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Gap junctions transmit electrical signals in neurons and serve metabolic coupling
and chemical communication. Gap junctions are made of intercellular channels
with large pores, allowing ions and small molecules to permeate. In the
mammalian retina, intercellular coupling fulfills many vital functions in visual
signal processing but is also implicated in promoting cell death after insults, such
as excitotoxicity or hypoxia. Conversely, some studies also suggested a role for
retinal gap junctions in neuroprotection. Recently, gap junctions were also
advocated as conduits for therapeutic drug delivery in neurodegenerative
disorders. This requires the permeation of rather large molecules through
retinal gap junctions. However, the permeability of retinal networks for
molecules >0.6 kDa has not been tested systematically. Here, we used the
cut-loading method and probed gap junctional networks in the mouse retina
for their permeability to cGMP and cAMP coupled to Biotin, using the well-
characterized tracer Neurobiotin as control. Biotin-cGMP and -cAMP have a
molecular weight of >0.8 kDa. We show that they cannot pass the gap junctions
of horizontal cells but can permeate through the gap junctions of specific
amacrine cells in the inner retina. These amacrine cells do not comprise All
amacrine cells and nitric oxide-releasing amacrine cells but some unknown type.
In summary, we show that some retinal gap junctions are large enough to let
molecules >0.8 kDa pass, making the intercellular delivery of therapeutic agents
— already successfully exploited, for example, in cancer — also feasible in
neurodegenerative diseases.
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1 Introduction

Gap junctions or electrical synapses are clusters of intercellular
channels connecting the interior of two adjacent cells, allowing for
the exchange of ions, second messengers, and other signaling
molecules (<1 kDa) (1, 2). Gap junctions, formed by connexin
proteins, are widespread in the central nervous system and
particularly abundant in the mammalian retina, where 11
different connexin isoforms were reported to be expressed
[reviewed in (3)]. All major classes of retinal neurons
(photoreceptors, horizontal, bipolar, amacrine, and ganglion cells)
and glia cells form coupled networks in the retina (4-6), which
contribute to visual signal processing by playing an essential role in
dim light vision (7-9), noise reduction (10, 11), spike
synchronization (12, 13), and regulation of receptive field size
(14, 15).

Gap junctions are essential for visual processing and are also
shown to be involved in secondary cell death in the retina by
potentially spreading toxic molecules from dying cells to coupled
neighbors (16, 17). For example, induction of apoptotic cell death in
individual retinal ganglion cells leads to the loss of neighboring
ganglion and amacrine cells. In contrast, the blockade of gap
junctions prevents this so-called “bystander effect” (16, 18). In
addition to their spreading death signals, gap junctions were
discussed as neuroprotectors (19), saving neighboring cells from
insults. For example, inhibitors of gap junctions were shown to
cause apoptosis (20); also, upregulation of connexin36 in retinal
neurons was established to protect from secondary cell loss,
while loss of connexin36 was reported to promote secondary
cell death (21). These findings have identified gap junction
proteins as promising therapeutic targets for neuroprotection
(reviewed in 22).

Recently, gap junctions were also advocated as promising new
routes for therapeutic drug delivery (23-26). For example, gap
junction-containing liposomes were used in cells to successfully
deliver chemotherapeutics to breast cancer cells (26), and gap
junctions were exploited to send small interfering RNAs (siRNA)
from one cell to another in cultured cells (27). However, knowledge
on the potential use of gap junction-mediated drug delivery in
neurodegenerative disorders is scarce, and a deepened
understanding of the permeability of neuronal gap junctions is
needed. Here, we used the mouse retina as a test system and
evaluated the permeability of two intracellular messengers
(cGMP, cAMP), which can exert various functions in retinal
neurons, including activation of protein kinases, ion channels,
and transcription factors (28). Both ¢cGMP and cAMP were
conjugated to Biotin, which is known to permeate through gap
junctions and can easily be visualized by fluorophore-coupled
streptavidin. We found that - despite their large size of >0.8 kDa
- Biotin-conjugated cAMP and cGMP were able to pass some gap
junctions in the inner retina, while not passing to gap junctions
between horizontal cells and between AIl amacrine cells. This study
shows that some neuronal gap junctions can permeate surprisingly
large substances, opening up an avenue for drug delivery in
neurodegenerative disorders.
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2 Methods
2.1 Animals and tissue preparation

Animals were maintained under a 12 h light/dark cycle with
food and water ad libitum. All procedures were approved by the
local animal welfare committee [Niedersdichsisches Landesamt fiir
Verbraucherschutz und Lebensmittelsicherheit, KDE TSG4 (3)] and
were in accordance with the law on animal protection issued by the
German Federal Government (Tierschutzgesetz). C57BL6/] mice
(aged 4 to 6 months, both sexes) were dark-adapted for 1.5 h before
euthanasia with CO, to equilibrate their adapted state. After cervical
dislocation, eyes were rapidly removed and transferred to hydrogen
carbonate-buffered Ames’ solution (A1420-10X1L, Sigma-Aldrich,
MO, USA) equilibrated with carbogen (95% 0O,/5% CO,) and
maintained at 32°C. The cornea, lens, and vitreous body were
carefully removed. The choroid fissure was identified on the
sclera (29), and a reference cut was made on the ventral temporal
side of the eye cup with curved scissors to keep track of the
retinal orientation.

The eyecup (containing retina, pigment epithelium, choroid,
and sclera) was preincubated in Ames’ solution for 20 mins with or
without 50 pM meclofenamic acid (MFA, M4531, Sigma-Aldrich).

2.2 Cut-loading

After preincubation, the eye cup was briefly removed from the
Ames’ solution and cut along the nasal, temporal, ventral, and
dorsal side with a size 11 scalpel blade coated with 15.5 mM N-(2-
aminoethyl) biotinamide hydrochloride (0.5% Neurobiotin'
Tracer, SP-1120, Vector Laboratories, CA, USA), 15.5 mM
Biotin-conjugated ¢cGMP (00021, Biotium) or 15.5 mM Biotin-
conjugated cAMP (00020, Biotium). The eyecup was incubated with
the tracer for 30 seconds and then immersed in Ames’ solution. The
tracers were allowed to diffuse for 10 min. Then, the retina was
quickly dissected from the eyecup, mounted (ganglion cells up)
onto black filter paper (0.8 um pore size, MF-MilliporeTM, Ireland),
and fixed with 2% paraformaldehyde supplemented with 3%
sucrose (w/v, diluted in 0.1 M phosphate buffer, PB) at room
temperature for 30 min.

2.3 Immunostaining

Retinas were washed in 0.1 M PB before blocking in 10%
donkey serum (diluted in 0.1 M PB with 0.5% Triton-X100) for
one hour and then incubated with Alexa Fluor " 568 Streptavidin
(1:250; S11226, Invitrogen) overnight. In some experiments, tracer
visualization was combined with immunohistochemistry. Whole-
mounts were incubated in primary antibodies (Pax6, 1:25, mouse;
Developmental Studies Hybridoma Bank, RRID: AB_528427;
GABA, 1:250, rabbit; A2052, Sigma Aldrich, RRID: AB_477652;
NOS1, 1:500, mouse, sc5302, Santa Cruz Biotechnology, RRID:
AB_626757) for three days at 4°C. After extensive washing in 0.1 M
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PB, the retinas were incubated for two days at 4°C with the
secondary antibodies (Donkey Anti-Mouse IgG H&L Alexa
Fluor® 488, ab150105, abcam, RRID: AB_2732856; Donkey anti-
Rabbit IgG H&L Alexa Fluor' " 488, A-21206, Invitrogen, RRID:
AB_2535792). To visualize cell nuclei, incubation in 4',6-
diamidino-2-phenylindole (DAPI, 1:1000, ab228549, Abcam)
followed. After several washing steps, retinas were mounted on
slides and coverslipped with an aqueous mounting medium
(Vectashield, Vector Laboratories).

2.4 Microscopy

Images were collected at similar retinal eccentricities using a
confocal laser scanning microscope (Leica TCS SP8) and a 20x
objective (HC PL APO 20x/0.7 imm.). Settings were kept constant
for one set of experiments; confocal stacks (1,024x1,024 pixels)
were acquired from the outer plexiform layer to the ganglion cell
layer (1 pum steps) at a zoom of 1.

2.5 Image analysis and quantification

Image analysis was done with Fiji (30). In brief, image stacks
were background subtracted (rolling ball radius of 50 pixels) and
contrast-enhanced using Fiji tools. Evenly spaced Neurobiotin
+/Biotin+ cells with large somata in the distal inner nuclear layer
were identified as horizontal cells which was confirmed by calbindin
labeling (see Supplementary Figure 1). Pax6+/Neurobiotin+ cells in
the proximal inner nuclear layer were identified as amacrine cells.
For intensity plots, Pax6+ and Neurobiotin+ cells were identified by
the Colocalization Highlighter tool (using Li as an automated
threshold), and their mean pixel intensity and distance from the
cutting edge were measured. For the Neurobiotin channel,
intensities were normalized per cutting site (evaluated at 0.5 to
1.1 mm from the optic nerve head) and then plotted as relative
intensity against distance from a cut in OriginPro 2021 (OriginLab).
The intensity plot was fit with a single exponential function
(Equation 1), deriving a length constant A from the fit:

y = A1*exp(—%)+ 0 (1)

Only fits with R® values >0.8 were considered. Differences
between length constants were determined by a Mann Whitney
U test.

Cells were counted in regions of interest of 113.84 um x 113.81
um to determine the number of labeled cells/mm* with the Cell
Counter plugin in Fiji. To test for significant differences in the
number of labeled cells, one-way ANOVA was performed
(GraphPad Prism 10.1, Dotmatics) with “substance” as a factor
and posthoc corrections for multiple comparisons (Dunnett’s T3
multiple comparisons test). The alpha level was 0.05 for all
statistical tests. Values are always given as mean * standard
deviation of the mean. If the p-value is below 0.0001, it is given
as p < 0.0001; in all other cases, exact p-values are given.
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2.6 Quantum chemistry optimization of
molecular structures

Quantum chemistry computations were performed to determine
the optimized structures of Biotin-cGMP, Biotin-cAMP, and
Neurobiotin employing the ORCA 5.0.0 (31) software package. The
calculations utilized the TPSSh GGA functional with the def2-SVP
basis set (32, 33) and the resolution of identity approximation
(RIJCOSX) with the def2/] auxiliary basis. The calculations were
carried out with account for the D3 dispersion correction (34, 35).
Since the dispersion interactions are not described accurately by the
GGA functionals, Grimme’s correction was used (34).

To investigate possible conformers of Biotin-cAMP/-cGMP and
Neurobiotin, we employed the software package CREST (36, 37)
(Conformer-Rotamer Ensemble Sampling Tool). Metadynamics
exploring the conformational space was performed at 350 K.
Conformers were sorted according to their energy, and the
structures within an energy window of 10.0 kcal/mol from the
most stable conformer were considered. For Biotin-cAMP, 899
conformers were found, while for Biotin-CGMP 395 conformers
could be determined; in the case of Neurobiotin 471 conformers
were found. All the molecules revealed high flexibility, which is
expected for the long aliphatic part of each molecule. The ten most
stable conformers were selected, and the geometry of these
conformers was further optimized using the TPSSh/def2-SVP/D3
method. The size measurements along the three principal directions
were performed for the most stable conformer of each molecule.

Optimizations without dispersion correction were carried out to
qualitatively investigate the structure of Biotin-cAMP/-cGMP and
Neurobiotin geometries in solution. Less stacked configurations due
to the lack of weak van-der-Waals self-interactions were found.

3 Results
3.1 Tracer coupling in the outer retina

In the outer retina of the mouse, horizontal cells are of the axon-
bearing B-type (38). They form an extensive, gap junction-coupled
network that is permeable to Neurobiotin (14). Therefore, we used
Neurobiotin as a positive control before testing for the permeability
of other Biotin-conjugated substances. As expected, Neurobiotin
(Figure 1A) spread from the cutting site into the retina. The relative
intensity of Neurobiotin+ cells decreased with distance from the
cutting site (Figures 1A, B). This decay could be fit with a single
exponential function as expected for a diffusion process (see a
representative example in Figure 1C, R* = 0.95, yielding a space
constant of 107.5 um, Figure 1E). To test whether the observed
tracer spread was indeed mediated by gap junctions, retinas were
pre-incubated in the gap junction blocker MFA (39). A relatively
low concentration of 50 pM was used to prevent retina damage,
which is not enough to block all gap junctions but is expected to
reduce tracer spread between horizontal cells (40). As expected,
MFA preincubation decreased the spread of Neurobiotin through
the horizontal cell network (Figures 1B, D) and led to significantly
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Gap junctions of mouse horizontal cells are permeable for Neurobiotin but not for Biotin-cGMP and -cAMP. (A) Diffusion of tracers, cutting site on
the left. (B) MFA reduced the spread of Neurobiotin in the horizontal cell network. (C) The relative tracer intensity of Neurobiotin, Biotin-cGMP, and
Biotin-cAMP was plotted against the distance from the cut. Data for Neurobiotin was fit with a single exponential function. (D) Tracer diffusion in the
horizontal cell layer w/o MFA preincubation, fit with exponential functions (solid line: Neurobiotin; dashed line: MFA+Neurobiotin). (E) Space
constant of Neurobiotin spread was significantly lower after MFA preincubation than under control conditions (without MFA: 99 + 43 um, N = 25
cuts from 4 retinas, 4 mice; with MFA preincubation: 66 + 25 um, N = 14 cuts from 3 retinas, 3 mice; Mann-Whitney U test, p = 0.009, **). (F) The
number of Neurobiotin+ horizontal cells/mm? was significantly lower after MFA preincubation than under control conditions (without MFA: 312 +
113 cells/mm?; with MFA preincubation: 187 + 63 cells/mm?; Mann-Whitney U test, p = 0.0018, **)

lower space constants (Figure 1E; Neurobiotin: 99 + 43 pm, N = 25
cuts from 4 retinas, 4 mice; Neurobiotin + MFA: 65 + 25 uym, N = 14
cuts from 3 retinas, 3 mice; Mann-Whitney U test, p = 0.009). Also,
the number of Neurobiotin+ cells/mm? was significantly lower after
MFA preincubation compared to control conditions (Figure 1F;
Neurobiotin: 312 + 113 cells/mm?; Neurobiotin + MFA: 187 + 63
cells/mm?; Mann-Whitney U test, p = 0.0018).

After the successful establishment of a cut-loading protocol, we
tested two Biotin-conjugated compounds for their permeability:
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Biotin-conjugated cGMP (MW = 832 g/mol) and Biotin-
conjugated cAMP (MW = 826 g/mol). We determined the
molecular dimensions of both substances (Figures 2A, B, D, E;
Supplementary Movie 1, 2) in comparison with Biotin (Figures 2C,
F). To approximate the minimal pore diameter required to allow the
substances’ permeation, we determined their second largest
dimension (41) with dispersion correction (Figures 2A-C) and
when inter-molecular dispersion interactions are possibly
diminished by e.g., solvent (Figures 2D-F). The latter yielded
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Characteristic sizes of Biotin-cGMP, Biotin-cAMP, and Biotin, followed by quantum chemical computations. The visualization presents the
comparative sizes of Biotin-cGMP (A, D), Biotin-cAMP (B, E), and Biotin (C, F) in Cartesian coordinates. The Z-axis corresponds to the molecule’s
longest dimension in these structures, while the X-axis represents the second-longest dimension, which is presumably the most relevant for the
compounds’ permeability through gap junction channels. Structures (A—C), derived from CREST analysis with dispersion correction, show that
Biotin-cGMP has a maximum length (Z-axis) of 15.4 A and a breadth (X-axis) of 9.1 A. Similarly, Biotin-cAMP has a length of 11.9 A and breadth of 9.3
A, while Biotin measures 9.2 A in length and 5.9 A in breadth. Conversely, structures (D—F), optimized without dispersion correction to qualitatively
investigate the structure of Biotin-cAMP/-cGMP and Biotin geometries in solution, exhibit more elongated geometries. In these structures, Biotin-
cGMP, Biotin-cAMP, and Biotin have the most extended dimensions of 20.9 A, 24.0 A, and 13.5 A, respectively, with their respective breadths being

11.0 A 10.1 A and 5.0 A.

breadths of 11.0 A and 10.1 A, respectively, for Biotin-cGMP and
Biotin-cAMP which are considerably larger than the breadth of
Biotin (5 A).

After cut-loading, the two compounds did not spread through
the horizontal cell network (Figure 1A), demonstrated by a very low
number of Biotin+ cells distal from the cut. Accordingly, the relative
intensity of the tracer spread could not be fit with an exponential
function (Figure 1C). As hardly any Biotin+ horizontal cells were
visible distal from the cut, we did not calculate the density of Biotin
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+ cells. Together, these results indicate that the gap junctions
between horizontal cell dendrites are impermeable for the large
compounds Biotin-cGMP and Biotin-cAMP.

3.2 Tracer coupling in the inner retina
Next, we focused on the inner retina where many different gap

junction-coupled networks exist, e.g., narrow-field AIl amacrine
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cells coupled among each other and to ON bipolar cells (42),
various types of wide-field amacrine cells coupled among each
other (43, 44) and to ganglion cells (45). Again, we first analyzed
samples cut-loaded with Neurobiotin (Figure 3A). To restrict our
analysis to amacrine cells, we co-labeled the retinas for Pax6, a
marker for amacrine but not bipolar and Miiller cells in the mouse
retina (46). Many Neurobiotin+/Pax6+ cells became visible.
However, tracer intensity did not decay exponentially with
distance from the cutting site (Figure 3B). We hypothesize that
the many gap junctional networks with various gap junction
proteins and cell types connected obscure the exponential decay.
To test for gap junctional coupling, we preincubated retinas with
the gap junction blocker MFA (Figures 3, 4). As we could not
determine length constants, we counted the Neurobiotin+/Pax6+
cells. MFA was reported to block gap junctions between AII
amacrine cells (47), representing the most numerous amacrine
cell types in the mouse retina (48, 49). Even though MFA will not
block all AIT gap junctions at a concentration of 50 uM (47), MFA
preincubation should substantially reduce Neurobiotin+/Pax6+
amacrine cells. This was indeed the case. The number of
Neurobiotin+/Pax6+ cells significantly decreased from 3777 + 169
cells/mm? (N = 16 cuts from 3 retinas, 3 mice) in control to 1752 +
204 cells/mm? in MFA-treated retinas (N = 7 cuts from 2 retinas, 2
mice, Figure 4E, one-way ANOVA, p < 0.0001).

Next, we tested the two Biotin-conjugated compounds, Biotin-
¢GMP and -cAMP, and again focused our analysis on Biotin
+/Pax6+ cells (Figure 4). Both substances showed weak coupling
(Figures 4A, B), with 219 * 90 cells per mm? for Biotin-cGMP
(N = 16 cuts from 3 retinas, 3 mice) and 118 + 56 cells per mm?
for Biotin-cAMP (N = 16 cuts from 3 retinas, 3 mice). As the
coupling decayed exponentially from the cutting site (Figures 4C,
D), Biotin-cGMP and -cAMP may only pass through the gap
junctions of a single cell type. Differences between the two
compounds were significant (Figure 4E, one-way ANOVA, p =
0.0111). Coupling was significantly lower than Neurobiotin (one-

Neurobiotin+MFA

FIGURE 3

10.3389/fopht.2023.1334602

way ANOVA, p < 0.0001 for Biotin-cGMP and Neurobiotin, p <
0.0001 for Biotin-cAMP and Neurobiotin). It significantly
decreased for both Biotin-conjugated compounds after MFA
preincubation (Figure 4E, one-way ANOVA, p = 0.0001 for
Biotin-cGMP and p = 0.0255 for Biotin-cAMP), confirming
the involvement of gap junction-mediated substance transfer.
MFA preincubation seemed to reduce substance transfer to a
background level, as differences between Biotin-cGMP and
-cAMP after MFA treatment were insignificant (one-way
ANOVA, p = 0.9765).

Together, these results suggest that the large compounds Biotin-
c¢GMP and -cAMP can pass the gap junctions of at least one class of
amacrine cells in the inner retina. As the number of coupled cells/
mm? is relatively low, this cell class does not comprise narrow-field
AIIl amacrine cells but likely represents a class of wide-field
amacrine cells. To test this hypothesis, we co-labeled coupled cells
with GABA (Figure 5A). We found that amacrine cells with gap
junctions permeable for Biotin conjugates are all GABA- and may
represent narrow-field amacrine cells. In addition, we labeled for
NO synthase (NOS) because NOS-expressing amacrine cells were
reported to form a strongly coupled gap junctional network and
have a similar density (50) as the Biotin+ cells we found. However,
Biotin+ cells were all NOS- and thus do not seem to represent this
cell type (Figure 5B).

4 Discussion

This study used the mouse retina to study whether large Biotin-
conjugated substances with a molecular mass of >0.8 kDa can pass
neuronal gap junctions. Indeed, we found that a network of
amacrine cells in the inner retina expresses gap junctions, which
allow the passage of these compounds, suggesting that neuronal gap
junctions may be exploited to transfer of large substances with
therapeutic value (e.g., miRNAs).

B
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Various gap junctional networks in the amacrine cell layer contribute to the tracer decay. (A) Neurobiotin diffusion without (left) and with (right) MFA
preincubation in the inner retina, cutting site on the left. Retinas were labeled with Pax6. Many Neurobiotin+ were Pax6+, confirming coupled cells
as amacrine cells. White boxes indicate the areas shown as single channels in the middle panel; the overlay of both channels is shown as
magnification in the bottom panel. (B) Relative tracer intensity of NB with and without MFA preincubation plotted against distance from cut. The
large dispersal suggests that several gap junctional networks are present as the Neurobiotin spread does not follow an exponential function
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4.1 Gap junctions of horizontal cells are
impermeable to Biotin-cGMP and -cAMP

We successfully adopted a cut-loading method (40, 51) and
validated it with Neurobiotin, a tracer known to permeate through
retinal gap junctions (4), and MFA, a well-characterized blocker of
gap junctions (39). As expected, Neurobiotin spread through gap
junctions in horizontal cells (14, 52) and accumulated in horizontal
cell somata without clearly visualizing the dendro-dendritic
network. In line with expectation, Neurobiotin spread was
strongly decreased when the retina was preincubated with MFA
(39), demonstrating the functioning of the assay. However, both
Biotin-conjugated cyclic nucleotides could not pass the gap
junctional network of horizontal cell dendrites. This aligns with
earlier work showing that Lucifer Yellow (0.4424 kDa) cannot pass
gap junctions made of connexin57 (53), which is the connexin
forming the dendro-dendritic gap junctions in mouse horizontal
cells (14, 54, 55). Mouse horizontal cells were reported to express a
second connexin, connexin50 (56), which has a much higher single-
channel conductance than connexin57 (220 pS vs. 57 pS,
respectively) (57, 58) and can pass Lucifer Yellow as shown in A-
type horizontal cells of the rabbit retina (59). However, connexin50

10.3389/fopht.2023.1334602

was only detected in axo-axonal gap junctions of the B-type
horizontal cells in the mouse retina (56), which were not probed
by the cut-loading method as we never saw any labeled axon
terminals of horizontal cells in our cut-loading experiments.

4.2 Some amacrine cells form gap
junctions large enough for Biotin-cGMP
and -cAMP passage

In the inner retina, the high density of Neurobiotin+ cells
suggested that the cut-loading method probed many different gap
junction networks simultaneously. Gap junctional coupling
between amacrine cells and bipolar cells [predominantly by AII
amacrine cells (60)], between amacrine cells [again, predominantly
by AIIl amacrine cells (60)], and between amacrine and ganglion
cells (45) may obscure exponential decay of tracer intensity from
the cutting edge. Therefore, we could not determine length
constants to estimate diffusion, so we counted the number of cells
per mm” to identify the cells (and potentially the gap junction
protein or connexin) underlying the coupling. In controls, more
than 3000 cells/m* were Neurobiotin+, in line with the assumption
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Gap junctions of some amacrine cells in the inner retina are permeable to Biotin-cGMP and -cAMP. (A, B) Biotin-cGMP (A) and Biotin-cAMP

(B) diffusion in the inner retina without (left) and with (right) MFA preincubation. Pax6 labeling was used to identify coupled amacrine cells. White
boxes indicate the areas shown as single channels in the middle panel; the overlay of both channels is shown as magnification in the bottom panel
(C, D) Diagrams show the relative tracer intensity of Pax6+ cells plotted against the distance from cut for Biotin-cGMP (C) and Biotin-cAMP

(D). Tracer diffusion followed an exponential function only under control conditions but not after MFA preincubation. (E) Summary diagram showing
the number of Biotin+ and Pax6+ amacrine cells per mm? for the different substances with and without MFA preincubation. Statistical analysis
showed significant differences between Neurobiotin cuts with (n = 7 cuts from 2 retinas; 1752 + 204 cells/mm?) and without MFA (N = 16 cuts from
3 retinas, 3 mice; 3777 + 169 cells/mm?; p < 0.0001, ****), Biotin-cGMP cuts with (N = 24 from 3 retinas, 3 mice; 75 + 44 cells/mm?) and without
MFA (N = 16 cuts from 3 retinas, 3 mice; 219 + 90 cells/mm?; p = 0.0001, ***), and Biotin-cAMP cuts with (N = 24 cuts from 3 retinas, 3 mice; 61 +
39 cells/mm?) and without MFA (N = 16 cuts from 3 retinas, 3 mice; 118 + 56 cells/mm?; p = 0.0255, *).
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Biotin-cGMP

FIGURE 5
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Biotin*cGMP

The amacrine cell type permeable for the large Biotin-conjugated compounds are GABA- and NOS-. (A, B) Retinas cut-loaded with Biotin-cGMP
were co-stained with GABA (A) and NOSL1 (B), a marker for nitric oxide-synthesizing amacrine cells. White boxes indicate the areas shown as single
channels in the middle panel; the overlay of both channels is shown as magnification in the bottom panel. Biotin+ cells did not colocalize with GABA
or NOS, suggesting that coupled cells belong to non-GABAergic amacrine cells despite their relatively low density. The arrow points to a seemingly
colocalized cell but closer inspection of the confocal stack showed that the NOS+ cell lies on top of the Biotin+ cell

that most Neurobiotin+ cells represent AIl amacrine cells because
they have a density between 3000 and 3800 cells/m?. ATI cells form
gap junctions made of connexin36 (7), which likely did not allow
the Biotin-conjugated cyclic nucleotides to pass because the number
of coupled cells dropped dramatically when using these tracers. This
is not surprising as connexin36 channels have a very low unitary
conductance [10-15 pS (61)]. However, unitary conductance might
not always be informative on the permeability of gap junctions
because, despite their low unitary conductance, connexin36 gap
junctions can pass Lucifer Yellow (61) whereas, for example,
connexin57 with its much higher unitary conductance cannot (53).

Biotin-cGMP and -cAMP showed some gap junction coupling in
amacrine cells, as evidenced by 1) co-labeling of Biotin+ with Pax6 in
the proximal inner nuclear layer and 2) decrease in the number of
Biotin+/Pax6+ cells after MFA preincubation although we cannot
fully exclude the possibility that tracer uptake by wide-field amacrine
cells weakly contributes to the number of Biotin+ cells. In a retina,
which was cut in only one position with a Biotin-cAMP-coated blade,
Biotin+ cells extended well beyond the presumed size of individual
wide-field amacrine cells and were detected also up to 1 mm from the
cutting site (Supplementary Figure 2). Based on the relatively low
density of Biotin+/Pax6+ cells (< 200 cells/m>), we suspected these
cells to represent wide-field amacrine cells, which are usually
GABAergic (62). Yet, double-labeling with GABA revealed that all
coupled cells were GABA-. We also labeled for NO synthase because
an earlier study showed that amacrine cells expressing NO synthase
(called nNOS-2 amacrine cells) form large coupled networks, made of
connexind5 (50). However, all Biotin+ amacrine cells were NOSI-,
also excluding this cell type. As the density of Biotin+/Pax6+ cells
seems too low for glycinergic amacrine cells, which are narrow-field
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amacrine cells (62, 63), these cells may represent GABA-/glycine-
amacrine cells (also termed nGnG). Recently, four types of nGnG
cells have been identified in a transcriptomic approach and reported
to have a low cell density (46). Interestingly, one of the nGnG
amacrine cells shows extensive tracer coupling and expresses
various connexins: connexin36, connexin45, and connexin23 (64).
It seems unlikely that connexin36 and connexin45 let Biotin-
conjugated cyclic nucleotides pass in one cell type and not in
another, but we cannot completely exclude this possibility.
However, connexin23 may be an exciting candidate; it was
reported not to form functional gap junction channels in vitro but
hemichannels permeable to ATP (65), which is rather large (0.51
kDa). Yet, its involvement in tracer coupling has never been reported,
and protein expression was never shown for the retina.

In summary, some amacrine cells are able to transfer large
Biotin-conjugated substances via gap junctions from one cell to
another but which of the more than 60 different types of amacrine
cells (46) is responsible for this, remains elusive.

There seemed to be a slight preference for Biotin-cGMP passage
over Biotin-cAMP despite the relatively small difference in
molecular weight (0.006 kDa). In fact, our calculations of the
second largest dimension showed that Biotin-cGMP is slightly
larger than Biotin-cAMP with dispersion correction (Figures 2A,
B) and when inter-molecular dispersion interactions are limited by
e.g., solvent (Figures 2D, E) while both substances are considerably
larger than Biotin (Figures 2C, F). Although the Biotin-conjugated
cyclic nucleotides were very long (>20 A), their second largest
dimension was similar to other gap junction-permeable substances,
like Lucifer Yellow [9.9 A (66)] and Alexa 488 [10.5 A (41)] and
even smaller than Alexa 594 [13.8 A (41)].

frontiersin.org


https://doi.org/10.3389/fopht.2023.1334602
https://www.frontiersin.org/journals/ophthalmology
https://www.frontiersin.org

Yuan et al.

4.3 Potential exploitation of the results

In recent years, gap-junction-mediated coupling was not only
found to facilitate or counteract cell death processes but also
demonstrated as a tool to deliver substances of potential
therapeutic value (miRNAs) in cultured cells expressing
connexin43 (25, 27). These miRNAs have a size of ~1 kDa. Our
results on the transfer of rather large compounds in the mouse
retina may suggest that even in intact neuronal tissue, some gap
junctions may be permeable to miRNAs or siRNAs. This would
open up exciting possibilities for neuron protection: Amacrine cells
undergo apoptosis after retinal ganglion cells in ischemic retinas
due to a gap-junction-mediated bystander effect (16). Delivering,
for example, siRNAs interfering with apoptotic pathways may offer
the potential to prevent progressive cell loss in retinal degenerative
diseases. However, the size of a compound is not the only
determinant for its ability to permeate through gap junctions, but
gap junction composition, phosphorylation state, transjunctional
voltage, pore size, and electrostatic properties come into play (1, 41,
66-68). Therefore, further studies are needed to explore the
therapeutic potential of health signal delivery through retinal
gap junctions.
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