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Abstract Connexin36 (Cx36) constituent gap junc-
tions (GJ) throughout the brain connect neurons into func-
tional syncytia. In the retina they underlie the transmis-
sion, averaging and correlation of signals prior conveying
visual information to the brain. This is the first study that
describes retinal bipolar cell (BC) GJs in the human inner
retina, whose function is enigmatic even in the examined
animal models. Furthermore, a number of unique fea-
tures (e.g. fovea, trichromacy, midget system) necessitate
a reexamination of the animal model results in the human
retina. Well-preserved postmortem human samples of this
study are allowed to identify Cx36 expressing BCs neu-
rochemically. Results reveal that both rod and cone path-
way interneurons display strong Cx36 expression. Rod BC
inputs to AIl amacrine cells (AC) appear in juxtaposition
to AII GJs, thus suggesting a strategic All cell targeting by
rod BCs. Cone BCs serving midget, parasol or koniocellu-
lar signaling pathways display a wealth of Cx36 expression
to form homologously coupled arrays. In addition, they also
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establish heterologous GJ contacts to serve an exchange
of information between parallel signaling streams. Inter-
estingly, a prominent Cx36 expression was exhibited by
midget system BCs that appear to maintain intimate con-
tacts with bistratified BCs serving other pathways. These
findings suggest that BC GJs in parallel signaling streams
serve both an intra- and inter-pathway exchange of signals
in the human retina.

Keywords Gap junction - Electrical synapse - Bipolar
cell - Magnocellular pathway - Parvocellular pathway -
Koniocellular pathway

Introduction

Gap junctons (GJ) in the central nervous system connect
interneurons into electrical syntitia to serve signal cor-
relation. Correlated signals then may enhance saliency of
information. In this scheme synchronized inputs to a com-
mon neuronal target are more effective than their unsyn-
chronized counterparts (Alonso et al. 1996; Usrey and
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Reid 1999). Retinal interneurons have also been reported
to utilize GJs as well to serve postsynaptic ganglion cells
(GCs) with synchronous inputs (reviewed by Bloomfield
and Volgyi 2009; Volgyi et al. 2013a). Connexin36 (Cx36)
is the most prominent GJ protein in the nervous system
and it has also been reported to underly the transmission,
averaging and correlation of retinal signals prior conveying
visual information to the brain. Whereas Cx36 and Cx45
have been found in both plexiform layers (Giildenagel et al.
2000; Petrasch-Parwez et al. 2004), others are restricted to
either the outer (OPL) or the inner plexiform layer (IPL)
including Cx50, Cx57 and Cx30.2 (Massey et al. 2003;
Hombach et al. 2004; Miiller et al. 2010). Cx36 and Cx45
have been shown to process rod-mediated signals (Fei-
genspan 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; Kantor et al. 2016a) and also serve the corre-
lation of ganglion cell activity (Hidaka et al. 2004; Schu-
bert et al. 2005a, b; Volgyi et al. 2005, 2009, 2013a, b; Pan
et al. 2010). As for the human retina, Cx36 and Cx45 have
been reported to display expression patterns that resemble
those of other mammalian species including the mouse,
rabbit and rat (Feigenspan et al. 2001; Mills et al. 2001;
Deans et al. 2002; Kihara et al. 2006, 2010; Sohl et al.
2010; Kovacs-Oller et al. 2014). However, due to long post-
mortem time, the available partially decomposed human
tissue rarely allows for a detailed observation of neuronal
GJs. It has been shown that BCs form homologous and/or
heterologous electrotonic coupling in the vertebrate retina,
including primates (Marc et al. 1988; Mills 1999; Luo et al.
1999; Dacey et al. 2000). In contrast it is unknown if BC
connections are established by the same designing rules in
the human retina.

Multiple label immunohistochemistry experiments were
performed to characterize Cx36 expressing BC interneu-
rons of the human inner retina. Cx36 plaques were scat-
tered throughout the entire inner plexiform layer (IPL).
Several neurons and neuronal contacts were identified
in which Cx36 comprises GJs, including the well studied
AII-AII, AII-ON cone BC electrical synapses. In addition
to these canonical GJ sites, putative homologous BC-to-
BC Cx36 GJs were identified between neighboring diffuse
bipolar type 3 and flat midget BCs and perhaps between
diffuse bipolar type 6 cells as well. Other yet unidentified
cellular contacts were also found, including putative GJs
at AIl ACs/diffuse type 3 physical contacts, GJs on AIl
primary dendrites, or Cx36 GJs that likely serve as signal
conduits between parallel signaling streams. One such well
represented example that was presented for the first time in
this study is the formation of Cx36 GJs that connect midget
pathway BCs to blue cone pathway giant bistratified bipolar
cells. These findings suggest that regardless the signaling
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stream BC GJs serve both an intra-pathway correlation and
an inter-pathway exchange of signals in the human retina
prior integration by projectory ganglion cells.

Materials and methods
Human patients

Human donor tissue from patients (n =4, age: 37-64 years,
3 females, 1 male, postmortem time: 2.5-4 h) without
reported history of eye disease was collected following the
removal of corneas for transplantation in accordance with
the tenets of Declaration of Helsinki. All personal identifi-
ers were removed and samples were coded before histologi-
cal processing. All experimental protocols were approved
by the local ethics committees (TUKEB 58/2006, TUKEB
58/2014).

Histological preparation

After the removal of the corneas, posterior eyecups were
fixed in 4% buffered paraformaldehyde for 2 h at +4 °C, cut
in six radial slices then rinsed several times in 0.1 M phos-
phate buffered saline (PBS, pH 7.4). For whole mounts, the
neural retina was carefully isolated from the mediotempo-
ral parafoveal and peripheral area of the eye ball and the
pigment epithelium was gently removed. The tissue was cut
in small pieces, soaked overnight in 30% sucrose in PBS
at +4°C and stored in cryoprotectant solution for further
use at —20 °C. For sections, inferonasal retinal pieces from
the eyeball were placed into 30% sucrose in PBS at +4°C
then embedded in Thermo Scientific OCT (Life Tech-
nologies Hungary Ltd., Budapest, Hungary). Blocks were
stored at —80°C until sectioning. Ten to 20 um sections
were cut in the radial plane on a cryostat (Leica CM 1950,
Leica Microsysteme, Wetzlar, Germany), sections were
mounted on gelatin coated slides and stored at —20 °C until
processing.

Fluorescent immunohistochemistry

Fluorescent immunohistochemical reactions on sections
and on whole mounts were carried out according to stand-
ard protocols (Kéntor et al. 2016a, b). To enhance pen-
etration 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. Briefly, sections or
tissue were washed several times with PBS (25 mM with
0.2% Triton-X, PBS-TX). Nonspecific background stain-
ing was blocked in 10% donkey serum diluted in PBS-TX.
Specimens were then incubated in the primary antibodies
at +4°C (60 h for sections and 72 h for whole mounts).
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Primary antibodies used in the present work are listed in
Table 1. After extensive rinsing, specimens were incubated
with the appropriate mixture of the following secondary
antibodies: donkey anti-mouse IgG conjugated with Alexa
488 or DyLight 649 or Alexa 647 donkey anti-rabbit IgG
conjugated with Alexa 488 or 555, donkey anti-guinea
pig IgG conjugated to Rhodamine Red-X (Jackson Immu-
noResearch Europe Ltd., Suffolk, UK) donkey anti-goat
IgG conjugated with Alexa 555 (all Alexa conjugated anti-
bodies were purchased from Life Technologies, Budapest,
Hungary, all DyLight conjugated antibodies from Jackson
ImmunoResearch Europe Ltd., Suffolk, UK) diluted in
PBS-TX and 3% normal donkey serum. Staining with goat-
PKCa was visualized using biotinylated horse anti-goat
IgG (2 h, room temperature; Vector Laboratories, Enzo Life
Sciences Ltd., Lorrach, Germany) and subsequent incuba-
tion with streptavidin conjugated to Pacific Blue (3 h, room
temperature; Life Technologies, Budapest, Hungary). Sec-
tions were incubated for 3 h at room temperature, whole
mounts overnight, at +4°C. After several rinsing steps,
whole mounts were mounted on gelatine coated slides and
all specimens were coverslipped using AquaPolymount

Table 1 Primary antibodies used in this study

(Polysciences Europe GmbH, Eppelheim, Germany) as
mounting medium. Slides were kept at +4 °C until imaging.
In cases when 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) fluores-
cent tyramide signal amplification (TSA) was carried out
according to Hunyady et al. (1996). Briefly, first we care-
fully titrated the dilution of the first primary antibody (anti-
PKCa) to determine the dilution where conventional immu-
nostaining resulted in no detectable signal. Then we used
the first primary antibody in this dilution (50-times more
diluted than used for conventional immunohistochemistry)
with biotin-TSA. After washing, sections were incubated
with biotinylated goat anti-mouse IgG for 1 h at room tem-
perature (1:500; Vector Laboratories, Burlingame, CA).
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 con-
jugated streptavidin as fluorophore (1:300, 3 h incubation;
Jackson Immunoresearch Laboratories Inc., West Grove,
PA, USA). Subsequently, conventional fluorescent immu-
nohistochemistry (anti-Cx36) was applied on the sections.

Antibody Source Host

Concentration References

Mouse anti-connexin 35/36
(Cx36) clone 8F6.2

Merck Ltd., Budapest,
Hungary

Rabbit anti-calretinin (CaR) SWANT, Marly, Switzer-

land
Goat anti-CaR Merck Ltd., Budapest,
Hungary
Guinea pig anti-CaR Synaptic Systems, Gottin-
gen, Germany

Mouse (monoclonal)

Rabbit (polyclonal)

Goat (polyclonal)

Guinea pig (polyclonal)

1:1000 Kantor et al. (2016a),
O’ Brien et al_._ (2012)
and Kovacs-Oller et al.

(2014)

Kantor et al. (2015, 20164,
b), Lee et al. (2016) and
Eliasieh et al. (2007)

Puthussery et al. (2010)

1:3000 in sections, 1:1000
in whole-mounts

1:3000

1: 3000 Toader et al. (2013) and

Tomassy et al. (2014)

Rabbit anti-calbindin D28k  SWANT, Marly, Switzer- Rabbit (polyclonal) 1:10,000 in sections, 1:1000 Kantor et al. (20164, b),
(CaB) land in whole-mounts Eliasieh et al. (2007) and
Weltzien et al. (2014)
Rabbit anti-recoverin (Rec)  Generous gift of Karl-Wil- ~ Rabbit (polyclonal) 1:2000 insections, 1:1000 in Kantor et al. (20164, b)
helm Koch whole mounts
Rabbit anti-parvalbumin SWANT, Marly, Switzer- Rabbit (polyclonal) 1:10,000 in sections, 1:1000 Kantor et al. (20164, b)
(PV) land in whole-mounts
goat anti-parvalbumin (PV) SWANT, Marly, Switzer- Goat (polyclonal) 1:2000 insections, 1:1000 in Kantor et al. (20164, b)
land whole mounts

Mouse anti-protein kinase C Santa Cruz Biotechniology
alpha subunit (PKCa) Inc., Santa Cruz, CA,
USA

Santa Cruz Biotechniology
Inc., Santa Cruz, CA,
USA

Synaptic systems, Gottin-
gen, Germany

Goat anti- PKCa

Rabbit anti-RIBEYE
A-domain

Mouse (monoclonal)

Goat (polyclonal)

Rabbit (polyclonal)

1:50,000 for BTA Kantor et al. (20164, b)

1: 1000 Chen et al. (2014)

1: 500 Regus-Leidig et al. (2010,

2014)
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Imaging, image processing

Images were captured on a confocal microscope (Zeiss LSM
510 Meta or 780 with upright microscope Axio Imager Z1,
Carl Zeiss Inc., Jena, Germany) or Leica TCS SP8, Leica
(Microsystems Ltd., Wetzlar, Germany) using the ZEN 2012
(Carl Zeiss Inc., Jena, Germany) or Leica Application Suite X
(Leica Microsystems Ltd., Wetzlar, Germany) software and
40xor 63xPlan-Apochromat oil-immersion lens (NA: 1.4).
In the case of PKCa-RIBEYE-CaR-Cx36 quadruple fluores-
cent immunohistochemical reaction image deconvolution was
carried out with the Huygens Essential Software (Scientific
Volume Imaging B. V., Hilversum, The Netherlands), using
classical deconvolution methods. Final images were con-
structed using Adobe Photoshop 7.0 (San Diego, CA, USA),
Imaris 8.3 (Bitplane, Ziirich, Switzerland) and Fiji (Schin-
delin et al. 2012). Only minor adjustments of brightness and
contrast were applied, which in no case altered the original
appearance of the images. Unsharp mask filter was only uti-
lized in a few cases to avoid disturbing pixellation of images.

Colocalization analysis

To detect putative colocalization of Cx36 with other labeled
(CaR, CaB, PV, PKCa, Rec) structures raw data were ana-
lyzed using the ZEN 2012 software (Carl Zeiss Microscopy,
Jena, Germany). Fifty Cx36 plaques per stack from the
proximal and distal half of the IPL were randomly chosen
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 second
marker and no black pixels were detected between the two
labeled structures. Orthogonal views of the stacks were gen-
erated and putative colocalizing sites were verified by meas-
urements 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
distorsion; thus the original Z voxel component (250 nm) was
reduced to 84 nm to match the dimensions of the X—Y compo-
nents. Areas covered by immunostained elements were deter-
mined using Fiji. To give a quantitative measure of colocali-
sations that is independent of marker frequency we weighed
the number of colocalisations with the coverage factor of the
corresponding neuronal marker.

Weighed colocalizations were calculated by utilizing a
simple equation:

Cy = (G /A /e
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where C,, is the weighed colocalization, C, is the number
of colocalized plaques, A, is the number of analyzed plaques
and 7, is the mean coverage ratio.

First, examined region of interest (ROI) areas were
selected randomly in retinal samples. Coverage ratios (r,)
were then determined by dividing the area covered by the
marker with the total area of the ROL Cx36 plaques (A,)
were counted in each ROI and the number of real colocalisa-
tions (C,) with the corresponding markers were determined
(see above). Finally, the weighed colocalizations (C,,) for
examined neuronal markers were calculated.

As control for chance colocalisation we performed flip
control analyses. The analysis was performed on subsets of
image stacks taken from Cx36-CaB-CaR (at the level of lobu-
lar appendages and transversal processes of AlIl amacrines)
and Cx36-Rec (superficial part of IPL) labeled whole
mounts. Cx36 plaques (n=421 at the level of lobular append-
ages, n=219 at the level of transversal processes in Cx36-
CaB-CaR stained material and n==855 in the Cx36-Rec
stained whole mounts) were manually marked using Neu-
rolucida (Version 9, MBF Bioscience Europe, Magdeburg,
Germany). Colocalization of Cx36 plaques with CaR and
CaB alone, with CaR—CaB double stained processes or with
Rec stained axons was noted. The analyzed volume meas-
ured 40x40x4 pm at the level of the lobular appendages,
15x15%3 pm at the level of the transversal processes in the
Cx36-CaB-CaR stained material and 40x40x4 pm in case
of the Cx36-Rec stained whole mounts. As control for chance
colocalization, analysis was repeated on the same subsets of
stacks after rotation of the Cx36 channel at 90°.

Neurolucida reconstruction

Cell bodies and axonal branches of flat midget, giant bistrati-
fied and diffuse type 3 BCs were manually traced using Neu-
rolucida (Version 9, MBF Bioscience Europe, Magdeburg,
Germany). Colocalizing Cx36 plaques and contact sites with
outher stained neural elements were also marked. AIl ACs
were traced in a compartment specific manner. Cell bodies
(n=11) and primary dendrites (n=38) were traced manu-
ally. Lobular appendages (n=271) with close appositions and
transversal dendrites (n=47) in the deep ON sublamina were
marked in 40x40x4 pm subsets of confocal Z stacks. Trac-
ing of diffuse type 6 BC axons in the deep ON sublamina was
not possible due to the dense CaB + fiber meshwork.

Results
Cx36 expression in the human retina

First, single labeling immunohistochemistry was car-
ried out to detect Cx36 GIJ sites in the human retina. The
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utilized monoclonal antibody has widely been used to rec-
ognize Cx36 GJs in the nervous tissue of various mamma-
lian models including humans and macaque (Kéantor et al.
2016a, b; O’Brien et al. 2012; Rash et al. 2012; Kovacs-
Oller et al. 2014; Pereda et al. 2003). Similar to other
mammalian species, the antibody recognized many Cx36
GJ plaques in both plexiform layers (Online Resource 1)
in the human retina. Cx36 puncta were found throughout
the entire IPL with the highest density in strata 4 and 5. A
second discontinuous Cx36 rich area in strata 1-2 of the
OFF sublamina was also evident, whereas the mid-IPL
(stratum 3) appeared to show a Cx36 exclusion zone with
lower magnification. However, a thorough examination
of higher magnification images revealed the presence of a
number of very faint and small Cx36 plaques in this area
as well (Online Resource 1 inset). In this study, multiple-
label immunohistochemistry experiments were carried out
to mark selected BCs subtypes of the human retina and
examine their Cx36 expression in the IPL (Cx36 expression
in the OPL has been reported by Kantor et al. 2016b). The
selection of criteria was to label BC subtypes serving each
major parallel pathways. In this scheme parvocellular path-
way signaling flat midget BC was stained for a recoverin
(Rec; Haverkamp et al. 2003; Kantor et al. 2016a) antise-
rum, whereas the calbindin D28 (CaB) antiserum stained
magnocellular pathway diffuse type3 BC (Luo et al. 1999;
Jacoby et al. 2000; Griinert et al. 1994; Haverkamp et al.
2003; Percival et al. 2013; Masri et al. 2016) and koniocel-
lular pathway signaling diffuse BC type 6 (Griinert et al.
1994; Haverkamp et al. 2003; Percival et al. 2011, 2013,
2014). In addition, a parvalbumin antiserum (PV) was uti-
lized to stain giant bistratified BCs (Kolb et al. 1992; Kan-
tor et al. 2016b), whose function has yet to be determined,
as well as protein kinase C alpha (PKC; Haverkamp et al.
2003; Kantor et al. 20164, b) that selectively stains rod BCs
(RB) and to a lesser extent diffuse BC type 4 (Haverkamp
et al. 2003). Finally, calretinin (CaR) was also utilized to
distinguish between the numerous CaR/CaB dually stained
AlI amacrine cell (AC) processes and solely CaB + diffuse
type 3 and diffuse type 6 BC axons (Lee et al. 2016; Kén-
tor et al. 2016a, b). In addition to the above BC types, All
cells that appeared CaR/CaB double labeled in our speci-
men were also studied as they are constituent elements of
the rod transversal signaling stream.

Flip controls were performed for labels CaR/CaB/Cx36
triple and Rec/Cx36 dual labeled whole mounts. These
two samples were selected because they either possessed
abundant labels for both Cx36 plaques and stained neu-
ronal processes (CaR/CaB/Cx36) or contained sparse neu-
ronal labeling (Rec/Cx36). Colocalizing and non-colocal-
izing plaque counts were performed for both original and
flip control images and resulted percentages are provided
in Online Resource 2. We found that flip controls display

considerably less colocalizing (random) plaques even for
the sparsely labeled Rec/Cx36 specimen than original
images. These control experiments thus clearly show that
colocalizations of Cx36 puncta in specified neuronal con-
tacts are substantially higher than expected by mere chance.

To quantify Cx36 expression of neurochemically labeled
profiles plaques were picked randomly in retinal cross-sec-
tions, true Cx36/marker colocalizations were determined
(see methods) and then colocalization frequencies were
calculated: (1) 90/167 (53%) CaR/Cx36 in the OFF and
108/200 (54%) in the ON sublaminas; (2) 79/226 (35%)
and 152/250 (61%) CaB/Cx36 in the OFF and ON sub-
laminas; (3) 20/200 (10%) PV/Cx36 in the OFF and 21/200
(10.5%) in the ON sublamina; (4) 9/201 (4.5%) Rec/Cx36
in the OFF sublamina and (5) 26/204 (12%) PKC/Cx36
in the ON sublamina (Online Resource 3 and 4, Table 2).
Since the above values greatly depends on the retinal cover-
age of each marker (e.g. CaR in the ON sublamina:0.34,
and Rec in the OFF sublamina:0.04; see Table 2) weighed
colocalization values were introduced (see “Materials and
methods”) to correct for differences in marker coverage
(Online Resource 4c). This method revealed that probabili-
ties for Cx36 colocalizations with CaR and CaB were high
in both layers (ranging between 1.64 and 3.3) while they
were modest for PV (0.77-0.8) and PKC, (0.94). An unex-
pected finding was that contrary to the low coverage of Rec
immunostained profiles the relative probability for Rec/
Cx36 colocalizations was the highest (7.1). This suggested
that although they were represented with a low frequency,
the Rec + profiles in the OFF sublamina very often colocal-
ized with Cx36 plaques.

Cx36 expression by diffuse BCs serving
the magnocellular pathway

Besides the above analysis a thorough examination was
carried out to determine celltype specific Cx36 GJ expres-
sion by BCs.

Diffuse type 3 OFF BC

CaB is expressed by diffuse type 3 BC cells in the pri-
mate and human retina (Haverkamp et al. 2003; Kéan-
tor et al. 2016a, b). Our CaB labeled specimen confirmed
this observation, however, the numerous All cell profiles
in all IPL layers greatly impeded the identification of dif-
fuse type 3 BC axons in the CaB/Cx36 stained material
(Fig. 1b). As human AII cells also express CaR (Fig. la;
Lee et al. 2015; Kantor et al. 2016b), the CaR/CaB/Cx36
triple-stained material allowed for the discrimination of
CaR/CaB dual labeled AII cell processes from the solely
CaB +BC axon terminals in the OFF sublamina. Diffuse
type 3 BC axons and Al lobular appendages often formed

@ Springer



2608 Brain Struct Funct (2017) 222:2603-2624

Table 2 Colocalization . Marker abs  Meancov ~ SD # of coloc #of analyzed  Weighed
frequency of CX36, plaques with cov (pmz) ratio (r.) puncta (C,)  plaques (A,) coloc
negronal markers in the human ¢ P P C.,)
retina
CaR str. 1-3 (n=30) 7036.6 0.23 0.06 90 167 2.3
stackl (n=6) 1741 0.16 0.02 7 44 1.01
stack2 (n=6) 1160.3 0.24 0.02 3 18 0.68
stack3 (n=6) 1533.3 0.27 0.05 23 32 2.63
stack4 (n=6) 980.6 0.25 0.05 12 30 1.55
stack5 (n=6) 1621.2 0.23 0.04 25 43 2.6
CaR str. 4-5 (n=24) 4985.4 0.34 0.05 108 200 1.64
stackl (n=6) 1663.4 0.29 0.03 16 50 1.1
stack2 (n=6) 903.1 0.32 0.03 19 50 1.18
stack3 (n=6) 1264.2 0.39 0.07 30 50 1.54
stack4 (n=6) 1154.7 0.35 0.02 43 50 2.45
CaB str. 1-3 (n=30) 4015.7 0.2 0.04 79 226 1.74
stackl (n=6) 831.5 0.25 0.04 16 50 1.37
stack2 (n=6) 659.5 0.19 0.02 13 50 2.6
stack3 (n=6) 699.6 0.18 0.02 22 47 2.1
stack4 (n=06) 1029.9 0.22 0.03 19 41 1.55
stack5 (n=6) 801.2 0.18 0.02 24 50 2.66
CaB str. 4-5 (n=30) 3872.7 0.2 0.05 200 250 3.33
stackl (n=6) 719.7 0.28 0.07 37 50 2.64
stack2 (n=6) 1131.8 0.29 0.02 42 50 2.9
stack3 (n=6) 801.8 0.23 0.03 39 50 34
stack4 (n=6) 475.6 0.19 0.01 37 50 39
stack5 (n=6) 743.8 0.21 0.02 45 50 4.3
PV str. 1-3 (n=19) 2313.5 0.13 0.06 20 200 0.77
stackl (n=6) 490 0.11 0.01 1 50 0.18
stack2 (n=3) 547.7 0.19 0.06 11 50 1.15
stack3 (n=5) 732.1 0.18 0.05 4 50 0.44
stack4 (n=5) 543.8 0.11 0.01 4 50 0.72
PV str. 4-5 (n=18) 1620.7 0.14 0.09 21 200 0.8
stackl (n=6) 165.6 0.04 0.02 10 50 5
stack2 (n=3) 528.1 0.23 0.02 3 50 0.26
stack3 (n=3) 611.1 0.27 0.02 1 50 0.07
stack4 (n=6) 3159 0.11 0.01 7 50 1.27
PKC, str. 4-5 (n=24)  3422.6 0.15 0.02 26 198 0.94
stackl (n=6) 503.3 0.14 0.01 13 50 1.86
stack2 (n=6) 729.3 0.13 0/03 3 50 0.46
stack3 (n=6) 664.5 0.16 0.01 6 48 0.78
stack4 (n=6) 1525.5 0.16 0.02 4 50 0.5
Rec str. 1-3 (n=24) 11259 0.04 0.02 57 200 7.125
stackl (n=6) 280.1 0.04 0.01 9 50 4.5
stack2 (n=6) 330.1 0.04 0.01 24 50 12
stack3 (n=6) 314.3 0.02 0.003 15 50 15
stack4 (n=6) 201.4 0.04 0.01 9 50 4.5

abs cov absolute coverage, mean cov mean coverage ratio (r,; see methods), SD standard deviation, coloc
colocalisation, str stratum, CaR calretinin, CaB calbindin, PV parvalbumin, PKC, protein kinase C alpha
subunit, Rec recoverin
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Fig.1 Cx36 plaque expression by magnocellular pathway diffuse
type 3 BC cell axonal processes. a CaR immunolabeling (magenta)
is displayed by a cohort of inner retinal cells, including AIl ACs
(arrowheads) in the human retina. Cx36 plaques (green) often colo-
calize with AII cell processes in the ON sublamina of the IPL. b
CaB positivity (magenta) is exhibited by cones, horizontal cells, BCs
(arrow) and Al ACs (arrowheads) in the human retina. Similar to
CaR labels, CaB stained AII dendrites bear many Cx36 plaques. ¢
Photomicrograph focusing on the OFF sublamina of a whole mount
human retina specimen. The image displays Cx36 plaques (green),
AIl AC lobular appendages that express both CaR (red) and CaB
(blue), thus appearing (magenta), as well as purely CaB labeled dif-
fuse type 3 BC (DB3) axons and axon terminals (blue) in the OFF
sublamina. Cx36 plaques occur at AII-AIl (arrowheads) and All-

diffuse type 3 BC (open arrows) interfaces. d—g Higher magnifica-
tion images display close association of All lobular appendage pairs
(arrowheads) and diffuse type 3 BC axonal endings (arrows), some
of which displays Cx36 plaques. h Neurolucida reconstructions dis-
play somata (black) and axon terminals (gray) of reconstructed dif-
fuse type 3 BCs as well as colocalizing Cx36 plaques (asterisks).
Colocalizing Cx36 plaques were found in diffuse type 3 BC-diffuse
type 3 BC axonal crossings (green asterisks), diffuse type 3 BC-AIl
process crossings (blue asterisks) or in diffuse type 3 BC axonal pro-
cesses without any stained contact partner (red asterisks). ONL outer
nuclear layer, OPL outer plexiform layer, INL inner nuclear layer, /PL
inner plexiform layer, GCL ganglion cells layer. Scale bars a—c¢ and h
10 um, d—g 2 um
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appositions that very likely represented locations of gly-
cinerg synaptic inputs from AlI cells to diffuse type 3 BC
BCs (Fig. 1c—g). Despite the relative low number of Cx36
plaques in the OFF sublamina diffuse type 3 BC axons
colocalized with Cx36 puncta frequently with 4.5 plaques
in average in the axonal arbor (2.7 SD, n=_8 reconstructed
diffuse type 3 BC axons; see Table 3). These colocalizing
plaques could be found throughout the diffuse type 3 BC
arbor with a somewhat higher chance for 2nd—4th order
mid-arbor axonal brances (Online Resources 3; Table 3).
Moreover, some colocalizing Cx36 plaques (mean=2+ 1.8
SD, n=_8 reconstructed axons) were located at interfaces of
two neighbor diffuse type 3 BC axons (Fig. 1h). Such sites
likely represented diffuse type 3 BC-to-diffuse type 3 BC
GJs. Curiously, Cx36 plaques quite often (11-27 in each
selected 40X 40 pm area in n=4 stacks; see Table 2 and
text on AIl ACs) were found at sites of AIl AC and dif-
fuse type 3 BC axon contacts. This finding suggests that the
signaling between these two interneurons is more complex
than it has previously been thought and besides the known
glycinerg inhibition, AIl ACs and diffuse type 3 BC cells
may maintain GJ contacts as well.

Cx36 expression by midget BCs serving
the parvocellular pathway

Flat midget OFF BC

The Rec serum utilized in this work specifically stained flat
midget BCs (Haverkamp et al. 2003; Kantor et al. 2016a,
b), whose axonal processes arborized in stratum 2 (Fig. 2a).
A thorough analysis of the Rec/Cx36 double labeled speci-
men was carried out to find colocalizations between flat
midget BC axons and Cx36 plaques. As it has been pointed
out above the absolute number of such colocalizations
were rather low (9 out of 201 examined plaques is 4.5%)
but due to the low Rec coverage the relative colocaliza-
tion frequency was the highest for Rec/Cx36 in or speci-
men (Online Resource 3 and Table 2). The selective Rec
labeling allowed for detailed morphological examination of
flat midget BCs. Six flat midget BC cells were selected for
Neurolucida reconstruction and subsequent morphometric
analysis (details regarding flat midget BC cells are shown in
Table 3). The morphometric data reveals that reconstructed
flat midget BC axons possessed 15-19 (mean=17.5+1.38
SD) colocalizing Cx36 plaques. Although colocalizing
plaques could be found throughout the axonal arbor (1-8th
axonal order) but they were most frequent on higher order
(4—Tth order) axonal branches and terminal endings (Online
Resources 3; Table 3). In addition, many colocalizing
Cx36 puncta (79 out of 105; n=06 flat midget BCs) pref-
erentially located at axonal sites in the vicinity of axonal
varicosities or at axonal endings both are likely locations
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of chemical synapses (Table 3). Axonal crossings of neigh-
bor flat midget BCs were thoroughly examined for colocal-
izing Cx36 plaques. Flat midget BC axonal arbors seemed
to overlap little thus giving little chance for homologous
axonal GJs. Although, such Cx36 colocalizations at axonal
crossings were found in both whole mounts and sections
but they appeared rare (Fig. 2). Out of the 105 colocaliz-
ing Cx36 plaques only one occurred at axonal crossings of
reconstructed flat midget BCs (Table 3). Even though well
isolated flat midget BCs were purposely selected for the
better Neurolucida reconstruction, it is clear that the major-
ity of colocalizing Cx36 plaques were not related to flat
midget BC-to-flat midget BC axonal crossings. However,
flat midget BC contacts with intervening Cx36 plaques
were also found arguing for the presence of homologously
coupled flat midget BC syncytium (Fig. 2h—i). This was
further supported by the fact that besides mid-axon Cx36
also axon-tip plaques were seen (Table 3).

Cx36 expression by BCs serving the koniocellular
pathway

Diffuse type 6 ON BC

In addition to diffuse type 3 BC BCs, the CaB serum
labeled BCs whose axons terminated in the ON sublamina.
These CaB + cells have been identified previously as diffuse
type 6 ON BCs (Haverkamp et al. 2003; Jusuf et al. 2004;
Kantor et al. 2016a, b). The CaR/CaB/Cx36 specimen
again allowed for the distinction between CaB/CaR dually
labeled AII transversal processes and CaB + diffuse type 6
axons in the ON sublamina. In this material Cx36 plaques
often occured at crossings of All cell transversal dendrites
and diffuse type 6 axons (Fig. 3d) as a clear indication of
All-to-diffuse type 6 GJs. In addition to heterologous AII-
to-diffuse type 6 GJs, Cx36 plaques were seen at BC-to-
BC interfaces as well indicating the presence of homolo-
gous GJs among CaB + diffuse type 6 ON BCs (Fig. 3a—c).
Finally, Cx36 plaques were found on diffuse type 6 axon
processes without apparent contacting neuron. This sug-
gested that diffuse type 6 cells may form GJs with other
unlabeled (non-All, non-diffuse type 6) retinal neurons.

Cx36 expression by BCs potentially serving the blue
cone pathway

Giant bistratified ON-OFF BC

PV +BCs displayed the giant bistratified morphology (Kolb
et al. 1992; Kantor et al. 2016b) that formed a relatively
sparse BC population. The relative thick axons of giant bis-
tratified BC cells first arborized in the OFF sublamina, where
they gave off axonal branches extending several tens of
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Fig. 2 Parvocellular flat midget BC cells express Cx36 plaques on
their axonal processes. a Photomicrograph showing a retinal cross-
section with Rec+flat midget BC cells (FMB; magenta) and Cx36
plaques (green). Plaques in the OFF sublamina often colocalized
with flat midget BC axons (arrows). b—e Colocalizations occurred
on sole flat midget BC axons without stained contact partner (arrow-
head) as well as axon-to-axon contacts of flat midget BCs (arrows). £
Neurolucida reconstructions display somata (black) and axon termi-

micrometers horizontally (Fig. 4a—d). In addition, many giant
bistratified BC axonal branches reached the mid-IPL or even
deep ON IPL areas and stretched horizontally similar to their
counterparts in the OFF sublamina. Neurolucida reconstruc-
tions and subsequent morphometric analysis were performed
to obtain an overview on giant bistratified BC cell morphol-
ogy (see Table 3; Fig. 4d). Giant bistratified BCs displayed
Cx36 plaques on their axons but the number of these colocal-
izing plaques varied in a wide range (1-17; mean=6.9+13.8
SD). Plaques could be located anywhere along the giant bis-
tratified BC axonal tree with a slight preference for the middle
portion of the axons (Online Resources 3; Table 3). Similar to
flat midget BC cells the sparsity of giant bistratified BCs and
the loose retinal coverage of their axons offered relatively lit-
tle chance for overlaps of neighbor axonal branches. In some
occasions giant bistratified BC axonal overlaps were present
(Fig. 4), however, none of the n=11 reconstructed giant
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nals (gray) of flat midget BCs. Red asterisks represent Cx36 plaques
that were located throughout the axonal arbor of flat midget BC cells.
g-i Whole mount human retina specimen displays Rec+ flat midget
BC axons (magenta) and Cx36 plaques (green). Occasionally, Cx36
plaques are located at axonal contacts of neighboring flat midget BCs
(arrows). OPL outer plexiform layer, INL inner nuclear layer, /PL
inner plexiform layer. Scale bars a, f, g 10 um, b—e, h and i 2 um

bistratified BCs displayed Cx36 plaques at axonal crossings
(Table 3). This suggested that if giant bistratified BC-to-giant
bistratified BC homologous GJs exist they are very scarce. In
the PV/CaB/Cx36 material giant bistratified BC axonal pro-
cesses displayed close appositions with putative All lobular
dendrites indicating glycinerg inhibitory inputs from AIl
cells to giant bistratified BCs (Fig. 4e-h). Interestingly, Cx36
plaques were evident in a few of these close giant bistratified
BC/putative All physical contacts.

Cx36 expression by human interneurons of the rod
signaling pathway

Rod BC (RB)

Contrary to the numerous Cx36 plaques and large PKC,
stained RB axonal profiles in the ON sublamina only
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Fig. 3 Koniocellular pathway diffuse type 6 BCs express Cx36 GlJs.
a-c Cross-sections of the inner retina display CaB +diffuse type
6 BC axons (magenta) and Cx36 plaques (green). Many immunola-
beled Cx36 plaques colocalized with the axon of diffuse type 6 BCs
(a; arrowheads). Such colocalizations were even more obvious in
the higher magnification images (b, ¢). Some of these colocalisations
occurred at crossings of neighbor diffuse type 6 BC axons (arrow).

26 out of 198 Cx36 plaques (13%) appeared to colocal-
ize with RB processes (Fig. 5) and the calculated PKC,/
Cx36 weighed colocalization was rather low (0.94;
Table 2). Any colocalization, however, was unexpected,
as RBs are well known for the lack of coupling in pre-
viously examined mammals. A few, but not all, colocali-
zations could be accounted for DB4 cone BCs that have
also been reported to express PKC, (Haverkamp et al.
2003). To elucidate if the corresponding Cx36 plaques
rather belonged to juxtapositioned AIl ACs, however, tri-
ple labeling experiments were carried out for PKC_ /CaR/
Cx36. In this specimen, the majority of apparent PKC,/
Cx36 colocalizations were juxtaposed to CaR + AlI trans-
versal dendrites or CaR+ AIl cell dendritic crossings
(Fig. Sb—e). This observation thus attested that the appar-
ent PKC_/Cx36 colocalizations were in fact sites of All-
to-AlIl and/or All-to-cone BC GJs that were juxtaposed to
RB axon terminals. The frequent proximality of RB axon
profiles to AIl GJs further suggested a strategical vicinity
of glutamatergic RB inputs to AII cell GJs. To test this,
quadruple labels were performed to stain ribbon synapses
with RIBEYE, Cx36 and processes of both PKC, labeled
RBs and CaR + AlII cells. In fact, this experiment showed
that many AIl Cx36 plaques were in juxtaposition with
RB ribbon synapses (Fig. 5f—j) thus supporting the above
hypothesis.

d—f Retinal whole mounts display CaR (red) and CaB (blue) dually
stained All transversal dendrites (magenta), CaB + diffuse type 6 BC
axons (DB6; blue) and Cx36 plaques (green). Crossings of All den-
drites and diffuse type 6 axons often display Cx36 plaques (arrows)
that can be clearly resolved in the high magnification images (e, f).
Scale bars a,d 10 um, b, ¢, e, f 2 pm

AIl ACs

AII cells are essential interneurons in vertical signal-
ing via the so called primary rod pathway. AIl ACs also
express Cx36 to form GJs with neighbor AII cells and
ON cone BCs (Deans et al. 2002). AII cells could be best
examined in the CaR/CaB labeled material of this study
where most dually stained somata and dendrites belonged
to AlI cells. Single labeled structures on the other hand
were non-All ACs, BCs or GCs. In human retinal sam-
ples of this study AII cells appeared to show the most
numerous colocalizations with Cx36 plaques (Fig. 6a, b).
AII cells are highly compartmentalized neurons thus their
Cx36 expression was examined in a compartment specific
manner. Most Cx36 colocalizations, as expected were
found on AlI cell transversal dendrites in the ON sublam-
ina (Fig. 6a, b). To quantify this, 40 x40 pm areas (n=4
from different samples; see Table 4) were selected and
some transversal branches were traced for Cx36 plaques.
10-14 individual transversal branches/ROI were analyzed
(mean=11.7+1.7 SD) that added up to of 320-420 pm
(mean=374.2+46.4 SD) AIl transversal processes.
Each selected area contained 106-164 colocalizing
Cx36 plaques (mean=132.5+24.2 SD) with remark-
ably high plaque density (0.38-0.53 plaque/pm dendrite,
mean=0.49+0.07 SD). Approximately one third of
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Fig. 4 Cx36 punctate labels
overlap with putative blue

cone pathway giant bistrati-
fied BC cell axons in the IPL.
a Retinal cross-section shows
PV + giant bistratified BC cells
(green) with complex axonal
branching pattern, CaR + All
cells (blue) and Cx36 immu-
nolabeled plaques (magenta).
Giant bistratified BC axons
were found throughout the IPL
with a quasi bistratification in
the ON and OFF sublaminae.
b, ¢ High magnification images
show that Cx36 plaques in the
IPL often overlap and colocal-
ize with giant bistratified BC
axonal processes (arrows). d
Neurolucida drawings exhibit
the loose branching pattern of
giant bistratified BC axons and
the occasional colocalization
of Cx36 plaques (red aster-
isks). e-h Image series displays
four consecutive frames of

a PV + giant bistratified BC
(GBB) axon branch (blue)

and CaB + AlI cell profiles
(magenta) in the OFF sub-
lamina. Putative homologous
AII-AII contacts with colocal-
izing Cx36 puncta (arrowheads)
are often observed. All to giant
bistratified BC physical contacts
(open arrows) and giant bistrati-
fied BC-Cx36 colocalizations
(arrows) are less frequent. OPL
outer plexiform layer, /NL inner
nuclear layer, /PL inner plexi-
form layer, GCL ganglion cells
layer. Scale bars a, d 10 pm, b,
c,e-h 2 um

colocalizing Cx36 puncta (41-58; mean=47.5+7.6 SD)
were located at crossings of two AIl transversal processes
indicating the high density of AII-AIl GJs (Fig. 6j).
Although, AII lobular appendages in the OFF sublamina
are not classical sites for AIl GJs but they clearly main-
tained Cx36 plaques in human samples of this work
(Fig. 6g-1). 40x40 pm areas (n=4 from different sam-
ples) were selected for Cx36 plaque count, in which all
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lobular appendages were examined (Table 4). In each of
the selected areas 3-5 lobular dendrites (mean=4+0.7
SD) displayed contacts bearing Cx36 plaques with
other appendages, 35-52 (mean=47.5+8.3 SD) with
CaB +diffuse type 3 BC axon fibers, 0-5 with putative
CaR + ACs or GCs (mean=1.74+2.2 SD) and remained
solitary in a few cases (10-15; mean=12.75+2.1
SD). Out of these numerous AII contacts in the OFF
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Fig. 5 Cx36 punctate labels
overlap with PKC, labeled rod
bipolar cell (RB) axonal pro-
cesses. a—e Retinal cross sec-
tions display results of a PKC,
(magenta), CaR (blue) and
Cx36 (green) triple labels. RB
axons often form close associa-
tions with putative postsynaptic
AII AC transversal dendrites at
sites where AlI cells form Cx36
GlIs (arrows). f=j Quadruple
labels display PKC, labeled RB
cells (turquoise), CaR stained
All cells (magenta), Cx36
plaques (green) and presynaptic
ribbon marker RIBEYE plaques
(red). The retinal crossection

(f) exhibits many sites where
RB axons are in juxtaposition
with AII transversal dendrites.
Higher magnification panels
(g—j) display RIBEYE contain-
ing RB axons (upper panels)

in a presynaptic position to All
transversal dendrites that harbor
nearby Cx36 plaques (middle
panels). Composit panels at the
bottom exhibit many sites where
presynaptic RB ribbons are in
juxtaposition to Cx36 plaques
of the postsynaptic AIl dendrite
(arrows). This suggests a strate-
gic positioning of AIl GJs in the
vicinity of inputs from RB cells.
OPL outer plexiform layer, INL
inner nuclear layer, /PL inner
plexiform layer, GCL ganglion
cells layer. Scale bars a, f, g—j
10 um, b—e 2 pm

sublamina, each examined area contained only few (3-5)
AIl lobular-to-lobular dendrite contact sites with clear
Cx36 plaque colocalization (Fig. 6g—i). In contrast, AIl
dendrite/diffuse type 3 BC axon contact sites exhibited
frequent (11-27) colocalizations with Cx36 plaques.
An even more unexpected finding was that many (10
out of 11 partially reconstructed All cells; Table 4) AIl
AC cell somata displayed one or more Cx36 plaques on
their surface (Fig. 6¢c—f). In many cases one or more (up

to 5) Cx36 plaques were observed at the soma base very
close to the emerging primary dendritic trunk. In addi-
tion, the proximal primary dendrites in stratum 1 often
(2-5/A1I cell; n=11 reconstructed AIl cells) displayed
Cx36 plaques as well. Whereas somatic Cx36 plaques
did not always show evidence for a postsynaptic neuronal
structure (except Cx36 plaques between neighboring AII
somata), those located on proximal dendritic trunks dis-
played (5 out of 11; n=11 reconstructed Alls) putative
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Fig. 6 Cx36 plaques are associ-
ated with various AIl AC com-
partments. a, b Cross sections
show that Cx36 puncta (green)
colocalize with CaR + AIl AC
somata (magenta), lobular den-
drites, primary dendritic trunks
and transversal dendrites in the
IPL. In some occasions somatic
Cx36 plaques appeared to con-
nect two neighboring All cell
bodies (b). ¢—j Whole mount
specimen display a closer look
at Cx36 (green) colocalizations
with various CaR (red) and
CaB (blue) double labeled AIl
AC compartments. When the
plane of focus is set to the INL
Cx36 puncta often appear on
AIl somata and/or the primary
dendrites near to their somatic
origin (arrows, d—e). In some
cases these primary dendritic
Cx36 plaques occur at sites
where CaB + wide-field AC
processes are in close physical
vicinity (double headed arrows
in d-f). In addition, AIl AC
lobular appendages appear to
contact each other and such
contact sites often display Cx36
puncta in CaR/CaB/Cx36 (g,

h) and CaB/Cx36 (i, j) labeled
specimen. j AIl AC transversal
dendrites display a number of
colocalizing Cx36 puncta, many
of which occur at AIl dendritic
crossings. INL inner nuclear
layer, /PL inner plexiform layer.
Scale bars 10 pm

postsynaptic structures. These latter profiles belonged to
either CaR + or CaB +neurons that showed characteris-
tics of wide-field ACs.

Cx36 plaques in heterologous BC contacts
It has been demonstrated that BCs of the vertebrate retina
may form GJs with other retinal interneurons. While the

AlI-to-ON cone BC contacts remain the sole example for
BC-to-AC GlJs there is evidence that BCs can couple to

@ Springer

BC neighbors via electrical synapses in both lower ver-
tebrates and mammals (Marc et al. 1988; Mills 1999;
Luo et al. 1999; Dacey et al. 2000). Besides the above
examples for homologous (same type) BC GJs, the next
section will provide examples for heterologous BC-to-BC
GJs. The rationale to look for such heterologous junctions
stems from the numerous observed Cx36 colocaliza-
tions with BC axons with no apparent same type synaptic
partner.
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Table 4 Morphometric and Cx36 colocalization data of reconstructed AIl ACs in the human retina

Cx36 pl. soma side/  Cx36 pl. soma base/ Cx36 pl. prox dt/  Soma surface (um?) # of primary
app str. app str. app str. dendrites
All #1 1/0 5/0 1/0 195.8 4
All #2 2/0 3/0 2/2 178.3 2
All #3 2/0 0/0 4/3 220 4
All #4 1/0 1/0 0/0 268.1 5
All #5 0/0 0/0 0/0 198 3
All #6 3/0 2/0 8/0 2124 4
All #7 1/0 1/0 2/0 213.9 3
All #8 0/0 2/0 3/1 235.2 3
AIl #9 1/0 1/0 2/0 202.2 4
AIT #10 1/0 0/0 4/1 185.2 2
All #11 0/0 1/0 2/1 201.3 4
AlI lob-app/DB3 All lob-app/DB3 with  All lob-app/ no All lob-app/lob-app 1~ All lob-app/CaR  All lob-app/
wo. plaque lor2pl contact or 2 pl 1pl no contact
1 pl
Subset 1 32 20 13 4 1 1
Subset 2 24 27 13 4 0 0
Subset 3 36 16 15 5 2 5
Subset 4 24 11 10 3 2 1
# of All tra. branch ~ Total AII tra branch # of col. plaques  # of col. plaques at tra. Pl. density
length (um) crossings
Subset 1 10 3229 125 43 0.52
Subset 2 14 418.6 164 58 0.53
Subset 3 11 347.4 135 41 0.51
Subset 4 12 407.9 106 48 0.38

app str. apposing structure, prox. proximal, dt. dendrite, lob-app. lobular appendages, pl. plaques, tra. transversal, col. colocalizing, wo without

Giant bistratified BC-flat midget BC contacts

Giant bistratified BCs possessed long horizontally extend-
ing axonal processes in both the OFF and ON sublaminas
that allowed for the formation of physical contacts with a
variety of costratifying BC subtypes. The PV/Rec/Cx36 tri-
ple-stained specimen provided data for such potential inter-
actions for giant bistratified BCs and flat midget BCs in the
OFF sublamina. In fact most examined whole mount speci-
men displayed a costratification of giant bistratified BC and
flat midget BC axons in the OFF sublamina (Fig. 7a, b).
Moreover, giant bistratified BC and flat midget BC axonal
processes tended to sprout in the same IPL location sug-
gesting that they share not only similar horizontal IPL
strata but also the vertical information streams. When the
giant bistratified BC-flat midget BC physical contacts were
examined closely, occasional axo-axonal contact sites (1
such contact out of n=6 was also reconstructed flat midget
BC and 4 contacts out of n=3 reconstructed giant bistrati-
fied BC were found; see Table 5) contained Cx36 plaques
as well (Fig. 7c-h). These putative heterologous BC-to-BC

GJ sites were formed by mid-axonal areas of both giant bis-
tratified BCs and flat midget BCs while the tip-to-tip con-
figuration was rare. These GJ sites most often were formed
by juxta-varicosity Cx36 plaques on the flat midget BC
side, whereas axonal varicosity could not been observed at
the giant bistratified BC side (Fig. 6; also see above).

Giant bistratified BC-diffuse type 3 BC and giant
bistratified BC-diffuse type 6 contacts

Human giant bistratified BC axons stretched as distal as
stratum 4 of the ON sublamina and gave off collaterals
in both the ON and OFF layers. This quasi bistratifica-
tion allowed for the examination of giant bistratified BC-
diffuse type 3 BC and giant bistratified BC-diffuse type 6
physical contacts in the PV/CaB/Cx36 specimen for Cx36
plaque colocalizations in both the OFF and ON sublaminas,
respectively. CaB + diffuse type 3 BC axons in the OFF sub-
lamina were often found in the vicinity of giant bistratified
BC axons (Fig. 8a, b). Reconstructed giant bistratified BCs
displayed numerous physical contacts with CaB + profiles
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Fig. 7 Cx36 plaques form
heterologous BC-to-BC GJs in
the inner retina. a, b An image
pair of the whole mount retina
focusing on stratum 1 (b) and
stratum 2 (a) of the specimen
displaying giant bistratified BC
(GBB; green) and flat midget
BC (FMB; turquoise) axonal
processes as well as Cx36
(magenta) plaques. Costrati-
fication and juxtaposition of
giant bistratified BC and flat
midget BC axons are evident
in both OFF layer strata. Inset
is taken from a different retinal
location with a focus on giant
bistratified BC and flat midget
BC somata in the INL. c—f High
power images exhibit Cx36
colocalizations with axonal
contact surfaces of giant
bistratified BC and flat midget
BC cells (arrows). g—h Imaris
reconstruction and correspond-
ing pseudo-confocal image pair
display physical juxtaposition
of giant bistratified BC (green)
and flat midget BC (turquoise)
axons (g) with occasional
colocalizations (arrow) of such
contact surfaces with Cx36
plaques (h, arrow). Scale bars
a, b inset 10 um, c-h 2 pm

(mean=23+9.5 SD). Although, PV/CaR/CaB/Cx36 quad-
ruple labels were not performed to distinguish between sole
CaB +diffuse type 3 BC axons and CaR/CaB + All lobu-
lar dendrites we assumed that AlI cells do not form elec-
trical synapses with OFF BCs. Thus, the majority (if not
all) of PV+4/CaB+/Cx36 triple colocalizations were attrib-
uted to the presence of giant bistratified BC-diffuse type
3 BC electrical synapses (Fig. 8c, d). Each reconstructed
giant bistratified BC formed 0—4 (mean=2+1.5 SD; see
Table 5) such heterologous sites with diffuse type 3 BC
axons. Giant bistratified BC axons in the ON sublamina
costratified within CaB +diffuse type 6 processes and
intermittently they appeared in intimate physical proxim-
ity. Many of these contacts beared with colocalizing Cx36
plaques as well (Fig. 8e—g). However, only a PV/CaR/
CaB/Cx36 quadruple labeled material would allow for the
unequivocal distinction of diffuse type 6 axons and AlI cell
transversal dendrites thereby detecting giant bistratified
BC-diffuse type 6 axonal crossings with colocalizing Cx36
plaques. As this experiment was not feasible in the utilized
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experimental paradigm, a corresponding quantification was
not carried out.

Discussion

The Cx36 antisera used in the present study have been
tested in various mamalian species for both specific-
ity and cross-reactions (O’Brien et al. 2012; Rash et al.
2012; Pereda et al. 2003; Kovécs-Oller et al. 2014; Volgyi
et al. 2013b; Kantor et al. 2016a). Therefore, the punctu-
ate plaque staining in the human inner retina of this study
was considered to stain local aggregations of Cx36 subu-
nits. On the other hand, it is obvious that they represent
only a fraction of Cx36 plaques in the tissue since smaller
aggregates may not be resolved due to the limitations of
confocal microscopy (Marc et al. 2013). The positive Cx36
plaque staining, thus represent only the fraction of Cx36
GJs in the human inner retina, whose spatial dimensions
were large enough (typically >200 nm in diameter) for light
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Table 5 Colocalization data of reconstructed giant bistratified BC and flat midget BC cells in the human retina
# of Cx36 # of Cx36 # of FMB/GBB # of FMB/GBB  # of FMB/PV # of FMB/PV # of FMB/PV AC
plaques plaques at FMB/  cross. no plaque cross w Cx36 GC cross no AC cross no cross w. Cx36
FMB cross plaque plaque plaque plaque
FMB(1) 18 0 2 1 8 0 0
FMB(2) 20 0 0 0 1 0 0
FMB(3) 17 0 1 0 3 0 0
FMB(4) 19 0 0 0 2 4 3
FMB(5) 20 0 1 0 2 5 3
FMB(6) 18 0 0 0 0 0 0
FMB mean 18.7+1.2 SD 0 0.7+0.8 SD 0.2+0.4 SD 2.7+2.8SD 1.5+2.3 SD 1+1.5SD
# of Cx36 plaques # of GBB-GBB # of GBB/FMB # of GBB/FMB # of GBB/PV GC # of GBB/PV
contacts no plaque cross. no plaque  cross w Cx36 cross no plaque GC cross w Cx36
plaque plaque
GBB(1) 17 1 6 1 4 1
GBB(2) 6 0 6 1 0 0
GBB(3) 7 1 7 2 0 0
GBBmean 10+6.1 SD 0.7+0.6 SD 6.3+0.6 SD 1.3+0.6 SD 1.3+2.3SD 0.3+0.6 SD
# of Cx36 plaques # of GBB-GBB # of GBB/DB3 # of GBB/DB3 # of GBB/PV GC  # of GBB/PV
contacts no plaque cross. no plaque  cross w Cx36 cross no plaque GC cross w Cx36
plaque plaque
GBB(4) 14 0 31 4 1 0
GBB(5) 0 33 1 1 0
GBB(6) 1 9 1 0 0
GBB(7) 0 16 3 0 0
GBB(8) 12 2 29 3 0 0
GBB(9) 2 0 20 0 0 0
GBBmean 6.2+5.6 SD 0.5+0.8 SD 23+9.5SD 2+1.5SD 0.3+0.5SD 0

cross. crossing, w. with

microscopic observations. It is expected that future super-
resolution light microscopic and electronmicroscopic stud-
ies will describe further, yet undetected Cx36 GJ sites in
the human retina. Presently, however, the observed Cx36
contacts of this study reveal a number of interesting func-
tional details on signaling in the human retina.

Cx36 expressed by neurons of rod signaling pathways
in the human retina

It has been well established that retinal neurons of rod
signaling pathways form a number of well described GJs
in all examined mammalian species (Deans et al. 2002;
Mills et al. 2001; Volgyi et al. 2004, 2013a; Bloomfield
and Volgyi 2009). In this study, PKC, and CaR/CaB
dual stainings were used to specifically label primary
rod pathway RBs and AIl cells, respectively. In addi-
tion, a cohort of BCs that are potentially postsynaptic
to AIl ACs and transmit rod signals towards GCs were
also stained, including diffuse type 3 BC, diffuse type 6,
flat midget BC and giant bistratified BCs. This offered an

opportunity to examine if the human retina follows the
general mammalian scheme, in which neurons of the pri-
mary rod pathway express Cx36 to form GJs for vertical
signaling. Although, RBs do not express GJs (Famiglietti
and Kolb 1975; Nelson 1982; Vaney 1997; Li et al. 2002)
results of this study showed a number of juxtapositions
and overlaps of RB axons and Cx36 stained All transver-
sal processes. Moreover, All cell dendrites colocalized
with the majority of Cx36 plaques that were juxtaposed
to RB axons. This indicates that RB-to-AlIl chemical syn-
apses are strategically positioned in the vicinity of AII
GJs thereby facilitating the signal flow along the RB-
AII-ON cone BC axis. In fact, diffuse type 6 and ON
stratifying giant bistratified BC axons displayed physical
contacts with AIl transversal processes, many of these
contacts possessed Cx36 plaques as well. Therefore, the
two neurochemically identified ON signaling cone BCs
of this study were clearly postsynaptic to AIl cells via
Cx36 GJs suggesting that the overall design of the human
rod signaling system is similar to those of other mamma-
lian species. This was further confirmed by the presence
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Fig. 8 Heterologous Cx36

GJs formed by blue cone
specific giant bistratified BC
cells (GBB). a, b Image pair
showing PV + giant bistratified
BC axonal branches (magenta),
Cx36 plaques (green) and

CaB + profiles (blue) in the OFF
sublamina in a whole mount
specimen. Occasional colo-
calizations of Cx36 plaques and
axonal contacts of CaB + pro-
files with giant bistratified BC
axons were apparent (arrows)
suggesting the presence of
heterologous giant bistratified
BC GJs. ¢, d High magnifica-
tion images show Cx36 plaques
locating in contact sites of
giant bistratified BC axons

and CaB + profiles in the OFF
sublamina. e-g Giant bistrati-
fied BC axons (magenta) in the
ON sublamina very often form
physical contacts with CaB
labeled profiles. The majority
of these heterologous contacts
are certainly conventional
All-to-ON cone bipolar cell

GlJs but some of them might be
heterologous giant bistratified
BC-to-diffuse type 6 GJ con-
tacts. Scale bars a, b, e 10 um,
c,d, f,g2um

of flat midget BC and diffuse type 3 BC axons in the OFF
sublamina that displayed close physical contacts with
AIlI lobular dendrites and likely represented glycinerg
All-to-OFF cone BC synapses. Besides the above clas-
sic sites, other, unconventional AII cell contacts were
also observed. The most numerous were the population
of Cx36 plaques that colocalized with the basal surface
of AIl somata or with emerging primary dendritic areas.
As most of these sites showed no observable postsynap-
tic counterpart it is unclear if they represent unfunctional
plaques, hemichannels or GJs with yet undetected neuron
profiles. Another curious finding was the population of
Cx36 plaques at All/diffuse type 3 BC contact surfaces.
Al cells have been shown to provide glycinergic inhi-
bition to OFF BCs but they have never been shown to
exhibit tracer coupling besides nearby AII cells and ON
cone BCs (Bloomfield and Dacheux 2001). Thus, if these
latter plaques represent GJs they probably serve rectify-
ing GJ contacts in which no tracer or current flows from
AII cells to diffuse type 3 BC BCs.
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Multiple sites of BC GJs in the mammalian retina

It has been demonstrated that both non-mammalian and
mammalian BC neighbors display electrotonic coupling
(Van Haesendonck and Missotten 1983; Arai et al. 2010;
Marc et al. 1988; Raviola and Gilula 1975; Cohen and Ster-
ling 1990; Vaney 1997; Mills 1999). Some of these con-
tacts occur in the outer retina where GJs form dendritic
tip-to-tip contact sites (Raviola and Gilula 1975), whereas
others connect BC axonal processes in the inner retina
(Marc et al. 1988). Human outer retinal BC GJ subpopula-
tions have recently been reported (Kéantor et al. 2016a) and
here a cohort of evidence for the existence of human inner
retinal BC GJs were presented. Four subtypes of human
retinal BCs including flat midget BC, diffuse type 3 BC,
diffuse type 6 and giant bistratified BCs were examined in
this study and all of them displayed colocalizations with
Cx36 plaques along their axons and axonal terminals. Pre-
vious results combined with new findngs here indicate that
diffuse type 3 BC cell possess several GJ subpopulations.
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In the outer retina, diffuse type 3 BC dendritic tips partake
in subpedicle Cx36 conglomerates, thick lower order den-
drite branches form a second set of Cx36 contacts (Kantor
et al. 2016a) and diffuse type 3 BC axons in the inner retina
express Cx36 plaques as well. Similarly, flat midget BCs
establish both subpedicle and lower order dendritic GJs in
the OPL (Kantor et al. 2016a) as well as both homologous
and heterologous axonal GJs in the IPL. These results thus
provide converging evidence that human BCs may in fact
form four distinct sets of GJs, including subpedicle dedritic
tip-to-tip GJs and lower order dendrodendritic GJs in the
outer retina, as well as homologous and heterologous axo-
axonal GJs in the inner retina. The fact that representative
parvo-, magno- and koniocellular pathway BCs share this
feature suggests that GJ coupling of BCs is general and
likely serve all vertical signaling pathways in the human
retina.

Function of GJ coupling in vertical signaling

We found that axons of four cone BC types displayed
colocalizations with Cx36 plaques. Flat midget BC axons
arborize in strata 1 and 2 of the IPL. Contrary to the pres-
ence of relative few Cx36 plaques in these strata and the
low number of flat midget BC terminals, a number of their
axons exhibited colocalizations with Cx36 plaques. A few
of these occured at close appositions of BC-to- BC contact
sites suggesting that flat midget BCs maintain a homolo-
gously coupled array in the OFF sublamina. Similar evi-
dence for homologous BC-to-BC GJs were found for dif-
fuse type 3 and diffuse type 6 axons as well. Interestingly,
giant bistratified BC axons did not seem to contact one
another thus leaving little (or no) chance for homologous
Cx36 GJs. The homologous coupling of primate diffuse
BCs have previously been reported (Luo et al. 1999; Dacey
et al. 2000) and results of this study now provide evidence
for similar interactions in the human retina as well. Inter-
estingly, however, such putative homologous sites were rel-
atively rare compared to the frequency of Cx36 colocaliza-
tions with BC markers. Therefore, most BC GJs observed
in this study likely represent heterologous contacts with
other inner retinal cell types. As no AC-to-BC or GC-to-
BC GIJs have been reported in animal models (besides the
well known AIl AC-to-ON BC contacts) the above finding
indicates that dissimilar BC subtypes form functional GJs
in the human retina. The existence of such heterologous BC
GJs have been reported in lower vertebrates (Marc et al.
1988) and non-primate mammals (Mills 1999), however,
this is the first study to report on this phenomenon in the
human retina. The relative large number of such colocal-
izing Cx36 plaques reflects not simply the existece but also
the dominance of heterologous BC GJs. As same-type BCs
tile the retinal surface economically, only tip-to-tip axonal

contacs allow for homologous BC coupling. Thus, the pre-
sented finding here, to show that Cx36 plaques prefered
mid-axonal locations over axon terminals further supports
the heterologous BC-to-BC GJ dominancy hypothesis. In
fact, occasional Cx36 plaques occurred at close appositions
of flat midget and giant bistratified BCs. A somewhat more
frequent colocalization of Cx36 was detected at physical
contacts that occurred between giant bistratified BCs and
CaB + profiles that likely represented diffuse type 3 BC and
diffuse type 6 BC axon crossings. It has been put forward
that BC-to-BC electrotonic coupling may decrease the dis-
persion of BC input signals to respond uniformly to light
(Umino et al. 1994; Jacobs and Werblin 1998). Accord-
ing to a very recent study, the lateral spread of signals
through electrically coupled BCs contributed to a nonlinear
enhancement of BC output in the mouse retina (Kuo et al.
2016). Such enhacement occurred when paired stimuli
were presented close in both space and time, thus suggest-
ing that BC GJs increase GC sensitivity to spatiotemporally
correlated inputs. While homologous BC GJ contacts may
serve these functions, the purpose of heterologous BC GJ
connections is certainly different from that. Most likely,
heterologous GJs underly an intermixing of information
carried by parallel retinal pathways.

Intermixing of BC information streams

Although, the existence of BC GJs have been repeatedly
reported in animal models, this study on the human retina
reveals a number of unexpected details regarding this issue.
First, though with different rates, all major retinal informa-
tion streams seem to contribute to BC GJ signaling. This
finding may not be discomforting for magnocellular path-
way, in which stream parasol GCs have large non-color
sensitive receptive fields and summate inputs from dif-
ferent BC types. For example, OFF parasol cells receive
inputs from diffuse type 2 and diffuse type 3 BCs (Jacoby
and Marshak 2000; Tsukamoto and Omi 2015; Masri et al.
2016), whereas ON parasol cells are postsynaptic to diffuse
type 4 and diffuse type 5 cells (Jacoby et al. 1996; Marshak
et al. 2002). Thus, homologous GJ coupling of diffuse type
3 BCs observed here may serve saliency of information
processing. Diffuse type 6 axons costratify with dendrites
of various GC types, including small bistratified, large bis-
tratified, melanopsin-immunoreactive and monostratified
GCs (Ghosh et al. 1997; Dacey et al. 2000, 2003; Jusuf
et al. 2004) but only large sparse GCs have been confirmed
to be postsynaptic to diffuse type 6 cells (Percival et al.
2011). These latter diffuse type 6 recipient GCs do not pro-
cess high contrast visual signals, thus homologous coupling
of koniocellular diffuse type 6 cells might be adventageous
for these GCs as well. However, parvocellular pathway spe-
cific OFF flat midget BCs appeared to display the highest
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density of colocalizing Cx36 plaques. It is hard to explain
why high contrast visual information conveying flat midget
BCs form GlJs to signal laterally, and therefore, potentially
perturbing high acuity vision. However, most flat midget
BC GJs are not homologous thus flat midget BCs do not
communicate with their neighbors to compromize high
visual acuity. These GJs rather serve to send flat midget
BC signals to a parallel non-high acuity retinal pathway(s).
Hereby two alternative hypotheses are provided to explain
the function of heterologous GJs between parvocellular flat
midget BCs and blue cone pathway giant bistratified BCs.
In the first scheme, flat midget BCs serve a dual functional
role. First, they deliver high contrast color opponent infor-
mation to midget GCs through the conventional cone-flat
midget BC-OFF midget GC pathway. In addition, they also
provide indirect input to small-bistratified GCs (and likely
large bistratified also) to create their (L+M) OFF center
responses (Dacey et al. 2014). According to our hypothesis
flat midget BC signal is passed to giant bistratified BCs via
GJs for signal averaging prior transmission to bistratified
GCs. This circuit thus allows for an averaging of flat midget
BC signals transmitted to small-bistratified GCs but keep-
ing flat midget BC signals segregated for midget GCs (see
Online Resource 5).

According to another hypothesis activation evoked cur-
rents of flat midget BCs are sinked by GJ coupled giant
bistratified BCs thereby impeding flat midget BC-to-midget
GC signaling. In this case, only strong contrast-initiated
high amplitude flat midget BC depolarizations pass all GJ
sinks, reach presynaptic axonal sites and then ultimately are
translated to midget GC signal. On the other hand, weaker
BC currents are sinked by heterologous GJs and postsyn-
aptic GCs remain unaffected by the signal. On the other
hand, when coupled flat midget BCs and giant bistratified
BCs are depolarized by the same visual stimulus and they
are on equipotential the sinking mechanism does not take
place. Large field giant bistratified BCs could be depolar-
ized effectively only by a larger object/stimulus. Therefore,
such mechanism may tune visual acuity to percieve small
objects against high contrast background, and low contrasts
are only translated to GC signals if they reach a certain size
(Online Resource 5). If this mechanism exists it can save
the visual system from transmitting information of featur-
less noise stimuli from the retina to the brain. The fact that
Cx36 plaques were often found in a juxtaposition to flat
midget BC varicosities, the chemical output sites to post-
synaptic GCs, may support this hypothesis. That is, a GJ
mediated sinking mechanism is more effective if it takes
place near the BC output.

BCs in the human retina consist of some 10-12 cell
types, most of which have morphological homologs in other
examined mammalian species: (1) the human and mon-
key diffuse type 3 BCs show remarkable morphological
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similarities with mouse and rat type 5 and rabbit CBa2n
cells; (2) flat midget BCs appear homologous to type 2 in
rat and mouse as well as CBal-2 BCs in the rabbit retina;
(3) human diffuse type 6 BCs are homologous with mouse
and rat type 8 cells and rabbit CBb5 cells and (4) giant bis-
tratified bipolar cells share many morphological features
with wide-field BCs in the rabbit retina and shows similari-
ties with type 9 cells in the rat and the mouse (Kolb et al.
1992; Haverkamp et al. 2003; Ghosh et al. 2004; Jusuf et al.
2004; Masland 2011; Kantor et al. 2016a, b). Although,
future studies have to reinforce that these morphological
similarities correspond to functional homologies as well
it is very likely that the above hypothetical functions allo-
cated to human BC GIJs are consistent among mammalian
species.
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