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Gap junctions and connexin hemichannels both
contribute to the electrical properties of retinal
pigment epithelium
Julia Fadjukov1, Sophia Wienbar2,3,4, Satu Hakanen5, Vesa Aho5, Maija Vihinen-Ranta5, Teemu O. Ihalainen1, Gregory W. Schwartz2,3,4, and
Soile Nymark1

Gap junctions are intercellular channels that permit the transfer of ions and small molecules between adjacent cells. These
cellular junctions are particularly dense in the retinal pigment epithelium (RPE), and their contribution to many retinal diseases
has been recognized. While gap junctions have been implicated in several aspects of RPE physiology, their role in shaping the
electrical properties of these cells has not been characterized in mammals. The role of gap junctions in the electrical
properties of the RPE is particularly important considering the growing appreciation of RPE as excitable cells containing various
voltage-gated channels. We used a whole-cell patch clamp to measure the electrical characteristics and connectivity between
RPE cells, both in cultures derived from human embryonic stem cells and in the intact RPE monolayers from mouse eyes. We
found that the pharmacological blockade of gap junctions eliminated electrical coupling between RPE cells, and that the
blockade of gap junctions or Cx43 hemichannels significantly increased their input resistance. These results demonstrate
that gap junctions function in the RPE not only as a means of molecular transport but also as a regulator of electrical
excitability.

Introduction
Gap junctions are intercellular channels formed from two jux-
taposed connexin (Cx) protein assemblies called hemichannels.
Hemichannels have a hexameric structure and are formed from
six Cx proteins, and they have physiological roles independent
from gap junctions (Goodenough et al., 1996; Goodenough and
Paul, 2009, 2003; Akanuma et al., 2018). On the apical mem-
brane of various cell types, hemichannels may promote cell
survival by enabling sustained Ca2+ oscillations, control mem-
brane permeability (D’hondt et al., 2014; Decrock et al., 2009) or
volume (Quist et al., 2000). In astrocytes, hemichannels have
been shown to transmit autocrine and paracrine signaling
molecules, such as ATP and glutamate (Orellana, 2016). The
human Cx protein family comprises at least 20 closely related
members that vary in their expression pattern, with many cells
expressing multiple types (Beyer and Berthoud, 2018; Goldberg
et al., 2004; Akanuma et al., 2018). Gap junctions mediate cell-
to-cell communication and homeostasis in most tissues by per-
mitting the rapid transfer of small molecules (1–1.5 kD) and
ions between adjacent cells (van Campenhout et al., 2020;
Goodenough et al., 1996).

Gap junctions have been recognized as vital components of
the retinal circuitry for nearly 50 yr (Bloomfield and Völgyi,
2009; Raviola and Gilula, 1973). In addition to serving a wide
variety of functions in the healthy visual system, gap junctions
have been implicated in various ophthalmological pathologies,
such as retinal edema and age-related macular degeneration
(Bao, 2015). In many of these disorders, the impairments, such
as defective responses to oxidative stress, have been found to
originate not in the retina itself but in the tissue underlying the
retina called the retinal pigment epithelium (RPE; Sparrow et al.,
2010). This monolayer of densely pigmented cells forms a part of
the blood–retinal barrier that transports nutrients, regenerates
visual pigment, absorbs excess light, and helps photoreceptors
renew their membrane (Bok, 1993; Strauss, 2005). All these
tasks are crucial for maintaining vision, and they require
physiological homeostasis of the RPE, including intact cell–cell
contacts. Various in vitro models have suggested that gap junc-
tions are implicated in RPE malfunctions (Hutnik et al., 2008;
Chen et al., 2015). Furthermore, Cx43 protein, the major gap-
junction constituent of RPE in vertebrates (Janssen-Bienhold
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et al., 1998), has been shown to have numerous roles in pro-
cesses such as cell differentiation, proliferation, and cellular
viability (Zhang et al., 2001; Pearson et al., 2004; Hutnik
et al., 2008).

In addition to gap junctions, several other ion transport
mechanisms co-regulate the physiology of RPE. These include a
large array of ion channels (Wimmers et al., 2007), of which
voltage-gated ion channels are particularly relevant because
membrane voltage changes have been shown to be the fastest
way of regulating cellular connectivity (Goodenough and Paul,
2009). Gap junctions in turn may influence the activity of ion
channels since they modulate the overall electrical properties of
RPE (Coulon and Landisman, 2017). This is important as ion
channels regulate various functions of RPE, including phagocy-
tosis and growth factor secretion (Wimmers et al, 2007; Müller
et al, 2014; Johansson et al, 2019; Korkka et al., 2019).

Despite the significance of ionic mechanisms for visual health
and disease, the level of RPE gap junction–mediated electrical
coupling has not been thoroughly characterized. Hudspeth and
Yee (1973) reported that RPE cells are electrically connected in
mudpuppies (Necturnus maculosus) and frogs (Rana pipiens) but,
to date, the physiological characteristics of RPE cell coupling and
the role of gap junctions in this process have not been described
in mammals. The conventional approach to study the electrical
properties of the RPE is to record them from single, enzymati-
cally isolated cells (Johansson et al., 2019; Wollmann et al., 2006;
Cao et al., 2018). However, recent work by our group shows that
recordings can also be performed from a cultured RPE mono-
layer (Johansson et al., 2019), and here we extend our recordings
into the intact mouse RPE.

In this study, we measured the electrical connectivity of RPE
cells in cultured human embryonic stem cell (hESC)-derived
RPE and mouse RPE. Our results reveal Cx43-mediated electrical
coupling in mammalian RPE that can be inhibited using the
universal gap junction blocker, meclofenamic acid (MFA). Our
data also demonstrate that Cx43 and potentially Cx36 play a
large role in determining the input resistance of RPE cells, a key
determinant of electrical excitability. Surprisingly, Cx43 pro-
vided a major conductance in RPE cells not only through gap
junctions between cells but also via hemichannels on the apical
surface.

Materials and methods
Cell culturing
Human ESC lines Regea08/017 and Regea11/013 were cultured
and differentiated as previously described (Vaajasaari et al.,
2011; Viheriala et al., 2021). Cells were plated with a density of
2.5 × 105 cells/cm2 onto collagen IV- (C5533; Sigma-Aldrich,
10 µg/cm2) and Laminin 521 (LN521; Biolamina; 1.8 µg/cm2)-
coated culture inserts (Millicell Hanging Cell Culture Insert,
polyethylene terephthalate, 1.0 µm pore size; EMD Millipore)
and maintained at 37°C in 5% CO2 in the knock-out Dulbecco’s
modified Eagle’s medium (10829-018; Gibco) supplemented with
15% knock-out serum replacement (10828-028; Gibco), 2 mM
GlutaMax (35050-038; Gibco), 0.1 mM 2-mercaptoethanol (81350-
010; Gibco), 1% minimum essential medium nonessential amino

acids (1140050; Thermo Fisher Scientific), and 50 U/ml penicillin/
streptomycin (from Cambrex BioScience). The medium was
changed three times per week and the samples were allowed to
mature for 8–12 wk prior to experiments. The maturity of the
hESC-RPE was evaluated by immunostainings, TER measure-
ments, and functional assays, similar to Korkka et al. (2019).

The hESC lines of this study were obtained through collab-
oration with Dr. Heli Skottman’s group. The National Authority
for Medicolegal Affairs Finland approved their study with hu-
man embryos (Dnro 1426/32/300/05). The supportive statement
from the local ethics committee of the Pirkanmaa hospital dis-
trict Finland allowed the derivation and expansion of hESC lines
from surplus embryos excluded from infertility treatments and
the use of these lines for research purposes (R05116). Novel cell
lines were not derived in this study.

Immunolabeling
All the following immunolabeling steps were done at room
temperature. Samples were fixed for 15 min with 4% parafor-
maldehyde (pH 7.4; 15713; Electron Microscopy Sciences). After
three washes with PBS, permeabilization was carried out by
incubating the samples for 15 min in 0.1% Triton X-100 in PBS
(Sigma-Aldrich). Next, the samples were blocked with 3% BSA/
PBS (Sigma-Aldrich) for 1 h.

All the primary antibodies were diluted in the blocking so-
lution and incubated for 1 h: Connexin 43 (Cx43) 1:200 (C6219;
Sigma-Aldrich, RRID:AB_476857), Connexin 36 1:50 (37-4600;
Thermo Fisher Scientific, RRID:AB_2533320), Connexin 46 1:50
(sc-365394; Santa Cruz Biotechnology, RRID:AB_10850181), and
ZO-1 1:50 (33-9100; Thermo Fisher Scientific, RRID:AB_2533147).
This was followed by three PBS washes and 1 h incubation with
the secondary antibodies that were all diluted at 1:200 in 3% BSA
in PBS: goat anti-rabbit Alexa Fluor 568 and donkey anti-mouse
Alexa Fluor 488 (Thermo Fisher Scientific). The nuclei were
stained with 49,69-diamidino-2-phenylidole (DAPI) included in
the mounting medium (P36935; Thermo Fisher Scientific).

Western blotting
The hESC- and mouse RPE lysates were prepared by triturating
the cells in a solution containing 50 mM HEPES, 150 mM NaCl,
pH 7.4, supplemented with 1% Triton-X-100, and Halt protease
and phosphatase inhibitor cocktail (78440; Thermo Fisher Sci-
entific), and then incubating them for 30min at +4°C. The lysate
was then centrifuged at +4°C for 5 min at 16,900 ×g, mixed with
Bolt LDS sample buffer (B0007; Thermo Fisher Scientific), and
heated to +96°C for 5min. The lysates were then loaded onto Bolt
4–12% Bis-Tris Plus Gel (NW04120BOX; Thermo Fisher Scien-
tific), fractionated by SDS-PAGE with the protein standard
(SeeBlue Plus2 Pre-Stained Protein standard, LC5925; Thermo
Fisher Scientific), and then transferred onto polyvinylidene di-
fluoride membrane via Trans Blot Turbo Transfer system ac-
cording to the manufacturer’s protocols (Bio-Rad).

The blocking was carried out with 3% BSA in PBS + 0.1%
Tween-20 for 1 h at RT, and then the blot was labeled overnight
at +4°C with the Cx antibodies included in the immunolabeling
protocol: Cx43 (1:2,000), Cx36 (1:500), and Cx46 (1:500). The
membranes were subsequently washed 3 × 10 min with PBS +
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0.01% Tween-20 and incubated with a 1:3,000 dilution of
horseradish peroxidase-conjugated goat anti-rabbit IgG (ab6721;
Abcam) or anti-mouse IgG (A-21236; Thermo Fisher Scientific)
antibodies for 1 h at RT. After subsequent washes, the mem-
branes were developed with the WesternBright ECL system (K-
12045-D20; Advansta) and imaged with ChemiDoc XRS+. Next,
the blots were stripped by incubating them with Restore
Western Blot Stripping Buffer for 15 min at room temperature
and by washing the blots three times with PBS before and after
the stripping. The blots were then reblocked and labeled with
the loading control GAPDH (1:500; Sc-47724; Santa Cruz Bio-
technology, RRID:AB_627678) or RPE65 (1:1,000; GTX103472;
GeneTex, RRID:AB_2037911) that was detected as described for
the other antibodies.

Dye coupling and carboxyfluorescein dye uptake
For the dye coupling experiments, a single RPE cell was patched
in whole-cell configuration with intracellular solution contain-
ing either 0.5% w/v neurobiotin (mol wt 358 D, SP-1120; Vector
Laboratories) or 0.01% Alexa Fluor 488 (mol wt 570.48 D,
A10436; Thermo Fisher Scientific). These recordings were car-
ried out with a Nikon FN1 Upright Fluorescence Microscope.
After 15min to allow for the neurobiotin to fully dialyze and pass
through gap junctions to the neighboring cells, the sample was
fixed, permeabilized, and blocked as described for the im-
munostaining experiments, and the neurobiotin was labeled for
1 h at room temperature with 1:500 streptavidin Alexa Fluor 568
conjugate (S11226; Invitrogen) that was diluted in the blocking
buffer. The samples were washed and mounted according to the
provided immunostaining protocol, and the labeling was de-
tected with the 561-nm excitation laserline from Nikon A1R
confocal microscope. For Alexa Fluor 488, the dye was allowed to
diffuse for 45 min after which it was detected with the 488-nm
laserline from Argon laser of LSM780 laser scanning confocal
microscope in inverted Zeiss Cell Observer microscope body
(Zeiss).

The carboxyfluorescein dye uptake was analyzed as previ-
ously described (Potter et al., 2021). Briefly, the hESC- and
mouse RPE cells were incubated in calcium-free balanced salt
solution containing 200 µM 5(6)-carboxyfluorescein diacetate
(21879; Sigma-Aldrich) for 10 min at 37°C and 5% CO2. Next, the
solution was replaced with a calcium-containing balanced salt
solution with 200 µM 5(6)-carboxyfluorescein diacetate that
was incubated at 37°C and 5% CO2 for 5 min. The samples were
washed with calcium-containing balanced salt solution without
5(6)-carboxyfluorescein diacetate and kept in the same solution
for the entire duration of the imaging. The images were cap-
tured using Nikon FN1 Upright Fluorescence Microscope with a
488-nm laserline.

Pre-embedding immunogold labeling and
cryo-electron microscopy
The RPE cells were fixed and prepared for immunogold labeling
as previously described (Johansson et al., 2019). First, the sam-
ples were washed three times with PBS and fixed with
periodate–lysine–paraformaldehyde (PLP) for 2 h at RT. Prior to
primary antibody incubation, the cells were treated with 0.01%

saponin and 0.1% BSA in 0.1 M phosphate buffer, pH 7.4 (Buffer
A). All primary antibody concentrations were doubled from
immunolabeling for this assay. Next, 1.4 nm nanogold-
conjugated polyclonal Fab’ fragment of goat anti-rabbit IgG
(https://nanoprobes.com/) diluted to 1:50 in Buffer A was ap-
plied for 1 h, followed by washes with Buffer A and 0.1 M
phosphate buffer (pH 7.4). Cells were postfixed for 10 min at RT
with 1% glutaraldehyde in phosphate buffer, quenched for 5 min
with 50 mM NH4Cl in phosphate buffer, and then washed with
phosphate buffer and water. Samples were treated with HQ-
silver (https://nanoprobes.com/) for 5 min in the dark and
washed with water. This was followed by gold toning with 2%
sodium acetate 3 × 5 min at room temperature, 0.05% gold
chloride 10 min at +4°C, 0.3% sodium thiosulphate 2 × 10 min at
+4°C, and washes with water. Next, the samples were reduced
for 1 h at +4°C with 1% osmium tetroxide in 0.1 M phosphate
buffer, dehydrated with graded series of ethanol (70, 96, 100%),
and stained with 2% uranyl acetate. Finally, the labeled samples
were embedded in Epon (TAAB Embedding resin, medium,
TAAB Laboratories Equipment Ltd) and polymerized. Next, the
monolayers were sectioned at 200-nm intervals perpendicular to
the membrane with an ultramicrotome (Leica ultracut UCT ul-
tramicrotome; Leica Mikrosysteme GmbH). These slices were
placed on carbon-coated single-slot grids and imaged at 80 kV
voltage with JEOL JEM-1400 transmission electron microscope
(JEOL Ltd.) equipped with bottom-mounted Quemesa charge-
coupled device camera (4,008 × 2,664 pixels).

For immunoelectron microscopy analysis, mouse eyes on a
mixed C57/BL6 background were removed and fixed in 4%
paraformaldehyde in 0.1 M phosphate buffer (pH 7.4) with 2.5%
sucrose overnight. Small coronal sections of the retina were
immersed in 2.3 M sucrose in PBS and rotated at +4°C for 4 h.
Specimens were frozen in liquid nitrogen, and thin cryosections
were cut with a Leica EM UC7 cryoultramicrotome (Leica Mi-
crosystems). The sections were picked on Butvar–coated nickel
grids. The grids were first incubated in 2% gelatine in PBS for
20 min and then in 0.1% glycin–PBS for 10 min followed by
incubation in a blocking solution for Protein A/G Gold con-
jugates (Aurion) for 15min. Then 0.1% BSAc (Aurion) in PBSwas
used in the washing steps and in the dilutions of antibodies and
gold conjugates. Sections were exposed to the primary antibody
against Cx43 (1:50) for 45 min. This was followed by incubation
with protein A–conjugated 10 nm gold (Cell Microscopy Core,
University Medical Center Utrecht) for 30 min. The controls
were prepared by replacing the primary antibody with PBS. The
grids were stained with neutral uranyl acetate (UA) and coated
with 2% methyl cellulose containing 0.4% UA. Sections were
examined with a Tecnai G2 Spirit 120 kV transmission electron
microscope (FEI), and the images were captured by a Quemesa
charge-coupled device camera (Olympus Soft Imaging Solutions
GMBH) using RADIUS software (EMSIS GmbH).

Confocal microscopy and image processing
LSM780 confocal microscope and Plan-Apochromat 63×/1.4 oil
immersion objective were used for confocal microscopy by set-
ting the voxel size to x = y = 66 nm and z = 200 nm, and 1,024 ×
1,024 pixel stacks of 70–120 slices were acquired with a line
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average of 2. The following lasers were used for the fluo-
rophores: DAPI was excited with 405 nm diode laser; Alexa Fluor
488 with 488 nm laserline from Argon laser; and Alexa Fluor 568
with 561 nm diode-pumped solid-state laser or 561 nm InTune
laser. Emission was detected with windows of (in nm): 410–495
(DAPI; Alexa Fluor 405), 499–579 (Alexa Fluor 488), and 579–642
(Alexa Fluor 568). Laser powers and photomultiplier tube sen-
sitivities were optimized for minimal bleaching and an optimal
signal-to-noise ratio. The images were saved in CZI format and
deconvolved using Huygens Essential (SVI) software with the-
oretical PSF, signal-to-noise ratio of 5, and a quality threshold of
0.01. The refractive index of the mounting media was provided
by the manufacturer (Thermo Fisher Scientific). The images
were finalized with ImageJ (Schneider et al., 2012) by only
performing linear brightness and contrast adjustments for the
pixel intensities.

For the Cx43 quantification, the cell perimeters were ana-
lyzed using a custom macro for automated multicellular tissue
analysis for maximum intensity projections (ImageJ/Fiji–
Advanced Digital Microscopy Core Facility–IRB Barcelona). The
Cx43 plaques were quantified in ImageJ by analyzing particles
from the segmented cell junctions provided by the analysis
macro. Only particles localized to the epithelial cell borders were
considered for the analysis. The normality was analyzed with
the Shapiro-Wilk test, and the statistical significance was as-
sessed by Mann-Whitney U Test that was performed with the
IBM SPSS Statistics for Windows, version 26 (IBM Corp.). For
the dye-coupling experiments, the images were aligned by
placing the original patched cell to the center of the field. These
aligned images were converted into an image stack, and the data
were combined into an averaged projection with ImageJ. Final
figure panels were assembled using Adobe Illustrator (Adobe
Systems).

Cx43 labeling was also quantified from immunoelectron
microscopy images. Here, the cells were separated from the
background by manually selecting an intensity threshold for
each cell (Fig. 1 E). Some cells had regions within them that had
similar intensities as the cell exterior. These were taken into
account by assigning background regions that were smaller than
one-tenth of the image size of the cells. The labeled Cx43 was
segmented automatically by using the maximum entropy
threshold (Kapur et al., 1985). This also segmented the mito-
chondria, which were excluded from the segmentation by ex-
cluding all the contiguous objects that were over 500 pixels
(≈6,000 nm3) in size (Fig. 1 E). The Euclidean distance transform
of the cell border was calculated for each cell, and the label
density within 1 μm from the cell border was calculated. The
label density, as a function of increasing distance from the cell
border, was also calculated by grouping the pixels into bins of
increasing distance from the border and calculating the label
fraction of each bin. The bin size was 15 pixels (52 nm).

Patch-clamp recordings
All mice were between 4 and 10 wk old and on a mixed C57/BL6
background. Both male and female mice were used in this study.
All procedures were approved by the Animal Care and Use
Committee at Northwestern University and in accordance with

the ARVO Statement for the Use of Animals in Ophthalmic and
Vision Research and Finland Animal Welfare Act 1986. For
electrophysiological experiments, the RPE dissections were
conducted under IR light (940 nm) with assistance from IR
visible light converter (night vision) goggles and separate IR
dissection scope attachments (B.E. Meyers Owl Night Vision
Scopes, Model #7200I). The retina was gently removed, and a
piece of the eyecup with RPE attached to the choroid was then
mounted with RPE side up on a 12-mm poly-D-lysine-coated
glass coverslip (354086, BioCoat Cellware; Corning), which was
secured to a recording dish via grease under a slice anchor
(Warner Instruments). For hESC-RPE recordings, the culture
insert was removed from the holder and cut into four pieces that
were mounted under the slice anchor on the recording chamber
using grease. For both the RPE preparations, the dish was then
placed on the electrophysiology rig (SliceScope Pro 6000; Sci-
entifica; or Eclipse FN1 upright microscope–based system; Ni-
kon; with pE-4000; CoolLed) and superfused with carbogenated
Ames medium (A-1372-25; US Biological Life Sciences; 9 ml per
min), and then warmed to 32°C. RPE cells were illuminated at
950 nm for visualization.

The currents were recorded from mature hESC-derived RPE
monolayers or mouse RPE cells using the standard patch-clamp
technique in whole-cell configuration. In paired recordings, two
adjacent RPE cells or pairs at a varying intercellular distance
were patched and recorded simultaneously. Patch pipettes (5–7
MΩ, BF120-69-10; Sutter Instruments) were filled with an in-
tracellular solution composed of (in mM) 125 K-aspartate, 10
KCl, 1 MgCl2, 10 HEPES, 1 CaCl2, 2 EGTA, 4Mg-ATP, and 0.5 Tris-
GTP (277 mOsm; pH ∼7.15 with KOH). For blocking the gap
junctions, the bath solution was supplemented with 100 µM
MFA (M4531; Sigma-Aldrich). When Cx43 hemichannels were
investigated, the intracellular solution was supplemented with
90 µM TAT-Gap19 trifluoroacetate salt (SML2319-1MG; Sigma-
Aldrich), and the recording time was kept under 15 min. All
recordings were made in current-clamp mode with a two-
channel patch-clamp amplifier (MultiClamp 700B; Molecular
Devices). To analyze the input resistance, we applied a series of
injected current pulses (from −25 to 50 pA for hESC-RPE and
from −500 to +1,500 pA for mouse RPE) and measured the
changes in the membrane potential. Series resistance was not
compensated.

Patch-clamp data analysis
The offline analysis was performed with a custom open-source
MATLAB analysis package (GitHub - SchwartzNU/Symphony-
Analysis: Symphony analysis code for SchwartzLab at North-
western University) and Clampfit software (Molecular Devices).
The coupling coefficient was calculated as a change in voltage
in the recorded cell over a change in voltage in the stimulated
cell. The effect of the MFA blocker was analyzed with two-tailed
unpaired Student’s t test. The normality of hemichannel
blocker data was assessed by a Kurtosis test, and the statistical
significance of the blocker effect was assessed by the Mann–
Whitney U test. All statistical tests were performed with the IBM
SPSS Statistics for Windows, version 26 (IBM Corp.). Final fig-
ures were assembled in Igor Pro and Adobe Illustrator.
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RPE connectivity modeling
The model was largely based on the work by Fortier and Bagna
(2006) who investigated how gap junction resistance values
contribute to the input resistance of a cell in a hexagonal grid
(Fig. 6 A). We had two key assumptions: (1) all cells have the
same total input resistance (RI) and all cells have the same single
cell input resistance in the absence of gap junctions (R), and (2)
each cell has exactly f = 6 coupled cells. This differential equation
model is quite simple, and thus the addition of variability in the
input resistances of the cells (Assumption 1) did not substan-
tially add to our understanding of the role of gap junctions.
Assumption 2 was determined to be valid due to the breadth of
the literature that described epithelial cells, and specifically RPE,
to have six neighbors in a majority of cases (Liu et al., 2016; Ishii
and Rohrer, 2017). Therefore, given two paired cells we get that
the voltage change in the injected cell is equal to:

V11 � I1
R Rj + R
� �

2R + Rj
, (1)

where V11 is the voltage change in cell 1 with current I1 injected
into cell 1, and Rj is the resistance of the gap junctions.

We then get the voltage change in the paired cell as:

V12 � I1
R2

2R + Rj
. (2)

Therefore, the coupling coefficient between the two cells is
given as:

CC � V12

V11
� R2

R × Rj + R2
. (3)

The input resistance of the cell can be calculated as follows:

R � RI Rj + R
� �

Rj + R
� � − fRI

. (4)

We then solved for R for a variety of RI and Rj values to de-
termine the contribution of gap junctions to the input resistance
of RPE cells. The coupling coefficients and input resistances
were then related to the measured values from cultured and
mouse RPE recordings. The differential equations were solved
numerically inMATLAB and all the code can be found at https://
github.com/SchwartzNU/SymphonyAnalysis/tree/master/RPE.

Results
RPE cells display an extensive network of Cx43-based
gap junctions
The localization of Cx43 proteins was analyzed by immunolab-
eling both hESC-derived and mouse RPE monolayers. Confocal
microscopy demonstrated that both the RPE preparations
showed an extensive network of gap junction plaques adjacent
to the cell–cell junctions marked with Zonula occludens-1 (ZO-1)
protein labeling (Fig. 1). Furthermore, the labeling demonstrates
that the hESC-RPE cells (Fig. 1 A) resemble the mouse RPE cells
found in vivo (Fig. 1 B), with respect to Cx43 expression and
localization.

We next wanted to analyze in more detail the variation in the
distribution of Cx43 plaques between cells in the monolayer and

between the two RPE preparations (Fig. 1 C). The quantification
of Cx43 plaques showed moderate variation in the number of
foci per cell junctions within the monolayer, but significant
differences between the two RPE preparations (P < 0.00001,
Mann–Whitney U Test). For mouse RPE cells, the average
number of puncta per micrometer was 0.53 ± 0.01 (average
perimeter of cells was 85 ± 1.19 µm, n of cells = 160) while for
hESC-RPE the value was 0.39 ± 0.01 (average perimeter of cells
was 37 ± 0.14 µm, n of cells = 1,042; Fig. 1 C).

Detailed localization of the gap junctions was investigated by
immunogold labeling and electronmicroscopy of hESC-RPE. The
imaging showed that the gap junctions were localized toward
the apical membrane of the cells and that Cx43 labeling was also
present outside the cell junctional area in the apical membrane
(Fig. 1 D). To analyze the localization, the cell border and Cx43
labels were segmented from the microscopy images. The mean
label density within 1 μm from the cell border was 0.008 ± 0.003
(mean ± standard deviation) on the apical side and 0.0021 ±
0.0013 on the basal side (Fig. 1 E; n = 12 cells). This was analyzed
as a function of the distance from the cell border showing that
the label density at the basal side was very low near the cellular
border, which started to increase toward the central regions of
the cell. At the apical side, the label density was at its highest
near the border and decreased toward the central parts (Fig. 1 E).
The localization of the Cx43 was found to be similar in cryo-
sectioned mouse eyecups (Fig. 1 F). Therefore, both hESC-RPE
and mouse RPE monolayers express Cx43 and form gap junc-
tions between cells as well as hemichannels on the apical side of
the cells.

RPE cells show weak expression of Cx36 but not
Cx46 isoforms
Previous work has suggested that Cx43 is the primary Cx ex-
pressed in RPE (Akanuma et al., 2018; Pearson et al., 2005);
however, other Cx isoforms have also been found in mice
(Milićević et al., 2021) and rats (Malfait et al., 2001). To inves-
tigate the isoform distribution, hESC-RPE and mouse RPE whole
mounts were labeled with antibodies against Cx36 and Cx46
proteins (Fig. 2 A). Our immunostaining showed that Cx36 was
weakly positive and mostly localized as spots on the apical
membrane. This labeling pattern was observed for both hESC
(Fig. 2 A) and mouse RPE monolayers (Fig. 2 B). Cx46, on the
other hand, was found to be negative in both preparations. To
confirm our findings, we analyzed the isoform distribution in RPE
by immunoblotting against Cx43, Cx36, and Cx46; GAPDH and
RPE65were used as loading controls in hESC-RPE andmouse RPE,
respectively (Fig. 2 C). This showed that the highest fraction of Cx
proteins in RPE is accounted for by Cx43, Cx36 is weakly detected
at the protein level, and Cx46 band was not identified.

RPE cell input resistance is reversibly increased by MFA
Input resistance is a core property affecting the electrical ex-
citability of cells; the higher the input resistance, the more the
membrane will resist the movement of charges (ions) and the
more the membrane voltage will change with a given ionic
current. Both Cx43 gap junctions and hemichannels are potential
sources of electrical conductance thatwould be expected to lower the
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Figure 1. Characterization of gap junction localization in RPE cells. (A and B) Laser scanning confocal microscopy (LSCM) data as inverted greyscale
Z-maximum intensity projections of hESC-RPE (A) and mouse RPE (B) stained against Cx43 (yellow) and cell–cell junction marker ZO-1 (magenta). Right panels
show a higher magnification of the highlighted regions. Scale bars, 20 μm. (C) Quantitative analysis of the number of Cx43 positive puncta found per
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input resistance of RPE cells. Thus, we hypothesized that blocking
these channels would increase the cells’ input resistance.

In whole-cell current-clamp recordings of RPE cells, we used
a series of injected current pulses (−25 and 50 pA for hESC-RPE

and −500 and +1,500 pA for mouse RPE) to measure input re-
sistance (Fig. 3, A and B; see Materials and methods). The
baseline resistance values were consistently higher in hESC (388 ±
64 MΩ, n = 6 cells) than in mouse RPE (21 ± 3 MΩ, n = 10 cells;

micrometer of the cell perimeter. Data are shown as mean ± SEM, number of cells n = 1,042 for hESC-RPE and n = 160 for mouse RPE. (D) Immunogold labeling
and transmission electron microscopy images of hESC-RPE cells showing the clustering of Cx43 proteins at the cell–cell junctions (black arrowhead) and at the
apical membrane (red arrowhead). Scale bars, 2 µm (full image) and 500 nm (highlighted region). (E) Segmentation of the cells and Cx43 signal showed that the
label density within 1 µm from the cell border was at the highest on the apical membrane and very low at the basal side (n = 12 cells). (F) Immunogold labeling
of mouse cryosections showing the clustering of Cx43 proteins at the cell–cell junctions (black arrowheads) and the apical membrane (red arrowheads). Scale
bars, 1 µm (full image) and 500 nm (highlighted region).

Figure 2. Cx isoforms found in RPE. (A and B) Laser scanning confocal microscopy (LSCM) data as inverted greyscale Z-maximum intensity projections and
YZ-confocal sections (localization of the section highlighted with a white bar) of hESC-RPE (A) and mouse RPE (B) stained against either Cx36 or Cx46 (yellow)
and cell–cell junction marker ZO-1 (magenta). Scale bars, 20 µm. (C)Western blot analysis of different Cx isoforms. Whole cell lysates of hESC- or mouse RPE
cells were analyzed by electroblotting and the band intensities for Cx43, Cx36, and Cx46 were analyzed against either GAPDH or RPE65 bands (n = 3 for both
hESC and mouse).
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P < 0.0001, two-tailed unpaired Student’s t test). We applied the
gap junction blocker MFA to the extracellular solution and re-
measured input resistance (with smaller current pulses −10 to
25 pA in hESC-RPE and −50 to 150 pA in mouse). Input re-
sistances increased nearly 5-fold (to 1,900 ± 310 MΩ) in hESC
and >10-fold (to 290 ± 80 MΩ) in mouse RPE in the presence of
MFA, and these values were significantly different from the
control conditions (P = 0.0013, n = 6, and P = 0.0067, n = 10, for
hESC and mouse respectively, two-tailed paired Student’s t test).
The effect was found in all recorded RPE cells in both prepara-
tions, and it was reversed with the washout of MFA (Fig. 3 C).

RPE gap junction coupling decreases exponentially
over distance
Given that RPE expresses Cx’s and its input resistance was af-
fected by a gap junction blocker, we wanted to investigate their
electrical coupling. We recorded pairs of adjacent RPE cells in
dual patch-clamp configuration to measure the degree of elec-
trical coupling and the effect of MFA (Fig. 4). With both cells in
the current-clamp mode, we injected current into one cell (cell 1)
andmeasured the resulting depolarization both in the injected cell
(cell 1) and the coupled cell (cell 2). In all pairs, we also reversed
the direction of current through the gap junction by injecting
current in cell 2. To obtain a trans-junctional current–voltage
relationship, we plotted the voltage change in the paired cell
against the voltage change in the injected cell (Fig. 4 B). This re-
lationship was linear and independent of the direction of current
flow, consistent with a non-rectifying gap junction.

A coupling coefficient is defined as the ratio of the depolar-
ization in the coupled cell to that in the injected cell. The cou-
pling coefficients were 0.13 ± 0.013 for hESC-RPE (n = 11 pairs)
and 0.045 ± 0.0070 for mouse RPE (n = 7 pairs), and MFA
abolished the connectivity between RPE cells in both prepara-
tions (Fig. 4, A and C). This relationship was linear and inde-
pendent of the direction of current flow (Fig. 4 B), consistent
with a non-rectifying gap junction. There was no significant
directional bias in either the hESC data (P = 0.071 for control
conditions and P = 0.088 in MFA conditions) or the mouse RPE
(P = 0.80 for control conditions and P = 0.27 for MFA con-
ditions). In the presence of MFA, the voltage change in the re-
corded cell was no longer dependent on the voltage change in the
injected cell in both hESC (coupling coefficient became 0.026)
and mouse (0.022) RPE (Fig. 4 C). This was significantly dif-
ferent from control conditions (hESC and mouse P < 0.001).
However, these coupling coefficients are relatively low as
compared to other retinal cells (Trenholm and Awatramani,
2017), and thus small fluctuations in membrane voltage could
be perceived as responses in the recorded cell and artificially
inflate the coupling in MFA. Therefore, to measure how statis-
tically significant the voltage changes were, we also calculated
the standard score (Z-score) of the responses in the recorded cell
(Fig. 4 C). In both hESC- and mouse RPE pairs, the Z-score was
significantly affected by the application of MFA (hESC: control
15.0 ± 2.0, MFA 3.4 ± 0.9, P < 0.001; mouse: control 6.2 ± 1.0,
MFA 1.2 ± 0.09, P < 0.001). Therefore, the coupling between
neighbors in the RPE monolayer is significant and can be
blocked with the application of MFA.

Next, we wanted to investigate the extent of coupling be-
tween RPE cells by analyzing the relationship of coupling coef-
ficient to the inter-pair distance. This was carried out by
patching hESC-RPE and mouse RPE cell pairs by increasing the
number of cells between the pair (Fig. 5 A). The coupling was
found to decay dramatically as the distance increased in hESC-
andmouse RPE: 0.12 ± 0.024 (adjacent cells between the pair, n =
5), 0.04 ± 0.007 (one cell between the pair, n = 7), 0.01 ± 0.003
(two cells between the pair, n = 4), and 0.01 ± 0.005 (three cells
between the pair, n = 3) for hESC-RPE; and 0.09 ± 0.015 (adja-
cent cells between the pair, n = 21), 0.068 ± 0.014 (one cell be-
tween the pair, n = 3), 0.039 ± 0.008 (two cells between the pair,
n = 3), and 0.036 ± 0.008 (three cells between the pair, n = 4) for
mouse RPE (Fig. 5 B). This phenomenon was also observed in
dye coupling, where an individual cell in the monolayer was
filled with a gap-junction permeable fluorescent dye, Alexa
Fluor 488, that was allowed to diffuse to the adjacent cells for
45min (Fig. 5 C).We observed that in both RPE preparations, the
extent of the dye spread reached the adjacent cell layer but was
not detectable past that; however, the diffusion was found more
asymmetric in hESC-RPE. Therefore, we used a smaller marker
neurobiotin that only required 15 min of incubation and inves-
tigated the diffusion in a population of hESC-RPE cells (n = 8).
The individual images were compiled into an averaged projec-
tion, but the asymmetry was still detected (Fig. 5 D). This
showed that the gap junctions are capable of transporting small
molecules across the monolayer, but the dye intensity dramat-
ically decreased over distance.

Cx43 hemichannels influence input resistance
In addition to gap junctions, previous studies (Akanuma et al.,
2018; Pearson et al., 2005) and our EM data (Fig. 1) indicated that
Cx43 also assembles as hemichannels in the apical membrane of
RPE cells. MFA blocks these hemichannels as well as gap junc-
tions, and it can also have off-target effects on resistance
through voltage-gated potassium channels by inhibiting hKv2.1
channels (Lee andWang, 1999) and opening KNCQ2/Q3 channels
(Peretz et al., 2005). However, due to the lack of functional
evidence of either of these potassium channel types in RPE, we
assume that the off-target (non-connexin blockade) effects of
MFA on input resistance are likely to be negligible.

We wanted to determine whether the increase in input re-
sistance that we measured in RPE cells with MFA (Fig. 3) was
consistent with solely gap junction decoupling, or whether the
blockade of additional conductances was required. We modeled
a network of RPE cells consisting of a central cell and six con-
nected neighbors, consistent with the hexagonal lattice of the
monolayer (Figs. 1 A and 6 A; see Materials and methods; Liu
et al., 2016; Ishii and Rohrer, 2017). This differential equations
model calculated the input resistance of a cell in a network,
given a measured input resistance with junctions intact and a
junctional conductance (Fortier and Bagna, 2006). We evaluated
the model at some example input resistances that align with our
measurements (Fig. 3 C). By varying the resistance, Rj, of the gap
junctions (see Eq. 4), we investigated the impact of junctional
conductance on the resulting single cell input resistance (R) of
each cell (Fig. 6 B). Constraining the model to produce coupling
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coefficients in the measured range (0.15 with gap junctions open
to 0.025 with them blocked by MFA; Fig. 4), we found that the
input resistance did not increase as dramatically as we observed
with the application of MFA (Fig. 3). MFA is known to have off-
target effects, including blocking hemichannels. Thus, closing
gap junctions alone could not account for the magnitude of the
resistance increase that was measured with MFA.

These results suggest that a major component of the effect of
MFA on the measured input resistance was instead due to the
blockade of Cx43 hemichannels. To test this modeling result

experimentally, we carried out the patch-clamp recordings with
a specific blocker, TAT-Gap19. This blocker is a Cx43 mimetic
peptide, which specifically inhibits Cx43 hemichannels by pre-
venting their opening, but importantly, does not interfere with
gap junctions (Tarzemany et al., 2017; Abudara et al., 2014). The
peptide specificity is due to its direct binding to the C-terminal
tail of Cx43, which prevents the interaction of cytoplasmic loop/
C-terminal tail. This interaction is mandatory for hemichannel
activity, while the gap junctions are unaffected (Ramadan et al.,
2020). However, other similar peptides have been shown to also

Figure 3. Input resistance analysis of RPE cells. (A) Representative current clamp recordings of hESC-RPE (top) and mouse RPE (bottom) cells showing the
changes in their membrane potential (Vm) in control conditions, in the presence of 100 µMMFA, and after the washout of MFA. (B) Quantitative analysis of the
input resistance before and after the addition of MFA in single recorded hESC-RPE (upper) and mouse RPE (lower) cell. The MFA application period is rep-
resented with a grey box. (C) Input resistance data in logarithmic scale for all the recorded cells before and after the MFA application. Open symbols and
dashed lines represent individual cells and closed symbols and a solid black line show values as mean ± SEM to demonstrate the averaged effect of MFA. Data
are shown as mean ± SEM, number of cells: n = 6 hESC-RPE, n = 10 mouse RPE.
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Figure 4. Analysis of RPE electrical coupling. The coupling was analyzed by injecting current pulses in one cell (blue) and recording the voltage responses in
its adjacent cell (grey). The recordings were carried out in both directions (indicated by the black arrows), and both in the presence and absence of 100 µM
MFA. (A) Representative voltage responses are shown for both hESC-RPE (right) and mouse RPE (left). (B) Example of the voltage change in the injected cell
versus the recorded voltage change in the response cell is shown in both directions with and without MFA over a range of responses. (C) Coupling coefficients

Fadjukov et al. Journal of General Physiology 10 of 17

Gap junctions of retinal pigment epithelium https://doi.org/10.1085/jgp.202112916

https://doi.org/10.1085/jgp.202112916


inhibit gap junctional communication, but importantly, the ki-
netics of this inhibition is much slower (∼30 min; D’hondt et al.,
2014). In a subset of experiments, we included TAT-Gap19
(90 μM) in the intracellular solution while keeping the record-
ing time under 15 min to prevent off-target effects (Fig. 6 C).
Input resistances measured in the presence of TAT-Gap19 were
significantly higher than those in control hESC-RPE cells (511 ±
70 mΩ [n = 19] versus 301 ± 28 mΩ [n = 23], P = 0.012, Mann–
Whitney U test; Fig. 6 C), suggesting that Cx43 hemichannels
play a role in setting the input resistance of RPE cells. We also
observed an increased input resistance in mouse RPE record-
ings, although the effect was more moderate (65 ± 31 mΩ [n = 8]
versus 18 ± 4 mΩ [n = 8], P = 0.05, Mann-Whitney U test).

In addition to electrophysiological characterization, the
presence of functional hemichannels was investigated by a
carboxyfluorscein dye uptake assay (Potter et al., 2021). Our
results showed that both hESC- and mouse RPE preparations
were able to uptake the dye after exposure to Ca2+ free extra-
cellular solution for hemichannel opening, and that the label
intensity varied between cells (Fig. 6 D). Previously, it has been
suggested that a small subset of hemichannels may be open
without the removal of Ca2+ (Potter et al., 2021). We wanted to
analyze the fraction of spontaneously open hemichannels in RPE
by incubating the monolayers in carboxyfluorescein without the
initial step to remove Ca2+. Our results showed a decrease in the
relative intensity in both RPE preparations (−0.60 ± −0.02 for
hESC- and −0.62 ± −0.05 for mouse RPE, n of experiments = 3).
Taken together, the dramatic increases in input resistance we
measured in MFA likely arose from the combination of this
drug’s blockade of Cx43 gap junctions and hemichannels.

Discussion
A growing body of evidence has challenged the concept of RPE as
the electrically passive partner for the retina that simply pro-
vides appropriate environmental conditions for maintaining
visual function. Recent work by us and others have demon-
strated that various essential tasks of RPE, such as renewal of
photoreceptor membranes and growth factor secretion, depend
on voltage, and that RPE cells express a family of voltage-gated
calcium and sodium channels (Wimmers et al, 2007;Müller et al,
2014; Johansson et al, 2019; Korkka et al., 2019). Yet, the elec-
trophysiological characteristics of RPE cells have not been
thoroughly investigated, and studies are particularly lacking
from mammalian species and intact monolayer preparations.

In this study, our goal was to examine the characteristics of
the intercellular connectivity by analyzing input resistance in
single (Fig. 3) and dual patch-clamp recordings (Fig. 4) from
tissues that most accurately represent RPE cells in vivo. Due to
the challenges related to recording from native mouse RPE tis-
sue, previous physiological studies have focused on sub-
confluent primary cultures (Wollmann et al., 2006) or isolated

cells (Cao et al., 2018). We have now developed a procedure for
obtaining patch-clamp recordings from mouse RPE whole
mounts, which opens possibilities for further studies on their
physiology.

Our input resistance analysis demonstrates that mammalian
RPE cells are physiologically coupled, and that this connectivity
can be inhibited by blocking gap junctions and hemichannels
with MFA (Fig. 3, B and C). Our results correlate with previous
work from an immortalized cell line ARPE-19, although we
found the effect of MFA to be reversible (Ning et al., 2013).While
the MFA-induced increase in input resistance was similar both
in hESC- and mouse RPE, our results show that mouse RPE cells
display lower input resistance values than cultured cells. Mouse
RPE had a higher number of Cx43 positive foci at the cell–cell
junctions (Fig. 1 C), indicating a larger number of gap junctions
in addition to having more extensive apical microvilli leading to
a larger membrane area. Both factors would contribute to mouse
RPE cells having a lower input resistance as compared to
cultured cells.

The dual patch-clamp recordings showed that coupling co-
efficients (Figs. 4 C and 5 B) were lower in both of the RPE
preparations compared to previously reported values in the
retinal neuronal cells (Trenholm and Awatramani, 2017). It is
worth noting that the low resistance of the RPE cells can cause
variance in the coupling coefficient measurements. However,
the values that were obtained in RPE cells were higher than the
coupling ratios reported for astrocytes that are known to be able
to form an electrical syncytium through gap junctional coupling
(Xu et al., 2010; Ma et al., 2016). Similar to astrocytes (Xu et al.,
2010), the coupling coefficients were found to decrease expo-
nentially with increasing distance between the recorded RPE cell
pair, and this was also observed in our dye coupling analysis
(Fig. 5).

Our computational model (Fig. 6) showed that with coupling
coefficients in the measured range, blocking gap junctions alone
could not account for MFA’s effect on input resistance. As MFA
is a universal blocker for Cx43, we speculated that hemichannels
might also influence the results as their presence has been
previously shown by fluorescent dye diffusion and calcium
imaging studies in immortalized ARPE-19 cell line (Akanuma
et al., 2018) and developing RPE (Pearson et al., 2005). Indeed,
the application of hemichannel inhibitor TAT-Gap19 in cultured
RPE cells increased the input resistance significantly. This val-
idated the results obtained from the computational model and
confirmed that the Cx43 signal observed in our immuno-EM
data originates from both gap junctions and hemichannels.
The effect of the peptide was significant in mouse RPE as well,
yet it appeared less potent. Our hemichannel finding is sup-
ported by the work of Akanuma et al. (2018), who demonstrate
an increased dye uptake in ARPE-19 cells in calcium-deprived
conditions that have been shown to activate the hemichannels.
Furthermore, we observed an uptake of carboxyfluorescein dye

were calculated based on the ratio of voltage changes, and the linearity of the curve was assessed by analyzing the standard scores (Z-score) for control and
MFA conditions. Center lines show the medians; box limits indicate the 25th and 75th percentiles for all cells (number of pairs: n = 11 hESC-RPE, n = 7 mouse
RPE).
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Figure 5. RPE cell coupling decreases over distance. (A) A schematic illustration of the paired recordings with an increasing number of inter-pair cells. The
coupling was analyzed by injecting current pulses in one cell (blue) and recording the voltage responses in its adjacent cell (grey). Representative voltage
responses are shown for both hESC-RPE (top) and mouse RPE (bottom). (B) Coupling coefficients were calculated based on the ratio of voltage changes for
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after calcium removal, demonstrating that hemichannels are
functional in RPE cells (Fig. 6).

While the blockade of both gap junctions and Cx43 hemi-
channels by MFA together contributed to the increase in input
resistance we observed, the effects were not additive. The full
resistance increase we measured in MFA exceeded the sum of the
modeled effects on gap junctions (Fig. 6) and the measured effects
of Cx43 hemichannel blockade (Fig. 3). Factors contributing to this
discrepancy could include off-target effects of MFA on ion chan-
nels other than Cx’s (Peretz et al., 2005) and incomplete blockage
of hemichannels by TAT-Gap19 (D’hondt et al., 2014). Future work
may reveal other components that regulate the input resistance of
RPE cells and how they might be influenced by MFA.

At this stage, it is not clear whether the variation between
mouse and cultured RPE cells is due to differences between
species. Our immunostainings and Western blot analyses had
shown that a low level of Cx36 was present in RPE and, in
particular, in the apical membrane. Hemichannels formed by
this Cx isoform would not be affected by TAT-Gap19. While our
immunoblots demonstrate that Cx43 comprises the highest
fraction of the RPE Cx proteins, it is noteworthy that the lysis
process was not specifically targeted for the extraction of
membrane-bound proteins. Previous studies in HeLa trans-
fectants have shown that biotinylated surface Cx proteins only
comprise a small portion of the total Cx level (Schalper et al.,
2008). Thus, the level of Cx36 could be higher than that shown
by our data. The presence of Cx43 and Cx36 and the minimal
expression of Cx46 in murine RPE has been previously reported
by other groups on the mRNA level. Analysis of the GEO data set
GSE172440 (Milićević et al., 2021) demonstrates that Gja1 (en-
coding Cx43) is the most abundant Cx protein, while the ex-
pression of Gjd2 (Cx46) was found to beminimal. Gjd2 (encoding
Cx36) was also expressed, albeit at lower levels than Gja1.

In addition to interspecies variation, the differences between
cultured and mouse RPE could be caused by the culturing con-
ditions of human RPE cells or due to a developmental issue as
hESC-RPE typically resembles fetal tissue more than mature
epithelium. As has been recognized before, the culture con-
ditions can influence the expression patterns of ion channels
and transporters (Reichhart and Strauss, 2014; Korkka et al.,
2019). It is also worth noting that native RPE cells have been
shown to exhibit intercellular heterogeneity in terms of their
morphology and protein expression (Burke and Hjelmeland,
2005; Burke et al., 1996), and it has been suggested that this
variability could cause phenotypically distinct subpopulations
when propagated in vitro (Rizzolo, 2014; Campbell and
Humphries, 2013). The mosaic-like behavior of RPE was also
reflected in the baseline input resistance values (Fig. 3 C) and
coupling coefficients (Fig. 4 C) obtained in this study.

While the integrity of tight junctions as a constituent of the
blood–retina barrier has long been recognized as fundamentally
important for visual health (Campbell and Humphries, 2013;
Rizzolo, 2014), evidence suggests that gap junctions are also
important for regulating the functions of RPE during develop-
ment, such as the correct pacing of retinal organogenesis (Tibber
et al., 2007) and calcium wave spreading (Pearson et al., 2004).
However, less is known about the specific roles of gap junctions
in mature RPE. In the retina, gap junctions are known to have
myriad roles, such as receptive field size signal correlation
(Devries, 1999) and motion detection (Murphy-Baum and
Awatramani, 2018), and both light adaptation and circadian
rhythm have been shown to alter the electrical coupling of the
underlying neural circuits (Vasconcellos et al., 2005; Rassi
Gabriel et al., 2011). As our results demonstrate that both gap
junctions and Cx43 hemichannels can control the electrical ex-
citability of RPE by altering the input resistance, it is plausible
the connectivity could enable synchronization of the essential
functions of RPE, particularly as the junctions facilitate signaling
across wide regions. In other cell types, such as oligodendrocytes,
astrocytes, and corneal endothelial cells, gap junctions and
hemichannels have been implicated in potassium buffering,
calcium wave propagation, as well as the release of signaling
molecules such as ATP and nicotinamide–adenine dinucleotide
(Belousov et al., 2017; D’hondt et al., 2014; Goodenough and Paul,
2003).

In addition to mediating signaling in the healthy tissues, gap
junctions have also been implicated in cell death and survival,
and hemichannels have been shown to open in response to
metabolic stress (Belousov et al., 2017; Contreras et al., 2002).
Therefore, a loss or malfunction in the regulation of Cx43 could
impair the physiology of RPE. In fact, mutations in Cx43 have
been implicated in a syndrome known as oculodentodigital
dysplasia that causes abnormalities of the ocular, nasal, dental,
and limb structures. Interestingly, developmental defects in RPE
have been reported in some patients (Calera et al., 2009). Fur-
thermore, conditional knockout of Cx43 has been shown to
cause a reduction in aqueous humor production and complete
loss of the vitreous chamber in mice (Pogoda et al., 2016). In the
retina, photoreceptor degeneration has been shown to cause
oscillatory electrical activity within the remaining electrically
coupled retinal network (Biswas et al., 2014). Future studies may
elucidate whether connectivity impairments also occur within
the RPE in pathological conditions.

Both gap junctions and hemichannels are known to be reg-
ulated through posttranslational modifications, and interactions
with various other cellular proteins can affect their gating and
selectivity, trafficking, as well as assembly (Falk et al., 2014;
Laird, 2006). Especially considering the short half-life of Cx

each pair type. Center lines show the medians; box limits indicate the 25th and 75th percentiles, data points are plotted as open circles, number of pairs for
hESC: n = 5 adjacent; n = 7, 1 cell; n = 4, 2 cells; n = 3, 3 cells, number of pairs for mouse RPE: n = 21 adjacent; n = 3, 1 cell; n = 3, 2 cells; n = 4, 3 cells. (C and D) A
schematic illustration demonstrating the dye filling procedure. A single patched cell was loaded with gap junction permeable Alexa Fluor 488 for 45 min (C) or
neurobiotin for 15 min (D) to allow the dye to fully diffuse to the adjacent RPE cells in the monolayer. Representative laser scanning confocal microscopy
(LSCM) Z-maximum intensity projections of a hESC-RPE and a mouse RPE cell after the loading period for Alexa Fluor 488 (C) and an average projection of
multiple hESC-RPE cells loaded with neurobiotin (n = 8; D). The patched cell is highlighted in both RPE preparations, and the calibration bar reflects the
intensity of the dye labeling. Scale bars, 20 µm.
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Figure 6. Cx43 hemichannels modulate input resistance in RPE. (A) Schematic model (see Materials and methods). (B) Top traces show the calculated
coupling coefficients (Eq. 3), given a theoretically modeled total input resistance (RI), and junctional conductances (junctional conductance = 1/Rj). Bottom
traces show the calculated single cell input resistances (R, see Eq. 4) of a given junctional connectivity. Grey shading indicates the values that correspond to our
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proteins of 1–5 h (Laird, 2006; Falk et al., 2014), it is possible that
natural variations in the state of Cx43 could play a role in reg-
ulating the excitability and physiological status of RPE. It is
worth noting that in addition to a decrease in extracellular cal-
cium, a modest increase in intracellular calcium can open the
hemichannels by shifting their threshold for voltage activation
toward the physiological range (D’hondt et al., 2014). Under-
standing the electrical coupling and its physiological regulation
may help to elucidate the roles of various voltage-gated ion
channels in RPE and other epithelial tissues. Taken together,
these results demonstrate that while the baseline level of cellular
coupling in RPE is low, gap junctions enable rapid changes in
electrical properties and overall connectivity. This could facili-
tate the fast spreading of physiological signaling molecules and
ions, such as ATP, cAMP, and calcium in RPE. Intriguingly, with
our observation of hemichannels, this includes signaling within
the monolayer as well as between RPE and the subretinal space.
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