The role of gap junctions in transmitting electrical
signals between cells

Bidirectional signaling occurs between coupled ACs and ON a-RGC
through gap junctions.
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Abstract

Gap junctions are channels that allow for direct transmission of electrical signals between cells. However, the ability of one
cell to be impacted or controlled by other cells through gap junctions remains unclear. In this study, heterocellular coupling
between ON o retinal ganglion cells (a-RGCs) and displaced amacrine cells (ACs) in the mouse retina was used as a model.
The impact of the extent of coupling of interconnected ACs on the synchronized firing between coupled ON a-RGC-AC pair
was investigated using the dopamine 1 receptor (D1R) antagonist—SCH23390 and agonist—SKF38393. It was observed that
the synchronized firing between the ON a-RGC-ACs pairs was increased by the D1R antagonist SCH23390, whereas it was
eradicated by the agonist SKF38393. Subsequently, the signaling drive was investigated by infecting coupled ON a-RGC-AC
pairs with the channelrhodopsin-2(ChR2) mutation L132C engineered to enhance light sensitivities. The results demonstrated
that the spikes of ON a-RGCs (without ChR2) could be triggered by ACs (with ChR2) through the gap junction, and vice versa.
Furthermore, it was observed that ON a-RGCs stimulated with 3—10 Hz currents by whole cell patch could elicit synchronous
spikes in the coupled ACs, and vice versa. This provided direct evidence that the firing of one cell could be influenced by
another cell through gap junctions. However, this phenomenon was not observed between OFF o-RGC pairs. The study
implied that the synchronized firing between ON o-RGC-AC pairs could potentially be affected by the coupling of intercon-
nected ACs. Additionally, one cell type could selectively control the firing of another cell type, thereby forcefully transmitting
information. The key role of gap junctions in synchronizing firing and driving cells between a-RGCs and coupled ACs in the
mouse retina was highlighted.

NEW & NOTEWORTHY This study investigates the role of gap junctions in transmitting electrical signals between cells and their
potential for cell control. Using ON « retinal ganglion cells (a-RGCs) and amacrine cells (ACs) in the mouse retina, the research-
ers find that the extent of coupling between ACs affects synchronized firing. Bidirectional signaling occurs between ACs and ON
a-RGCs through gap junctions.

amacrine cells; channelrhodopsin; gap junctions; retina; retinal ganglion cells

INTRODUCTION

Visual signaling in the retina is transmitted by both chemi-
cal and electrical synapses, also known as gap junctions (1).
Gap junctions are cell-to-cell communication that allows ions
and small molecules to pass directly from one cell to another,
playing crucial roles in many physiological processes, such as
signal averaging, synchronization, and noise reduction (2).
However, it remains uncertain whether one cell can affect or
even control the activities of other cells via gap junctions. The
retina, part of the central nervous system (CNS), is an excel-
lent model for studying the role of gap junction due to its easy
accessibility for recording and well-understood circuitry.

The retina conveys visual information to the brain via reti-
nal ganglion cells (RGCs) (3-6). Approximately 40 subtypes
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of RGCs encode different aspects of the visual scene in a par-
allel way (7-9). Alpha (o) RGCs, which are identifiable and re-
cordable due to their large, broad dendritic fields and ON
and OFF responses to visual stimuli, are arranged in a
mosaic-like pattern across mammalian species (10, 11). These
characteristics make o-RGCs a subject of interest for investi-
gation. RGCs and amacrine cells (ACs) are crucial for visual
processing, with ACs acting as interneurons that influence
the activity of RGCs.

Furthermore, both ON «-RGCs and coupled displaced ACs,
located on the surface of the RGC layer, provide an excellent
opportunity to examine cell driving between them and the
impact of the interconnected ACs network via gap junction
on their synchronous firing. This also makes patch recording
easier to perform. Therefore, understanding the interaction
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between ON «-RGCs and coupled ACs can provide valuable
insights into visual information processing and how various
factors influence it.

Synchronized firing, facilitated by gap junctions in the
CNS, plays an important role in neural coding by transmit-
ting more information than single-neuron activity (12-16). In
the visual system, it is believed that gap junctions between
RGCs and ACs are responsible for the observed synchronized
firing in these cells (17, 18), which is thought to enable the
transmission of precise information related to stimuli (19,
20). ACs influence the encoding and conversion of visual
input into electrical activity in RGCs. The strength of the
coupling between inhibitory interneurons, specifically ACs,
is known to affect the spatial coverage of RGCs. However, the
extent to which coupled networks of ACs modulate the activ-
ity of RGCs in the retina is largely unknown. For instance,
AC-AC coupling determines the spatial extent of the local
luminance subtracted from the RGCs. It has also been pro-
posed that the extent of AC-RGC coupling could determine
how much the weight of the average contrast would affect
the activity of RGCs (21). This study first aims to understand
the influence of interconnected ACs coupling on pairing
coupled ACs and ON «-RGCs. A study by Mills et al. (22)
found that the permeability of gap junctions between ACs
can be selectively reduced by a dopamine 1 (D1) receptor ago-
nist (SKF38393), whereas the permeability between RGCs can
be reduced by a dopamine 2 (D2) receptor agonist (quinpir-
ole). Thus, the relative importance of the extent of coupling
of ACs can be assessed using dopamine agonists, although it
remains challenging to modulate the gap junctions between
a-RGC and coupled ACs independently.

Cell driving or entrainment, which synchronizes one or
more oscillating systems to an external rhythm, is a phe-
nomenon widely observed across various physiological
systems (23). This research also explored the potential
mechanism of entrainment of activities between heterol-
ogous-coupled ACs and ON a-RGCs, as a model of different
cell types.

Channelrhodopsin (ChR)-based microbial opsins, such as
channelrhodopsin-2 (ChR2), are a commonly used optoge-
netic tool for genetically encoding light-gated channels
(24). However, their application has been limited due to
their low light sensitivity (25). Mutants of ChR2 at T159C
and L132C have been discovered to increase light sensitivity
and produce a larger current amplitude that is 1.5 log units
lower than the wild-type (WT) ChR2 (26). The research used
adeno-associated virus (AAV) vectors to introduce ChR2
mutations into retinal neurons. The ChR-infected cells
were then used to test cell drive firing between ON o-RGCs
and coupled ACs.

This study also examined whether RGCs could directly
drive coupled ACs in the retinal network or vice versa.
Depolarization waves were rhythmically injected from
coupled cells to demonstrate the potential for one cell to
drive the firing of another coupled cell. The possible driver
direction between ON «-RGCs and coupled ACs was tested.
In addition, the OFF o-RGCs pair was tested as a model of
homocellular coupling for cell drive.

Our study showed that coupling networks of ACs can
influence the activity of RGCs. ON «-RGCs and coupled dis-
placed ACs can drive the spikes of each other, but not
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between OFF o-RGCs pairs. Gap junctions were essential for
synchronous firing and cell driving between ON o-RGCs and
coupled ACs in the mouse retina.

METHODS

Ethics Approval

All animal procedures were approved by the Animal
Subjects Ethics Sub-Committee of the Hong Kong Polytechnic
University (Approval No. 17-18/66-SO-R-GRF). All experiments
complied with the Guide for the Care and Use of Laboratory
Animals published by the National Institutes of Health.

Animals

Adult mice (postnatal day 16-56) C57BL/6J (RRID:
IMSR_JAX:000664) wild-type (WT), n = 59, and Kcng4-YFP
(6-8 wk, n = 11) mice (27), with labeled «-RGC, of either sex
were used in the study.

DNA and Viral Vector Constructs

The single ChR2 mutations at the L132 sites, kindly pro-
vided by Dr. Zhuo-Hua Pan, were created by gene synthesis
(GenScript, Piscataway, NJ). rAAV2 vectors carrying a fusion
construct of ChR2 and green fluorescent protein (GFP),
(ChR2-GFP), were driven by a cytomegalovirus (CMV) early
enhancer/chicken B actin (CAG) hybrid promoter. The virus
vectors were packaged and affinity purified at the Gene
Therapy Program of the University of Pennsylvania or
Virovek (Hayward, CA) (26).

Viral Vector Injection

To establish the expression of ChR2 channels in retinal
neurons, injections of the virus vectors were administered to
adult C57BL/6J mice and Kcng4-YFP mice. In brief, the ani-
mals were anesthetized via an intraperitoneal injection of a
mixture of 120 mg/kg ketamine and 15 mg/kg xylazine. A
small perforation was made under a dissecting microscope
in the temporal scleral region with a sharp needle, and 1.5 pL
viral vectors, diluted in saline at a titer of 5 x 10 vector
genomes per milliliter (vg/mL), or vehicle (saline), were
injected into the intravitreal space through the perforation
with a 32-gauge blunt Hamilton syringe. Both eyes of each
animal were injected. After the injection, animals were kept
on a 12-h:12-h light/dark cycle for 5 days before being eutha-
nized for electrophysiological recordings.

Flattened Retina-Sclera Preparation

All experiments were performed during daylight hours. The
mice were anesthetized deeply with an intraperitoneal injec-
tion of ketamine and xylazine (80 and 10 mg/kg of body
weight, respectively), and lidocaine hydrochloride (20 mg/mL)
was applied locally to the eyelids and surrounding tissues.
Eyes were removed under dim red illumination and hemi-
sected anterior to the ora serrata. The anterior optical struc-
tures and the vitreous humor were removed, and the resultant
retina-eyecup with sclera attached, either whole or in sections,
was placed in a superfusion chamber. Retinas were dissected
into four equal quadrants for patch recordings and attached to
a modified translucent Millicell filter ring (Millipore, Bedford,
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MA). The flattened retinas were superfused with oxygenated
mammalian Ringer’s solution, pH 7.4, at 32°C (28). The anes-
thetized animals were Killed by cervical dislocation immedi-
ately after enucleation.

Electrical Recording

Extracellular recordings were obtained from RGCs of
eight WT mice in all retinal quadrants. Whole cell record-
ings were performed using an MultiClamp 700B amplifier
connected to a Digidata 1550B interface and pCLAMP 10
software (Molecular Devices). Cells were visualized with
near-infrared light (>775 nm) at x40 magnification with a
Nuvicon tube camera (Dage-MTI, Michigan City, IN) and
differential interference optics on a fixed-stage microscope
(Eclipse FN1; Nikon, Tokyo, Japan). Retinas were super-
fused at a rate of 1-1.5 mL/min with Ringers solution, com-
posed of (in mM) 120 NaCl, 2.5 KCl, 25 NaHCO3, 0.8
Na,HPO,, 0.1 NaH,PO,4, 1 MgCl,, 2 CaCl,, and 5 D-glucose.
The bath solution was continuously bubbled with 95% O,-
5%CO, at 32°C (29).

Dopamine receptor (DIR) agonist (SKF38393, [(+)-1-phenyl-
2,3,4,5-tetrahydro-(1H)-3-(1H)-3-benzazepine-7,8-diol hydrobro-
mide], 10 uM; Tocris, Ellisville, MO) or antagonist (SCH23390,
[R(+ )-7-chloro-8-hydroxy-3-methyl-1-phenyl-2,3,4,5-tetrahy-
dro-1H-3-benzazepine hydrochloride] at low concentrations
5 uM, Sigma-Aldrich, St. Louis, MO; D-054) was applied to
change the coupling of amacrine cells (1, 30). Cocktail appli-
cation (50 pM MK-801, 10 pM CNQX [6-Cyano-7-nitroqui-
noxaline-2,3-dione, Sigma-Aldrich, St. Louis, MO; C239],
50 uM PTX [Picrotoxin, Sigma-Aldrich; P1675], 5 uM STR
[Strychnine, Sigma-Aldrich; S8753], and 50 uM APB [L-
(+ )-2-Amino-4-phosphonobutyric acid], Sigma-Aldrich; A7929)
was used to block chemical neurotransmission in the retina.
The pharmacology experiments were performed under dim
white room lights, with ~1.27 x 10° photons/pm?/s measured at
the location.

Electrodes were pulled to 5-7 MQ resistance, with internal
solutions consisting of (in mM) 120 potassium gluconate, 12
KCl, 1 MgCl,, 5 EGTA, 0.5 CaCl,, and 10 HEPES (pH adjusted
to 7.4 with KOH). This internal solution was used in experi-
ments in which spiking was not blocked. The liquid junction
potential was estimated to be ~11 mV and was subtracted
from the holding membrane potential. Spike trains were
recorded digitally at a sampling rate of 10 kHz with Axoscope
software sorted using Off-line Sorter (Plexon, Dallas, TX),
NeuroExplorer (Nex Technologies, Littleton, MA) software.

The cross-correlation function (CCF) between two spike
trains was obtained by measuring the time differences between
spikes from one cell and spikes from the other cell. The signifi-
cance of the results was assessed using 99% confidence limits.
The cross-correlation curves were fit by the Gaussian functions
with Origin software (Microcal, Northampton, MA) as follows:

y=yo + Ae~((x0)*)/@?)

where A is amplitude, and w is width.

To isolate the components of neuronal interaction in
cross-correlation functions from those influenced by the
coactivation of cells due to light stimulus, a shift predictor
correction procedure was used for light-evoked activity. The
shift predictor was created by offsetting one spike train over
one or more stimulus intervals, using the same methodology
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as a regular cross-correlation function. The shift predictor
was generated as the average of all possible interval shifts. A
shift-predicted function was obtained by subtracting the
shift predictor from the original cross-correlation function,
which specifically captured correlations independent of the
light stimulus. This procedure allowed for separating neuro-
nal interactions from the effects of the light stimulus.

Dye Injection of ON and OFF a-RGCs and Their Coupled
Amacrine Cells

The GFP-labeled cells were visualized at x40 magnifica-
tion, as described earlier, and were impaled under visual con-
trol using pipette tips filled with 4% Neurobiotin (Vector
Laboratories, Burlingame, CA) and 0.5% Lucifer Yellow
(Molecular Probes, Eugene, OR) in double-distilled water and
then backfilled with 3 M KCI. The electrode resistance was
~100 MQ. The impaled cells were then subjected to a biphasic
current (+1.0 nA, 3 Hz). Afterward, the retinal pieces were
fixed in 4% paraformaldehyde for at least 10 min. The tissues
were incubated overnight at 4°C in 0.1 M phosphate buffer
with 0.5% Triton-X 100 and 0.1% NaNj; containing 1% donkey
serum and then incubated after extensive washing Alexa-488
conjugated streptavidin (Invitrogen, Carlsbad, CA) 1:200 over-
night at 4°C. The tissues were then mounted in Vectashield
(Vector Laboratories) for observation.

To identify the coupled ON «-RGCs and displaced ACs in
the living tissue, PoProl (P3581, Thermo Fisher Scientific,
Waltham, MA), a fluorescent gap junction-permeant tracet,
was used. By injecting RGCs along with PoProl with Alex
594, it is possible to recognize ON o-RGCs and ACs coupling
in WT mouse retina. To further confirm the coupled ACs,
Neurobiotin can then be injected to study the cells that show
PoProl coupling (31). This method was used to stain RGC-AC
pairs (32, 33).

Light Stimulation

A green (525 nm) light-emitting diode delivered uniform
full-field visual stimulation on the retina’s surface. The inten-
sity of the square-wave light stimuli was calibrated with a port-
able radiometer/photometer (Ealing Electro-Optics, Holliston,
MA) and expressed in terms of the time-averaged rate of photo-
isomerizations per rod per second (Rh*/rod/s). Light intensities
were calculated assuming an average rod density of 437,000
rods/mm (34) and quantum efficiency of 0.67 (35). Blue light
stimuli (460 nm) were generated by Mightex 1000 LED Drivers
to focally illuminate cells (50 ym diameter) in transgenic mice
expressing channelrhodopsin-2 (ChR2). The light intensity was
adjusted to an average of 3.05 x 10° Rh*/rod/s.

Immunocytochemistry

After 4% formaldehyde fixation for 15 min, the tissues were
rinsed extensively with 0.1 M phosphate buffer (PB), pH 7.4,
before blocking with 3% donkey serum in 0.1 M PB with 0.5%
Triton-X 100 and 0.1% NaNj; overnight. The tissues were then
incubated for 3-7 days at 4°C with the primary antibodies
(goat anti-ChAT, 1:100; Millipore Cat. No. AB144P, RRID:
AB_2079751) diluted in 0.1 M PB with 0.5% Triton-X100 and
0.1% NaN3 containing 1% donkey serum (36). After extensive
washing, they were incubated in secondary antibodies [donkey
anti-goat Cy-5 (1:200); Jackson ImmunoResearch Laboratories,
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West Grove, PA], overnight at 4°C. After washing with 0.1
M PB, the tissues were mounted in Vectashield (Vector
Laboratories) for observation. Neurobiotin was visualized
with Cy3-conjugated streptavidin (Jackson ImmunoResearch
Laboratories, West Grove, PA).

Imaging and Data Quantification

Images of whole retinal mounts were acquired on a ZEISS
LSM 800 with an Airyscan (Zeiss, Thornwood, NY) confocal
microscope using a x43 objective [numerical aperture (NA)
1.3]. The instrument’s XY resolution was 120 nm and 350 nm
in z resolution, and all three channels were superimposed. Z-
axis steps were usually 0.35 um. Unless otherwise indicated,
the resulting data are presented as means * standard error of
the mean (SEM).

Statistical analyses were performed using Origin software
(OriginLab, Northampton, MA) and SPSS Version 25 (IBM,
Armonk, NY). Statistically significant differences (P < 0.05)
were determined using Student’s ¢ test.

RESULTS

Correlated Spiking between an ON a-RGC and a
Coupled AC in the Mouse Retina

ON and OFF o-RGCs, labeled in the KCNG4-YFP mouse
line, were used to determine synchronous activity patterns
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Crosscorrelograms, bin=5ms

in the retinas. ON o-RGCs exhibit substantial RGC-AC cou-
pling. Indirect electrical coupling between ON a-RGCs pairs
can be achieved through gap junctions with multiple inter-
mediary ACs (1). To verify the recorded cell pair was between
an ON o-RGC and a coupled AC, an ON o-RGC (marked with
weak yellow fluorescent protein, YFP) was injected with
PoProl to visualize the coupled ACs (with a diameter of 2-5
um). Subsequently, dye Alex 594 was injected into the RGC,
and Neurobiotin was injected into the AC (shown with 488
fluorescence) to show the morphology (Fig. 1A).

Spontaneous spike trains were recorded from pairs of ON
a-RGCs and coupled ACs using a loose-patch recording method.
The cross-correlation function (CCF) was used to identify pairs
of cells with the correlated activity that exceeded chance by fit-
ting a Gaussian function to the data and observing histogram
peaks above the 99% confidence level. The coordinated sponta-
neous spike activity can be observed between coupled ON
a-RGCs and displaced AC (Fig. 1, B and C). The eight pairs of sta-
tistical significance are above the 99% confidence level. The sin-
gle peak amplitudes (probability) are 0.25 = 0.1 (means + SEM),
and the width of the single peak was 0.06 = 0.01 s (n = 8, 8 of
10). Data were time-shuffled using a shift predictor protocol to
display the spike correlations that were not time-locked to the
light stimulus, which was then subtracted from the original
CCF. Paired recordings from ON «-RGCs and coupled ACs
showed that the spike synchrony was preserved (Fig. 1D). All
eight pairs of the spike correlations disappeared after applying
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Figure 1. Synchronized firing pattern between coupled ON a-retinal ganglion cells (RGCs) and displaced amacrine cell (AC) in the mouse retina. A-E: a
synchronized firing pattern between coupled ON a-RGCs and displaced AC (8 of 10 pairs). A: two neighboring ON a-RGCs and displaced AC visualized
by 2 dye injections (Red-ON a-RGC with Alexa-594; Green-coupled displaced AC: Neurobiotin injection with 488 labeling). Triple labeled with anti-ChAT
antibody (blue) showed the OFF sublaminar of the RGCs. Scale bar = 20 um. B: cross-correlation functions (CCFs) of spontaneous spikes of the ON
0-RGCs and coupled AC with a Gaussian function. CCFs produced a single peak model (width = 0.03 s). The ON a-RGCs are coupled with displaced
AC. C: peristimulus time histograms (PSTHs) of 2 coupled ON a-RGCs and displaced AC responses. Presentation of the 525-nm full-field light stimulation,
intensity = 131 Rh*/rod/s is indicated by the yellow bar. The dotted line represents the 99% confidence interval, above which correlations are above
chance. D: shift predictor CCFs computed from the ON a-RGCs and coupled AC with common input showed coherent firing. The red line represents the
99% confidence interval, above which the correlations are above chance. E: blockage of gap junctions with 30 um 18-B-glycyrrhetinic acid (18b-GA)

effectively eliminated spike correlations.
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gap junction blockers—30 pM 18-beta-glycyrrhetinic acid (18b-
GA) (Fig. 1E), indicating that gap junctions were responsible for
generating the synchronized spikes.

It is notable that the spontaneous firing rates of ON
a-RGCs and displaced ACs exhibited significant variability,
particularly under different lighting conditions. From these
eight pairs, the spontaneous firing rates of ON-transient
0-RGCs were recorded at 7.4 = 3.0 Hz (n = 5), in contrast to
3.1+ 1.8 Hz (n = 3) for ON-sustained «-RGCs. The data sug-
gests that ON-transient o«-RGCs have higher spontaneous fir-
ing rates than ON-sustained o-RGCs. The disparity in firing
rates may be explained by the fact that transient and sustained
ON a-RGCs are distinct subtypes of retinal ganglion cells, each
forming unique connections with different ACs, which could
lead to the observed differences in their synchronized spiking
patterns. However, to fully understand these mechanisms,
further experimental research is necessary.

The Influence of Amacrine Cell Coupling on
Synchronized Firing between ON a-RGCs and Coupled
ACs

The impacts of AC-AC coupling on the synchronized firing
pattern of coupled pairs between ON o-RGCs and coupled ACs
were tested. It was found that the synchronized firing between
ON «-RGCs and displaced ACs (their statistical significance is
above the 99% confidence level; the single-peak amplitudes
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(probability) are 0.2 + 0.1, means + SEM) was eliminated by
applying 10 uM DIR agonist SKF38393 after 3 min (n = 5, 5 of
8) (Fig. 2, A and C). On the other hand, the application of DIR
antagonist SCH2339 increased the synchronized firing of CCFs
of spontaneous spikes of the ON «-RGCs and coupled dis-
placed ACs in 1 min (after normalization, the single-peak am-
plitude increased from 0.22 + 0.1 to 0.43 = 0.1, means * SEM;
n =5, 5 of 7) (Fig. 2, D-H). As the coupling of ACs increased,
the synchronized cell firing pattern also altered, resulting in
three peaks in 1 min (Fig. 2F), multiple peaks in 3 min (Fig. 2G)
and 5 min (Fig. 2H). Over time, the spike frequency of the ON
a-RGC-AC pairs also increased, suggesting that additional
coupled ACs were participating in the synchronized firing of
spontaneous spikes of the coupled ON «-RGC-ACs network.
Specifically, multiple peaks in synchronized activity during
the 3- to 5-min interval could suggest the involvement of 3-5
ACs coupled with a single ON o-RGC.

Cell Drive between Coupled ON a Retinal Ganglion Cells
and Amacrine Cells

The study further explored whether one cell could stimu-
late or drive the spike in another coupled cell between the
different cell types in the retina. The ON «-RGCs and the
coupled ACs were tested as examples because the ON oa-RGC
and the coupled ACs are situated near the retina’s surface,
making a cell patch feasible.
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fra e rent from RGC to drive the spikes of coupled AC. C: the CCF
| | is computed from cell-driven spikes recorded from the ON
“_0_5 0 0.5 05 0 0.5 0-RGCs and coupled AC pair. The red line represents the
Time (s) Time (s) 99% confidence limit, above which, correlations are above
chance. D: the CCF showed no synchronous relationship
E * ok ke * Rk F MFA between the ON o-RGCs and coupled AC after 50 uM MFA
application to block the gap junction. E: coupled ON
RGC % W 0-RGCs and nearby AC were recorded. The AC with the
LL20pA whole cell patch was injected currents at 3 and 5 Hz with 10
1second nA followed by 10 Hz 5 nA and 10 nA. The injected current
||| ||| | could drive the spikes of coupled RGC. F: 50 uM MFA
AC blocked the injected current from AC to drive the spikes of
H’ H‘ ‘ coupled RGC. G: the CCF is computed from cell-driven
L5nA__ spikes recorded from the AC and coupled ON o-RGC pair.
1second The red line represents the 99% confidence limit. H: the
G Crosscorrelograms H Crosscorrelograms CCF showed no synchronous relationship between AC and
i coupled ON a-RGC.
£ E
: 20. 3‘
g 8
: 5
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An ON «-RGC was held with a whole cell patch and then
injected with a serial burst of currents at 3 Hz and 5 Hz with
10 nA, followed by 10 Hz of 5 nA and 10 nA. The driving from
ON o-RGCs induced the spikes of nearby ACs (n = 6, 6 of 8)
(Fig. 3A). The CCF computed from the ON o-RGCs and ACs
pair indicated a synchronous firing relationship (Fig. 3C). As
confirmed by the CCF, a concentration of 50 pM meclofe-
namic acid (MFA) could block the current injected into the
ON o-RGCs from driving spikes in the coupled ACs (Fig. 3, B
and D). The injection of PoProl further confirmed the rela-
tionship between the ON «-RGCs and the coupled ACs.

Subsequently, to test whether ACs can drive the spikes of
coupled RGCs, the nearby AC was patched and stimulated
with a serial burst of currents at 3 Hz and 5 Hz with 10 nA,
followed by 10 Hz of 5 nA and 10 nA (n = 5, 5 of 8) (Fig. 3E).
This stimulation induced spikes in the coupled RGCs and
drove their firing in a synchronous pattern (Fig. 3G).
Similarly, 50 uM MFA also blocked the current injected into
the AC from driving spikes in the coupled ON «-RGCs, as
confirmed by the CCF (Fig. 3, F and H).

The frequency tested for cell drive was up to 900 Hz
applied in the study. High-frequency (above 100 Hz) bursts
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of currents barely induce spikes in the coupled cell because
the afterhyperpolarization controls the spike timing preci-
sion (37). The OFF RGC and coupled OFF RGC were also
tested with one RGC patched with a whole cell patch and
then stimulated with a serial burst of currents. However, no
spikes could be induced in the couple of RGCs yet.

Expression and Light-Response Properties of ChR2 in
ON a Retinal Ganglion Cells and Displaced Amacrine
Cells

After an extended incubation period exceeding 10 days,
cells expressing ChR2-GFP became visible throughout the
inner nuclear layer, encompassing horizontal cells as well. In
this experiment, GFP fluorescence was primarily seen in the
RGC layer (Fig. 4A) 5 days after the viral vectors were
injected into the intravitreal space, verifying the expression
of ChR2-GFP.

To test the functional properties of the L132C in the OFF
a-RGC layer, loose patch recordings were used to detect
light-induced spikes to a full-field 460 nm light stimulus (1-s
light intensity of 3.05 x 10° Rh*/rod/s) (Fig. 4B). This light
was generated by Mightex 1000 LED Drivers to focally
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Figure 4. Alpha retinal ganglion cell (RGC)
with channelrhodopsin-2- green fluores-
cent protein (ChR2-GFP) expression. A:
fluorescence images of GFP expression
for ChR2 mutants L132C in wild-type
whole mount retina. B: an o-OFF RGC with
ChR2-GFP expression targeted for spike
recording. Top: spike response of the
o-OFF RGC after a 1-s 525-nm full-field
light stimulation (intensity = 1,131 Rh*/rod/
s). Middle: the o-OFF RGC lost the light-
evoked responses to the same light stimu-
lation after cocktail application, but not
spontaneous responses (50 uM MK-801,
10 uM CNQX, 50 puM PTX, 5 uM STR, and
50 uM APB). Bottom: the spike responses
were elicited in ChR2-GFP expressing C
o-OFF RGC by a 1-s 460-nm full-field light
stimulation (intensity = 113.1 Rh*/rod/s). C:

the spike responses of the same ChR2-

GFP expressing a-OFF RGC (460 nm full-

field light stimulation with 1-s stimulation at

5-s interval intensity = 3.05 x 10° Rh*/
rod/s) persisted without spike attenuation

and decayed with light stimulation. D: the
image shows the spike responses of the
same ChR2-GFP expressing a-RGC (460 D
nm full-field light stimulation with 1-s stimu-
lation at 5-s interval intensity =3.05 x 10°
Rh*/rod/s). E: the light response after a
cocktail and gap junction blocker meclofe-
namic acid (MFA) (50 uM) application.

Blue light

illuminate the cell (50 pm diameter) centered in ChR2-GFP
soma, so that the responses of the other nearby cells could
be minimized. After blocking all excitatory and inhibitory
chemical synapses with a cocktail solution (38), 460 nm
wavelength light (light intensity 3.05 x 10° Rh*/rod/s)
induced the strong ON spikes. These consistent and robust
light responses persisted with repeated light stimuli (Fig.
4C). Strong spikes were still observed in the application of
both cocktails for blocking chemical synapses and 50 uM
MFA for blocking gap junctions (Fig. 4, D and E).

Synchronized Spiking of ChR2-Mediated Activities
between ON a-RGCs and Coupled ACs

In this study, the retina was infected with a ChR2 (L132C)-
AAV?2 viral vector for 5 days. ON a RGC can couple to several
ACs in different layers. The experiment focused on a pair of
coupled ON o-RGC-ACs (n = 4), with only the displaced ACs
expressing ChR2-GFP, to observe whether the spikes of one
cell could influence the other. These pairs were somewhat dif-
ficult to find, but it was not an impossible task (Fig. 5, A-F).

Experiments were repeated using intense 525 and 460 nm
blue light to activate photoreceptors, followed by applying
gap junction blockers to determine the role of gap junctions
in generating synchronized activity in response to light stim-
uli. In addition, the synchronized correlation between
coupled displaced ACs (ChR2) pairs of ON a-RGCs will be

C722
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examined using CCFs of spontaneous spiking and shift pre-
dictor. Initially, the direct-coupled ON «-RGCs (without
ChR2) and displaced ACs (with ChR2) were tested under 1-s
525-nm light stimuli, which induced strong spikes in both
cells (Fig. 6, A and B). Repeated 1-s 460-nm blue light also
induces strong spikes from the same cell pair. Shift predictor
CCFs computed from the pair of neighboring ON «-RGCs
and displaced ACs in response to common input showed
synchronized firing (Fig. 6, C and D). However, after apply-
ing the gap junction blocker 50 pM MFA, the displaced AC
(with ChR2) maintained its light response, but the ON o-RGC
(without ChR2) lost its light response (Fig. 6E). These four
pairs of ON o-RGCs-AC show that correlated activity is
evoked by a contiguous light stimulus, which is decreased
significantly (Student ¢ test; P < 0.05) from 0.4 + 0.1t0 0.15 +
0.1 (after normalization) by MFA application. Shift predictor
CCFs computed spike frequency from the cell pair in
response to common input decreased, yet still showed
synchronized firing (Fig. 6F). This could be because no cock-
tail was applied, and the common input still existed.

To block responses from all photoreceptor pathways,
direct-coupled ON a-RGCs (loaded with ChR2) and displaced
ACs (without ChR2) were paired recording and confirmed
with spontaneous spikes in darkness (Fig. 7A). Exposure to
repeated 1-s 525 nm green light elicited light-evoked
responses in the cell pair (Fig. 7B). However, these light-
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Figure 5. channelrhodopsin-2-green fluorescent protein (ChR2-GFP) expression displaced amacrine cell (AC) and coupled ON a-retinal ganglion cell
(RGC) without ChR2. A: GFP-labeled cells with ChR2 mutants L132C in wild-type whole mount retina. Arrowhead indicates a displaced amacrine cell
(AC). B: ON o-RGC and displaced ACs displayed with Neurobiotin injection (blue color of Alex 633). C: the recorded ON a-RGC soma was shown by
Alex594 injection. D: Alex 594 shows ON a-RGC. Arrowhead indicates that a displaced AC is coupled with ON a-RGC. E: arrowhead shows the displaced
AC also infected with AAV2-ChR2 (arrowhead). F: triple-labeled image shows the ON a-RGC and coupled AC.

evoked responses were eliminated upon administering the
application of cocktail (50 uM MK-801, 10 uM CNQX, 50 pM
PTX, 5 uM STR, and 50 uM APB) (Fig. 7C). Subsequently,
repeated 1-s 460-nm blue light triggered robust light-evoked
spikes in ON «-RGCs (with ChR2) and also induced the spike
in the coupled ACs (without ChR2) (Fig. 7D). Nevertheless,
after applying the gap junction blocker 50 uM MFA, the
spikes in the coupled ACs were suppressed, whereas the ON
a-RGCs (with ChR2) continued to respond (Fig. 7E).

DISCUSSION

Dopamine is released by a subset of amacrine cells and
has widespread effects on various retinal neurons and cir-
cuits (39). Dopamine serves as a key modulator for adapt-
ing the retina to varying light conditions (1). Dopamine
release increases in response to light, particularly during
the transition from dark to light conditions, which sug-
gests its involvement in the adaptation of the retina to
bright environments.

One of the key functions of dopamine in the retina is to
modulate the coupling between different types of retinal
cells, including retinal ganglion cells (RGCs) and amacrine
cells (ACs) (40). Gap junctions mediate this electrical cou-
pling, which can synchronize their activity. These gap junc-
tions are typically more conductive in the dark, leading to a
higher degree of coupling and greater spatial summation
and sensitivity to low light levels. Research indicates that

AJP-Cell Physiol « doi:10.1152/ajpcell.00238.2024 - www.ajpcell.org

dopamine can enhance or weaken the antagonistic sur-
rounds of RGCs in a subtype-specific manner, affecting
response Kinetics and receptive field structure (41). In addi-
tion, dopamine has been found to influence the retinal clock
mechanism during development, modulating the molecular
core of the clock through melanopsin-dependent regulation
of acetylcholine retinal waves (42). Moreover, dopamine lev-
els in the retina have been linked to the development of my-
opia, with decreased dopamine levels associated with
myopia progression (43). Overall, dopamine’s multifaceted
effects on the retina underscore its importance in visual sig-
naling and retinal physiology.

Synchronized firing between coupled RGCs and ACs (17,
44) through gap junctions plays an important part in neural
coding, allowing for the transfer of exact information related
to stimulus patterns and position in the visual system (13,
19). Previous tracer coupling studies (45, 46) and research by
the Bloomfield group (47-49) had demonstrated the essen-
tial role of gap junctions in producing synchronized firing.
Nevertheless, the impact of interconnected ACs networks on
ON o-RGCs and coupled ACs activity remains unexplored.
This research used dopamine D1 antagonists and agonists,
known to significantly impact AC-AC coupling (50, 51), to
explore how the extent of interconnected ACs networks
affects the spike coincidences of ON «-RGCs and coupled
ACs. The D1 antagonist SCH-23390 or dim background light
dramatically increases AC-AC coupling, whereas D1 agonist
SKF 38393 or bright background light decreases AC-AC
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Figure 6. Synchronized firing between coupled ON a-retinal ganglion cell (RGC) and displaced amacrine cells (AC) (channelrhodopsin-2, ChR2). A
cross-correlation functions (CCFs) show spontaneous firing between ON a-RGC and a coupled displaced AC (ChR2) with coherent firing. B: shift predic-
tor CCFs show that the pair of ON 0-RGCs and AC had coherent firing under 525 nm light. Shift predictor CCF is a method designed to separate authen-
tic neuronal interactions from correlations that arise due to light stimulation. It is accomplished by creating a shift predictor, which is done by shifting the
spike train of one neuron by various stimulus intervals and calculating the average. This average is then subtracted from the original cross-correlation
function to obtain a corrected function that accurately represents neuronal interactions, excluding the effects of the light stimulus. C: peristimulus time
histograms (PSTHs) show spike responses to 1-s 460-nm light stimuli (intensity = 3.05 x 10° Rh*/rod/s) of the ON 0-RGC (loaded with ChR2) and dis-
placed AC. D: shift predictor CCFs show that the ON a-RGC and AC pair had a coherent firing under 460 nm. E: 50 pm meclofenamic acid (MFA) affected
the spike responses of the pair of ON 9-RGC and displaced AC. PSTHs show 50 pm MFA blocked ON a-RGC driving the firing of ChR2-labeled AC. F:
shift predictor CCFs show pairing ON a-RGC and AC decreased coherent firing. The coherent firing may result from common input because the cocktail

was not applied.

coupling (1, 22, 30). D1 antagonist increased the synchrony
in pairs of ON a-RGCs with coupled ACs. Conversely, the D1

agonist diminished or eradicated synchrony.

Gap junctions between RGCs and ACs may help to filter
and reduce temporal noise, thereby enhancing or decreasing

Figure 7. Synchronized firing between
coupled ON a-retinal ganglion cell (RGC)
[channelrhodopsin-2 (ChR2)] and displaced
amacrine cell (AC). A: cross-correlation func-
tions (CCFs) reveal spontaneous, synchron-
ized firing between the ON a-RGC (ChR2)
and a coupled displaced AC, indicating
coherent firing patterns. B: peristimulus time
histograms (PSTHs) show the light-evoked
responses of the ON a-RGC (loaded with
ChR2) and displaced AC to 1-s 525-nm full-
field light stimulation at an intensity = 131
Rh*/rod/s. C: PSTHs illustrate the disap-
pearance of light-evoked responses fol-
lowing the application of cocktail (50 uM
MK-801, 10 pM CNQX, 50 uM PTX, 5 uM
STR, and 50 pM APB) to block the chemi-
cal synaptic transmission. D: PSTHs show
the light-evoked responses to 1-s 460 nm
light stimuli (intensity = 3.05 x 10° Rh*/rod/
s) in both the ON o-RGC (with ChR2) and
displaced AC. E: the application of 50 uM
meclofenamic acid (MFA) is shown to sup-
press the spike responses in the displaced
AC, whereas the ON o-RGC (with ChR2)
continues to exhibit light-evoked activity.

C724

w)

Blue light

Frequency (imp/sec)

the likelihood of firing in coupled RGCs and ACs for a brief pe-
riod. This process can modulate the output signals of the

RGCs to the brain (52-54). ACs provide feedback inhibition,

Spontaneous spikes

Crosscorrelograms, bin=5ms

3

3

Perievent Histograms, bin= 5 ms

“ h]

Frequency (imp/sec)

525nm light
8 ©

5

Perievent Histograms, bin=5ms
| AC

HM&MHMMMML

h ChR2-ON aRGC
i

Time (s)

AC

2
Time (s)

83 8

Frequency (imp/sec)
° 3

MFA

ChR2-ON aRGC

B M.

0 2 4
Time (s)

Perievent Histograms, bin= 5 ms

AC

ChR2-ON aRGC

2
Time (s)

AJP-Cell Physiol « doi:10.1152/ajpcell.00238.2024 - www.ajpcell.org

surround inhibition, adaptation, signal averaging, and noise
reduction (54, 55). They also help shape visual processing by

Perievent Histograms, bin= 5 ms
20 AC
=1
g g
8t
0
O g 0 2 4
w30
ChR2-ON aRGC
20
10
0
2
Time (s)

Downloaded from journals.physiology.org/journal/ajpcell (158.132.210.168) on August 26, 2024.



()) CELL FIRING IN THE MOUSE RETINA

computing local contrast in the circuit formed around each
RGC type. RGCs are coupled to two to three types of ACs, each
type of ACs potentially serving specific functions in visual
processing (56, 57). The degree of AC-AC coupling could deter-
mine the spatial extent of local luminance to be subtracted
from the RGCs (58). The extent of interconnected ACs cou-
pling to RGCs could determine the impact of the average con-
trast when applied to RGCs (21). The physiological properties
of many AC subtypes are not yet known, and only a few spe-
cific AC subtypes have been categorized in terms of their cou-
pling partner(s) or particular function. Understanding the
mechanisms leading to synchrony is crucial in disorders such
as seizures, schizophrenia, epilepsy, autism, Alzheimer’s dis-
ease, and Parkinson’s disease (59).

Entrainment is a phenomenon observed in various physio-
logical systems (60, 61). It involves adjusting the frequency
and phase of firing in one cell by introducing periodic stimu-
lation into adjacent coupled cells through local gap junctions
(62). Gap junctions can also boost the probability of simulta-
neous spikes, while entrainment is the gradual effect of one
cell’s response by another, leading to an increased level of
synchronous firing and patterning of spike trains. The most
persuasive evidence for entrainment would come from show-
ing frequency- and phase-locking dependencies between the
two cells. Entrainment of one cell by another would result in
a higher degree of correlated spikes than spikes produced by
the two cells from other frequency or phase combinations, as
all spikes would be adjusted to match each other in timing.
Within the retina, the coupling between ON o-RGCs and ACs
can be driven by each other at low frequency. High-frequency
(above 100 Hz) bursts of currents barely induce spikes in the
coupled cell, possibly due to the gap junction filtering the
high frequency. Interestingly, an OFF o-RGC also cannot
directly drive spiking in another OFF o-RGC that is directly
coupled to it. This is likely due to the large soma of the OFF
a-RGC, which requires a higher current to be driven. Another
possible reason could be the extensive coupling of ACs with
OFF RGCs. An OFF RGC is coupled to other OFF o-RGCs and
ACs, which may affect the cell drive due to the difference in
coupling patterns with ON a-RGC.

By introducing light-sensitive tools into RGCs or ACs using
an optogenetic method, it is possible to manipulate neural cir-
cuitry (63). AAV2 vector-based ChR2 cells can facilitate firing
between ON «-RGCs and coupled ACs through gap junctions.
The study showed that 460-nm light stimulation could drive
spikes in another coupled cell via the gap junction. However,
the spikes produced through the stimulation of 460-nm light
differ from those encountered in the natural environment
due to the intense illumination of blue light applied. Research
suggested that ON o-RGCs and ACs could drive the firing of
each other. AC coupling could shape the information of ON
a-RGCs during this transmission process.

The study implied one cell could impact or control the
other cells through gap junctions. Gap junctions might play
a key role in synchronizing firing and driving cells between
ON o-RGCs and coupled ACs in the mouse retina.
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