-
ulation 3 Cx36 plaques and population 4 solitary plaques
interconnect cone BCs, and are not associated with either
HCs or rod BCs.

A mixed population of OFF cone BCs have been shown
responsible for Cx36 conglomerates in the mouse and the
primate retina (Feigenspan et al. 2004; O’Brien et al.
2012). In this work, we found that population 3 Cx36

OFF CBC

population 1—green, population 2—blue, population 3—magenta,
population 4—orange. ¢ Summary drawing presents the suggested
cellular contacts (based on results of this paper) served by Cx36
plaques in each of the four populations. R rod, C cone, BC bipolar
cell, ON CBC ON center cone bipolar cell, OFF CBC OFF center
cone bipolar cell, colored hexameric structures represent Cx36 GJs.
Scale bar 10 pm

@ Springer



2982

Brain Struct Funct (2016) 221:2963-2984

conglomerates were arranged in a regular honey-comb
pattern and occupied subpedicle spaces of both M/L-and
S-cones. Further examination showed that the Cx36 density
was uniform across the entire conglomerate population,
thus suggesting that the two subpopulations (M/L- and
S-cone associated) only differed in the area size but not in
the density of the Cx36-expressing neuronal structures. Our
double-labeling experiments confirmed that the Rect and
CaB* subpopulations of OFF BCs in the human retina
contributed to the observed population 3 Cx36 conglom-
erates. In both cases, we tracked representative BC den-
drites from their somatic origin all the way to the very tip,
where colocalizing Cx36 plaques were discernible. This
observation indicates that conglomerates in the human
retina, similar to mice (Feigenspan et al. 2004), are sites of
Cx36 GJs formed between cone BC dendritic tips. How-
ever, it was evident that CaB* and Rect dendrites
expressed only a fraction of the conglomerate plaques, and
thus indicated that further BC populations participate in
this characteristic contact. In fact, neurokinin-3 receptor
and HCN4 potassium channel expressing BCs in mouse
and glutamate transporter (GLT-1) expressing BCs in the
monkey have been shown to contribute to Cx36 con-
glomerates (Feigenspan et al. 2004; O’Brien et al. 2012).
This observation, therefore, indicates that conglomerate
GJs serve to connect various cone BC types that share the
same presynaptic photoreceptor.

Population 4 Cx36 plaques were sparse, solitary and
connected thicker preterminal branches of neighbour BCs
in both the Rec and the CaB experiments. This pattern was
distinguishable from the densely packed conglomerate
forming population 3 Cx36 plaques that appeared in BC
dendritic tips. We speculate that the distinct positioning of
population 3 and 4 BC GJ populations serve different roles
in visual signal transmission. The subpedicle location and
the shape of conglomerates resembled aggregations of
glutamate and/or GABA receptors localized on BC and HC
dendritic tips (Haverkamp et al. 2000, 2001; O’Brien et al.
2012). In fact, we showed the close association of popu-
lation 3 conglomerate forming Cx36 plaques with mGluR6
and GluA4N postsynaptic glutamate receptors that occur in
dendritic tips of ON and OFF cone bipolar cells, respec-
tively. This further indicates that similar to postsynaptic
glutamate receptors, population 3 Cx36 plaques are
expressed by BC dendritic tips. Furthermore, the juxtapo-
sition of Cx36 plaques and postsynaptic glutamate recep-
tors strongly suggests their functional correlation as well.
For example, changes in the GJ conductance might modify
the postsynaptic efficacy of chemical synaptic transmis-
sion. On the other hand, population 4 solitary Cx36 plaques
were relative far from these glutamatergic synaptic sites.
Thus, population 4 solitary BC GJs are rather positioned to
correlate signals of nearby BCs rather than modify

@ Springer

chemical synaptic signaling. This suggests a dichotomy in
GJ signaling between BCs. In this scenario, population 3
Cx36 GJs distributes signals across BCs that share the same
presynaptic cone and perhaps alter the efficacy of pho-
toreceptor inputs. Contrary, population 4 Cx36 GJs likely
correlates signals of nearby BCs with inputs from different
photoreceptors. Overall, we found that the distribution of
Cx36 plaques in the human outer retina shows similarities
to those described in other mammalian models. Further-
more, the presented work revealed the wealth of Cx36 Gls
in the first synaptic layer of the human retina and pointed
out their functional diversity.
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