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Gap junctions fine-tune ganglion cell signals
to equalize response kinetics
within a given electrically coupled array

Gergely Szarka,1,2,3,4,5 Alma Ganczer,1,2,3,4 Márton Balogh,1,2,3,4 Ádám Jonatán Tengölics,1,2,3,4

Anett Futácsi,1,3,4,5 Garrett Kenyon,6 Feng Pan,7 Tamás Kovács-Öller,1,2,3,4,5 and Béla Völgyi1,2,3,4,8,*
SUMMARY

Retinal ganglion cells (RGCs) summate inputs and forward a spike train code to the brain in the form of
either maintained spiking (sustained) or a quickly decaying brief spike burst (transient). We report diverse
response transience values across the RGC population and, contrary to the conventional transient/sus-
tained scheme, responses with intermediary characteristics are themost abundant. Pharmacological tests
showed that besides GABAergic inhibition, gap junction (GJ)–mediated excitation also plays a pivotal role
in shaping response transience and thus visual coding. More precisely GJs connecting RGCs to nearby
amacrine and RGCs play a defining role in the process. These GJs equalize kinetic features, including
the response transience of transient OFF alpha (tOFFa) RGCs across a coupled array. We propose that
GJs in other coupled neuron ensembles in the brain are also critical in the harmonization of response ki-
netics to enhance the population code and suit a corresponding task.

INTRODUCTION

Information gathered from the visual field travels through parallel intraretinal pathways and converges onto retinal ganglion cells (RGCs) that,

in turn, summate and encrypt incoming signals into action potential trains prior to transmitting the signal toward the brain. Light-evoked RGC

responses have been previously characterized by their polarity (ON, OFF, and ON-OFF), their sensitivity to various stimuli, and their response

kinetics. Based on response speed, RGCs can be sorted into either brisk or sluggish categories, whereas spiking patterns can be maintained

(sustained) or a brisk burst (transient). Both aspects of RGC response kinetics are important in terms of signal efficiency on postsynaptic

neuronal targets in higher visual centers.1–3 The aforementioned transient/sustained dichotomy of the spiking activity has been documented

in a variety of vertebrate species, including cold-blooded animals, primates, and non-primate mammals.4–14 Since all photoreceptors

generate sustained responses upon illumination,15 a sustained-to-transient response transformation must occur at some point along the

retinal signal flow. Previous work in the salamander and rabbit retinas suggested that response transience is determined by the kinetics of

the glutamate receptors (mGluR6, AMPA, Kainate) at the site of the very first retinal contact, the photoreceptor-to-bipolar cell synapse.16,17

In contrast, more recent studies presented evidence for multiple sites of retinal circuitry that may participate in determining response

transience.18–20 According to these reports, RGCs use diverse mechanisms to produce sustained or transient light responses in a subtype

dependent manner and outer retinal postsynaptic receptor (AMPA/kainate receptor) desensitization exerts only a minor effect on response

transience. Moreover, the contribution of inner retinal GABAergic inhibition to shape RGC response kinetics has been shown repeat-

edly,11,21–26 suggesting that inner retinal pathways likely play a non-negligible role in shaping transience. It has also been reported that

gap junction (GJ)-mediated excitatory inputs contribute to various response components of electrically coupled ON direction selective

(ON DS) and OFF alpha RGCs.27–29 In addition, the population of intrinsically photosensitive RGCs (ipRGC) has been shown to pass signals

to electrically coupled amacrine cells, thereby modifying their response kinetics.30 On the other hand, it is not well known how exactly excit-

atory GJ signaling affects RGC response kinetics and if this is a general phenomenon across the RGC population.

To this end, we performed a combination of morphological analyses, extracellular RGC spike recordings, Ca++-imaging and pharmaco-

logical treatments in themouse retina to study how RGCGJs fine-tune the light response kinetics prior to conveying information toward visual

brain centers. In this paper, we present data showing that most RGCs display intermediary (neither transient nor sustained) full field light
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Figure 1. Scotopic and photopic light response transience of mouse RGCs

(A) Perievent rasters show the light responses of two ON (top two panels; cell# 1 and 2) and two OFF (bottom two panels; cell# 3 and 4) RGCs evoked by a

photopic, homogeneous, full-field light stimulus. The horizontal bar on the bottom represents the on- (white) and offset (black) of the stimulus; each

recording represents 4 trials of the same cell. For both the ON- and the OFF subpopulations, transient (cell 1 and 3) and sustained (cell 2 and 4) responses

were present as well.

(B) Frequency histogram showing the relative abundance of RGC transience (PSTHt) values for theON (white) andOFF (black) RGC subpopulations (see the STAR

methods sections for PSTHt calculations). The histogram displays a wide range for both ON- (white) andOFF (black) transience values but fails to clearly separate

transient and sustained RGC populations, due to the presence of numerous cells with intermediate response kinetics.

(C) Panels show PSTHs and corresponding peristimulus rasters (six trials of the same RGC) for an OFF RGC under control conditions (top panel) and for the same

RGC following an APB (50 mM) treatment while the retina was stimulated by scotopic stimuli. Horizontal bars represent the on- (gray) and offset (black) of the

scotopic light stimulus. Clearly, the pharmacological intervention deleted all RGC responses attesting that the primary rod pathway carried the

corresponding signals.

(D) Representative ON RGC light responses (raster to the left and PSTH to the right for the same RGC) were evoked first by scotopic (top) and then photopic

(bottom) full-field light stimuli. This change in the stimulus strength induced a clear alteration of the response amplitude but the overall shape (response

delay and decay) of this particular cell remained largely unchanged. Similarly, a representative OFF RGC displays light responses that, besides subtle

changes in response amplitude, appear similar in scotopic (top) and photopic (bottom) stimulating conditions.
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Figure 1. Continued

(E) Diagram displays PSTHt value pairs for individual RGC light responses in scotopic (black) and photopic (red) light stimulations. Clearly, the change in stimulus

strength induced the alteration of PSTHt values formany examined RGCs, however, the overall range of response transience values for the entire RGC population

were comparable (or greater) in scotopic conditions than those obtained with photopic stimulation paradigms.

(F) Floating bar diagrams show a similar variability of RGC response PSTHt values in both scotopic (gray) and photopic (white) conditions. Shown are mean values

(line) , 25% and 75% quartiles (boxes), standard deviation (whiskers).
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responses, a finding that necessitates the reconsideration of the previously accepted transient/sustained response dichotomy.16,17 We also

found that a single vertical signaling route can feed signals to both sustained and transient RGCs, inferring that the vertical carrying retinal

pathways do not determine RGC response transience. Additionally, according to our findings, the effect of lateral GJ mediated excitation on

RGC response transience was as significant as GABAergic inhibitory signals. However, the effects of GJ mediated excitation were heteroge-

neous in their magnitude andpolarity across the entire RGCpopulation as well as the subpopulation thatmaintains directGJ coupling to RGC

and/or amacrine cell neighbors. Interestingly, the GJ connection altered RGC response transience heterogeneously even when cells of a sin-

gle RGC subtype, tOFFa RGCs were examined. Finally, we found that neuronal partners of the same coupled tOFFa RGC array utilized GJ

mediated lateral excitation to equalize response kinetics, including transience. Our data thus indicate that inner retinal GJs play an essential

role in shaping RGC response transience and partake in encoding of various stimulus features.
RESULTS

The primary rod pathway carries signals to both transient and sustained RGCs

The goal of this work was to examine retinal circuit mechanisms underlying sustained and transient RGC responses. To this end we recorded

full-field photopic (I = 100 Rh*/rod/s) RGC responses via either MEA or HD-MEA extracellular recording procedures (n = 6). We divided our

RGC population into ON (N = 2540) and OFF (N = 1484) polarity cells (ON andOFF response components of ON-OFF RGCs were also used;

although this description did not examine separately ON-OFF RGCs, like the ON-OFF DS cell type, but collected information for ON-OFF

cells and sorted response components to the corresponding cohort of data). Using these recordings, we generated PSTHs for each response

and assigned numerical values expressing response transience using the PSTHt method18 (see STAR methods). We found that the mean

PSTHt for the examined ON RGC population was 0.109 s (SD: +/�0. 99) and the values varied considerably covering a range of 0.02–

0.598 s (Figures 1A and 1B). In addition, while clear transient and sustained responses were relatively rare, a considerable fraction of cells dis-

played intermediary response kinetics that could not undoubtedly be categorized either as transient or sustained spiking. Thus, in agreement

with our previous observations19 no sign of a clear transient/sustained division was established based on our present dataset. Instead, PSTHt

values of ON RGCs rather formed a single continuum. Akin to photopic ON cell responses, PSTHt values of OFF cells varied across a wide

range and showed a continuum of transient, sustained, and intermediary responses (Figures 1A and 1B). Although, transient ON RGC re-

sponses were somewhat more numerous, which is in agreement with previous descriptions,31 the overall shape of the ON and OFF RGC fre-

quency histograms were similar (OFFmean: 0.137 s, SD: +/�0.109; range: 0.02–0.592). Clearly, the wide range and the lack of a clear transient/

sustained separation of responses due to the numerous intermediate transience cells were features shared by both the ON and OFF RGC

populations.

The observed high variety in RGC response transience may reflect the various kinetics by which parallel retinal pathways convey signals

from the outer retina to the output RGCs and/or could potentially be the result of various excitatory/inhibitory lateral neuronal interactions

in the two plexiform layers. In the first case, regardless of the subtype, all RGCs should maintain comparable response transience when a sin-

gle bipolar cell type dominates their inputs. Althoughphotopic signals are delivered by 5–6 bipolar cells toONcell RGCs, low scotopic signals

reach RGCsmostly via the primary rod pathway that operates with the single rod bipolar cell type. Similarly, OFF polarity low scotopic signals

are also carried by a single rod bipolar cell type toward RGCs, whereas 4–5 cone bipolar cells convey signals from the outer to the inner retina

under photopic conditions. Consequently, if bipolar cell signaling is the key factor in determining response transience, then all low scotopic

RGC responses should appear similar in terms of their transience. To investigate this, RGCs were presented with low-scotopic stimuli (1–4.6

Rh*/rod/sec), in which condition the cone pathways and the secondary rod pathway are inactive.32–35 To test if our scotopic stimulus activates

the primary rod pathway, whereas alternative scotopic signaling routes remain quiet, OFF RGCswere presentedwith full-field scotopic stimuli

in control conditions and following the application of the mGluR6 agonist (N = 22; APB 50 mM).We found that under these conditions, all OFF

RGC responses were diminished with APB (Figure 1C) thus providing evidence that the dominant signaling route was truly the primary rod

pathway while the contribution of other signaling routes, including the secondary rod pathway was negligible. Next, we tested a set of RGCs

(N= 19) to see if their response kinetics changes considerably when scotopic stimuli are switched to photopic (from 1 to 4.6 Rh*/rod/sec to 100

Rh*/rod/sec).We found that low-scotopicON andOFF RGC responses, though appeared somewhatmore sustained (scotopicmean: 0.155 s,

SD 0.134; photopic mean: 0.110 s, SD - 0.091; p = 0.038) varied considerably in terms of their PSTHt values, similarly to their photopic coun-

terparts (Figures 1D–1F).While PSTHt values of photopic RGC responses ranged between 0.045 and 0.26 s for the examined RGCpopulation,

the range was 0.044–0.485 s for scotopic responses of the same cells. According to our data, the scotopic RGC response transience range in

fact was comparable (or even greater) to those observed for photopic responses.

To see how individual RGC response kinetics were altered by the modified light stimulations we compared scotopic and photopic full-field

light responses (M = 19). We found that a small fraction of these cells showed little (if any) change (N = 3) or a minor increase (N = 6) of their

response transience values, whereas about the half of the population (N = 10) showed decrease of the transience when scotopic stimuli were
iScience 27, 110099, June 21, 2024 3
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Figure 2. GABA receptor blockade induces abrupt changes in RGC response transience

(A) Representative ON (left) and OFF (right) RGC light responses (rasters at the top and corresponding PSTHs below) are clearly altered when the nonspecific

GABA receptor blocker PTX was applied (bottom panels of the same RGCs). The observed changes included the elimination of a sustained response component

(shoulder) for the OFF cell and the unmasking of other response components (OFF pathway driven spiking for the ON cell and ON pathway driven spiking of the

OFF cell, consistent with previous reports.27,28,36.

(B) The frequency histograms show that the GABA-A blockade decreased the number of RGCs with intermediary responses and many RGC responses became

transient.

(C–E) Apart from a handful of cells showing no considerable change, the GABA receptor blockade induced an overall decrease of PSTHt values for most

examined ON (left) and many OFF (right) RGCs (C). This PTX mediated decrease is also reflected in a drop of mean and median PSTHt values for both ON

(left) and OFF (right) RGC subpopulations (p < 0.05, paired t-test). Shown are mean values (line), 25% and 75% quartiles (boxes), standard deviation

(whiskers) (D). Scatterplots show that the GABA-A blockade appeared to be more effective on sustained RGC responses that became more transient

following drug application (positive dimension reflects a transient-to-sustained, whereas negative dimension reflects a sustained-to-transient change) (E).
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replaced with photopic light. Accordingly, the data showed a reduction of the mean (scotopic-to-photopic: 0.154 s–0.112 s), the standard de-

viation (scotopic-to-photopic: 0.134 s–0.069 s), the median (scotopic-to-photopic: 0.124 s–0.084 s) as well as the range (scotopic-to-photopic:

0.044 s–0.485 s to 0.045 s–0.264 s) of RGC transience values. The changes observed for the mean transience values appeared significant (paired

t-test; p = 0.15*10�3). A further observation was that transient scotopic responses appearedmore resistant to the change while those displaying

sustained scotopic responses tended to attain more transient characteristics when photopic light stimuli were presented (Figure 1E). Although

the presented data show that certain RGCs provide somewhat more sustained responses under scotopic conditions, the sole primary scotopic

pathway clearly serves signaling to both transient and sustained RGCs. Therefore, RGC signal kinetics are not simply inherited from presynaptic

bipolar cells, but incoming signals rather undergo additional changes. Therefore, the combination of previous reports and our present findings

here indicate that while the dissimilar kinetics of the glutamate receptors (mGluR6, AMPA, Kainate) at the photoreceptor-to-bipolar cell syn-

apse16,17 may initiate the transient vs. sustained response dichotomy in the retina, the great variety in RGC response transience is gained else-

where in the circuitry18–20 and we think that it is mainly due to inner retinal inhibitory and/or excitatory interactions.

RGC response transience is altered by the Perturbation of inner retinal lateral inhibition

There is mounting evidence showing that inner retinal GABAergic inhibition is one of the key factors to determine RGC response kinetics,

including transience.11,21–26 To see the extent of GABAergic inhibition on response transience, we blocked the inhibition by using the

non-specific GABAa/GABAc receptor antagonist PTX (n = 3 in a concentration of 50 mM; ON RGCN = 327, OFF RGCN = 286) and recorded

RGC responses in both control conditions and under the GABA receptor blockade. As expected, this treatment clearly resulted in a great

alteration of RGC responses by diminishing certain response components and enhancing others. In particular, the early, brisk phases of light

responses were enhanced while later response components were augmented or blocked completely (Figure 2A). Altogether, the GABA
4 iScience 27, 110099, June 21, 2024



Table 1. Pharmacological effects on RGC response transience

RGC population PSTHt mean (s) PSTHt change significance PSTHt SD (s) PSTHt range (s)

control ON cells 0.109 NA 0. 99 0.02–0.598

control OFF cells 0.137 NA 0.109 0.02–0.592

PTX ON cells 0.073 p = 3.386*10�7 0.067 0.02–0.522

PTX OFF cells 0.098 p = 3.734*10�2 0.111 0.02–0.567

MFA ON cells 0.083 p = 3.362*10�6 0.079 0.02–0.52

MFA OFF cells 0.097 p = 5.518*10�5 0.097 0.02–0.56

ll
OPEN ACCESS

iScience
Article
receptor blockade induced a change that made many RGC responses more transient (pON = 0.1*10�2, pOFF = 0.46*10�2; Kolmogorov–

Smirnov nonparametric test). When a PSTHt distribution histogram was generated for both ON (N = 327) and OFF (N = 286) RGC responses,

the outcome differed considerably from the distribution recorded under control conditions (Figure 2B). The relative contribution of interme-

diate responses (0.08–0.2 s) was considerably reduced, whereas transient RGC responses (0.02–0.06 s) appearedmore frequent after the treat-

ment. Note, that the relative contribution of sustained responses (>0.2 s) did not change after theGABA receptor blockade. These changes in

the distribution were also reflected by the reduced mean values for both ON- and OFF cells (Table 1). The range of ON and OFF responses

were 0.02–0.522 and 0.02–0.567 s followingGABA receptor blockade, respectively, thus showing no observable differencewhen compared to

ranges attained in control conditions (Table 1).

Next, we quantified the GABA receptor blockade induced response changes for individual cells. In case of the ON RGC responses (N =

150) PTX caused a clear decrease of PSTHt values for most RGCs (Figures 2C–2E; mean control: 0.126 s +/� 0.057 SD; mean PTX: 0.071 s +/�
0.035 SD). For OFF RGC responses (N = 100) we observed a similar GABA receptor blockade induced change as the mean of PSTHt values

dropped from 0.122 s +/� 0.055 SD (in control) to 0.107G 0.111 SD under the PTX blockade; this changewas significant for bothONandOFF

RGC responses (Table 1; p < 0.05 for both populations, paired t-test). In conclusion, our data provides evidence that GABAergic inhibition

significantly shapes RGC response kinetics.

RGC response transience is altered by the perturbation of gap junction mediated lateral excitation

Besides lateral inhibition, many RGCs receive GJ mediated lateral excitation from neighboring RGCs and/or amacrine cells36–42 that may

serve to further shape the transience of RGC signals. In fact, it has recently been reported that the RGC response delay, another response

kinetic feature, is effectively fine-tuned by lateral GJ connections.3 To investigate if response transience is also a subject of GJ mediated

signaling, we applied a pharmacological GJ blockade (MFA) and compared the resulting response kinetics to those recorded under control

conditions. The effects of MFA on RGC response transience were initially examined using three different drug concentrations, 20, 40 and

80 mM of MFA. MFA induced changes in all three experiments, and a clear dose dependent effect was observable when the transience dis-

tribution histograms were compared (Figures S1A and S1B). Clearly, the lowest tested concentration of MFA (20 mM) already altered the RGC

PSTHt distributions, and this effect was further enhanced following incubation with 40 mM MFA, with the greatest degree of disturbance re-

corded when the concentration was further increased to 80 mM. However, 40 mM MFA already produced clear results (p < 0.05, Wilcoxon

signed rank test) and thus, to reduce the chance of potential nonspecific effects, we utilized this as the final MFA concentration in the rest

of the experiments.

As previously noted, we observed a great alteration of RGC responses following the application of MFA (40 mM), which was present for

both the ON (N = 598) and OFF (N = 187) RGC subpopulations (Figures 3A and 3B). Although the effect of the pharmacological blockade

varied from cell to cell, an overall decrease in PSTHt was observed across both the ON and OFF RGC subpopulations (pON = 0.16*10�1,

pOFF = 0.13*10�1; Kolmogorov–Smirnov nonparametric test) and these changes appeared significant (Table 1; p < 0.05 for both populations;

Wilcoxon signed ranks test). Therefore, akin to effects of GABA receptor inhibition, the GJ pharmacological blockage made the overall RGC

responses somewhat more transient. To confirm these latter pharmacological data we repeated the experiments (retinas n = 3, ONN = 266,

OFFN = 271 cells) by using the Cx36/Cx50 specific quinine (100 mM;43–45) to block retinal GJs. The effects of quinine on RGC light responses

were very similar to those of the MFA results (Figures 3F; S1B, S1C, and S1D), including a similar PSTHt frequency histogram (pON =

0.26*10�9, pOFF = 0.128*10�3; Kolmogorov–Smirnov nonparametric test) as well as a great variety in PSTHt changes of individual RGC

responses. This thus further confirmed that signaling through GJs can alter response kinetics like transience non-uniformly. Finally, we

also utilized constitutive connexin36 knock-out (Cx36KO) to verify the previous pharmacological GJ blockade data. We found that the

PSTHt frequency histograms generated upon light responses of Cx36KORGCs (retinas n= 4, ONN= 64, OFFN = 75 cells) displayed a similar

shape to those of the MFA treated RGCs (Figure S1E). Although, we admit that the above constitutive Cx36 KO data does not clarify the spe-

cific site of drug action obtained in the pharmacological experiments, but the similar results gained by two different approaches support our

hypothesis that signaling via Cx36 GJ greatly determine RGC response kinetics including transience.

However, despite the similar frequency distributions of the control data to those where GJ connections were compromised (either MFA or

quinine blockade, as well as the Cx36 KO) individual RGC responses were greatly affected; the GJ closure induced an RGC transience reduc-

tion for a subset of the cells, whereas another population of RGC responses endured a transience increment (Figures 3C–3E; Figure S1).

To quantify the magnitude of GJ blockade induced changes to those that were exerted by the GABA receptor blockade we compared
iScience 27, 110099, June 21, 2024 5
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Figure 3. Pharmacological GJ blockade induces alterations in RGC response transience

(A) Representative ON (left) and OFF (right) RGC light-evoked responses (rasters on the top and PSTHs on the bottom) are altered when the nonspecific GJ

blocker was MFA applied. In the case of the two presented RGC responses, the ON center cell (left) maintained the same response characteristics (remains

intermediate), whereas the OFF RGC response (right) changes from intermediate to transient following MFA treatment.

(B) Frequency histograms show that the elimination of GJ communication somewhat decreased the number of RGCs with intermediary responses, whereas the

relative frequency of transient RGC responses became greater.

(C–E)While some RGCs showed no obvious change in their PSTHt values following the GJ blockade, most RGC responses became either more transient or more

sustained (C) for both theON- (left) andOFF subpopulations (right). Although,MFAmediated a significant transience decrease of the averaged data for both ON

(left) and OFF (right) RGC subpopulations (p < 0.05, Wilcoxon signed rank test) (D), the magnitude of the drug induced change was not evident due to the

heterogeneous cell-to-cell changes (C, E). Like the GABAergic blockade, many sustained RGC responses became more transient following the GJ blockade.

In addition, however, many transient RGC responses became more sustained as well (C, E; positive dimension reflects a transient-to-sustained, whereas

negative dimension reflects a sustained-to-transient change).

(F) The comparison of the PTX andMFA data show that the GJ blockade alters transience values as much as the pharmacological GABAergic blockade, however,

while PTX mostly lowers transience values (light blue), MFA alters them in both directions (orange) (p < 0.05, Wilcoxon signed rank test). Note, that a similar

pharmacological treatment with the Cx36/Cx50 selective quinine exerted a change of the RGC responses (green) similar to those of the MFA effects (see

also Figure S1). Shown are mean values (line), 25% and 75% quartiles (boxes), standard deviation (whiskers).
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the PSTHt value changes (PSTHt after blockade - PSTHt in control) collected in the PTX experiments with those of the MFA experiments. We

found that response transience changes induced by the two pharmacological interventions were significantly different (p > 0.05); while PTX

induced a general PSTHt reduction, the application of MFA exerted either an increase or a decrease of RGC response transience values. Simi-

larly, quinine induced a change of RGC PSTHt values, which was significantly different from changes caused by the PTX induced GABA re-

ceptor blockade (p > 0.05). Thus, our comparison reinforced the above qualitative finding (Figure 3F) and strongly suggested the GJ medi-

ated excitatory signals exert diverse effects in shaping RGC response kinetics.

GJ connections shape response transience of electrically coupled RGCs heterogeneously

The mammalian retina incorporates various types of GJ connections that exert a mixture of effects on RGC response transience. However,

selective GJ blockers to target specific GJ circuit elements are not currently available. On the other hand, it has been well established

that RGC-RGC and RGC-amacrine cell GJs serve the correlation of RGC spiking activity, providing specific bimodal and/or unimodal peaks

in cross-correlation functions (CCFs) generated upon RGC pair recordings, respectively.17,42,46–50 This allowed us to use the presence of CCF

peaks to identify and separate RGCs that maintain such GJ connections from those that either lack these connections or are being recorded

without the coupled neighbors. Our hypothesis was that RGCs maintaining similar GJ connections (RGC-RGC or RGC-AC) should endure

similar changes (uniform decrease or increase) of the response transience following the GJ blockade across the subpopulation. To test

this hypothesis, we recorded RGC spike responses (N = 1344) evoked by full-field stimuli with a multielectrode array (4096 HD-MEA) under
6 iScience 27, 110099, June 21, 2024
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Figure 4. The pharmacological GJ blockade exerts a heterogeneous effect on the response transience of electrically coupled RGCs

(A) RGC CCFs display bimodal (left) or narrow unimodal (right) spikes correlations generated upon RGC pair recordings. Arrowheads point to CCF peaks,

whereas dashed lines at +/� 25 ms attest the short timescale of both CCF peak types.

(B) Scatterplot showsMFA induced transience changes (positive dimension reflects a transient-to-sustained, whereas negative dimension reflects a sustained-to-

transient change) as a function of original transience values for the two cell populations (orange – cells with bimodal CCF peaks; green – cells with narrow

unimodal CCF peak). It appears that both populations contain cells that endured significant transience change as a response to MFA incubation.

(C) Boxplots summarize the effects of the pharmacological GJ blockade of the population of RGCs with bimodal CCF peaks (left) and narrow unimodal peaks

(right; note that absolute values are shown to focus on themagnitude of the change). Clearly, the heterogeneousMFA induced RGC response transience changes

resulted in little alteration of the averaged data.

(D) Box-plot shows the variety of MFA induced transience changes for both RGC populations. Following MFA treatment only a few RGCs showed no significant

transience change, whereas most endured either a decrease or an increase of their PSTHt values. Shown are mean values (line) , 25% and 75% quartiles (boxes),

standard deviation (whiskers)
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both control conditions and following the pharmacological blockade of GJs (MFA 40 mM). Using the CCF based criterion, we sorted the re-

corded RGCs, and those displaying either bimodal or narrow unimodal CCF peaks were used for further analysis. We found that the phar-

macological GJ blockade induced the alteration of response transience for cells in both the uni- and bimodal peak subpopulations (Figure 4;

unimodal PSTHt changemean:0.007), bimodal PSTHt changemean: 0.001). Surprisingly, the GJ blockade induced changes were still hetero-

geneous; while some RGC responses became more transient others appeared more sustained following the pharmacological intervention.

This change was independent of the subpopulation as some cell response transience decreased while others increased in both the uni- and

bimodal peak cell groups. This observation serves as further evidence that inner retinal RGC GJ connections partake in response transience

fine-tuning.On the other hand, the effect of the pharmacological blockadewas still heterogeneous regardless of the selective investigation of

GJ coupled RGCs indicating that the observed changes were independent of the GJ connection type (RGC-RGC or RGC-AC).

RGC gap junctions participate in the response transience fine-tuning of transient OFF alpha cells

The above shown heterogeneous effects of theGJ blockade suggested that light responses were indeed shaped by various underlyingmech-

anisms in an RGC subtype specific fashion. As a result, we focused our investigations on a single RGC subtype, the transient OFF alpha

(tOFFa) RGC (Figure 5). We recorded from RGCs (N = 12) of Thy1-GCamP3 mice with a PC pipette, and the intracellular solution contained

either MFA (40 mM) or the Cx36/Cx50 specific quinine (100 mM;43–45). By using this recording configuration, we avoided the blockade of outer

retinal GJs and focused our pharmacology on blocking only the GJ connections of the recorded RGC. This way the pharmacological treat-

ment retains the function of outer retinal and other inner retinal GJ network elements. The identity of recorded tOFFa cells was confirmed by

the injection of Neurobiotin and corresponding post-hoc histology (Figure 5A). The tOFFa RGC processes included in the experiment dis-

played standard characteristic features including a large soma, sparse dendrites, and dendritic endings in the OFF sublamina.39,41,51 Further-

more, the co-stratification of RGC dendritic endings with HCN4 (hyperpolarization-activated cyclic nucleotide-gated channel 4) positive type

3a bipolar cell axon terminals also confirmed the identity of our tOFFa RGCs (Figure 5A;52). In addition to the morphological cues, targeted

cells were also tested for their light evoked activity. RGC spike trains were recorded in a loose-patch configuration from visually targeted

tOFFa RGCs in the Thy1-GCamP3 mice. We utilized large (500 mm in diameter) bright and dark spots to determine the response polarity

of the targeted cell. We also utilized a small dark spot stimulus with gradually increasing diameter (from 40 mm to 240 mm; approach stimulus)

as well as a moving dark bar stimulus (400 mm/s). In definition, tOFFa RGCs are OFF polarity cells and can differentiate between the approach

and the lateral motion. Therefore, we only utilized data for further analyses that we obtained from cells that fulfilled both the morphological

and the electrophysiological criteria. Following the unequivocal identification, full-field stimulus evoked spike trains were recorded in a
iScience 27, 110099, June 21, 2024 7
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Figure 5. Identification of tOFFa cells and effects of RGC GJs in response kinetics

(A) Images show theNeurobiotin coupled array of an injected tOFFa RGC (red). Besides the injected cell Neurobiotin revealed the soma/dendritic morphologies

of both theGJ coupled neighbor RGCs (large white somata and dendrites) andwide-field amacrine cells (small white somata and dendrites). The panel on the top

shows the same Neurobiotin coupled array rotated with 90� to reveal the dendritic stratification of both the injected and the tracer coupled cells. The green

counterstaining represents the a-HCN label that marks the stratification of type 3a bipolar cell axonal terminals in the IPL. Injected and coupled cell

dendrites clearly colocalize with type 3a bipolar cell dendrites. Panels to the right show the same coupled array at the level of the RGC somata (top panel;

red – injected, white – coupled) as well as in the IPL (bottom panel) where HCN4 positive type 3a bipolar cell axons stratify (green). Note, that the injections

were performed in the Thy1-GCamp3 mouse retina and some green labels of RGC somata appear in the GCL.

(B) Spike recordings of a representative tOFFa RGC (PSTHs overlaid the corresponding spike rasters). Pictograms on the top represent the light stimuli utilized to

evoke the responses below. The stimuli included large bright spot (full-field illumination), large dark spot, approach stimulus (spot with increasing diameter) and

lateral moving dark bar.

(C) Targeted tOFFa RGC full-field spiking responses were recorded in a loose-patch configuration. tOFFa RGCs response amplitudes displayed heterogeneous

changes as a result of the GJ blockade by either MFA (top) or quinine (bottom). Drug-induced response amplitude changes varied considerably from cell-to-cell

(decreased: N = 6, increased: N = 2 and remained constant: N = 3).

(D) Response delay (time-to-peak) values of coupled tOFFa RGCs display heterogeneous changes as a result of the GJ blockade by either MFA (top) or quinine

(bottom). We found that both drugs induced transience changes that varied considerably from cell-to-cell (decreased: N = 5, increased: N = 2 and remained

largely constant: N = 4).

(E) Response transience values of tOFFa RGCs displayed heterogeneous changes as a result of the GJ blockade by either MFA (top) or quinine (bottom). We

found that both drugs induced transience changes that varied considerably from cell-to-cell (decreased: N = 6, increased: N = 5 and remained largely

constant: N = 1). Clearly, kinetic features of visually targeted tOFFa RGCs endured an abrupt but heterogeneous change as a result of the pharmacological

GJ blockade. Scale bar: 50 mm. Shown are mean values (line), 25% and 75% quartiles (boxes), standard deviation (whiskers).
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loose-patch configuration from targeted tOFFa RGCs in Thy1-GCamP3 mice (n = 12; Figure 5C) under both control conditions and GJ

blockade.We found that the application of eitherMFAor quinine induced abrupt changes of the tOFFa RGCs light responses. These changes

affected all three response kinetic features, including the amplitude, transience, and delay values of RGC responses. Interestingly, however,

the changes exerted by either MFA or quinine application were rather heterogeneous. More specifically, some targeted tOFFa RGCs

response amplitudes decreased (N = 6) while others increased (N = 2) or showed no considerable alteration (N = 3). A similar GJ blockade

induced variety of tOFFa RGCs response delay (time-to-peak) values were also detected; some cells displayed a GJ blockade induced delay
8 iScience 27, 110099, June 21, 2024
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Figure 6. tOFFa cells of the coupled array display heterogeneous response kinetic changes following GJ closure

(A) Panels show RGC somata (red) on the surface of the Thy1-GCamp3 retina.

(B and C) Panels show the somata (B) and the dendritic morphology (C) of the NB injected (red) and tracer coupled RGCs (green) and coupled amacrine cells

(purple). Both the injected cell and the NB coupled RGC neighbors displayed dendritic morphological characteristics of tOFFa cells.

(D and E) Light evoked Ca++ -transients of injected (black trace) and tracer coupled tOFFa RGCs (colored traces) display similar response kinetics in control

measurements, including the delay and the transience (D). Arrowheads point to the peaks of the recorded RGC Ca++ -transients, red dots mark PSTHt values

for each wave and the white and black areas of the bar below the recordings show the on- and offsets of the light stimuli. Clearly, both the response onsets

and the decay time (slope) are comparable for all recorded cells in this array. However, following a pharmacological GJ blockade (E) both response delay

and transience values endured changes that varied from cell-to-cell, as represented by the irregular timing of wave peaks (black arrow) and PSTHt values

(red dots).

(F and G) Delay (F) and transience (G) values of individual RGCs of the array (same as in panels A–E) are shown in control (light blue) and GJ blocked (orange)

conditions. RGCs of this coupled array endured significant response kinetic alterations following the GJ blockade. In this array the application of MFA induced an

increase of the transience (N = 5) or no change (N = 1) as well as a decrease (N= 1), an increase (N = 5) or no change (N= 1) for the response delay values (see also

Figure 7 for more data). Scale bar: 50 mm.
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decrease (N = 5), others showed a delay increase (N = 2) whereas a third cohort showed no considerable delay change (N = 4). Finally, the

response transience values decreased for some (N = 6) cells, while others showed an increase (N = 5) or no considerable change (N = 1) as a

result of the GJ blockade. Clearly, kinetic features of visually targeted tOFFa RGCs endured an abrupt but largely heterogeneous change

following the closure of GJs, thereby arguing against the RGC subtype specific GJ mediated response kinetic tuning.

Gap junctions equalize response kinetics of electrically coupled transient OFF alpha cells

That said the heterogeneous effects of the GJ blockade on tOFFa response transience were initially surprising as we expected RGCs of the

same subtype to behave similarly under uniform conditions. To examine this further, we decided to record responses of tOFFa cell neighbors

that formed the sameGJ coupled array, with the belief that GJs contribute similarly to the response transience for tOFFa cells that are in direct

GJ contact with one another. To this end, we chose Ca++ -imaging that allowed us to morphologically identify both the recorded tOFFa cells

as well as the GJ coupled neighbors. We carried out Ca++ -imaging tests in Thy1-GCamP3 mice (n = 8), where tOFFa RGCs were targeted

based on the size and shape of their soma (Figure 6A). We also combined the Ca++ -imaging tests with intracellular Neurobiotin tracer in-

jections and post hoc histology. The tracer injections allowed for the post hoc identification and the examination of the Ca++ -transients

of the tracer coupled RGCs as well. Similar to the previous set of experiments, the dendritic morphology and the dendritic co-stratification

with a-HCN4 labeled bipolar cell axon terminals were utilized as a guidance for tOFFa cells identification (Figure 6B). Besides the morpho-

logical features, the light induced Ca++ -transients of both injected and coupled tOFFa RGCs displayed OFF polarity responses that sup-

ported the tOFFa identity further (Figures 6C and 6D). In these experiments, light induced Ca++ -transients of identified tOFFa RGCs and

Neurobiotin coupled RGCs neighbors were examined under control conditions and following MFA (40 mM) incubation. We found that the

light response kinetics of the GJ coupled array forming tOFFa RGCs were rather homogeneous in control conditions, but the kinetic param-

eters (delay, transience, amplitude) were clearly altered by theGJ blockade (Figures 6D and 6E). Interestingly, however, this alteration was still
iScience 27, 110099, June 21, 2024 9
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Figure 7. Ca++-signal Kinetics are Equalized by the RGC GJ Connections

(A andD) Scatterplots (A andD) showed pooled data from n= 8 tOFFa arrays. Both delay (A) and transience (D) values changed in a rather heterogeneous fashion,

with most RGCs either increasing or decreasing delay and transience values.

(B–F) Boxplots show the average (B, E) and the SD values (C, F) of control (green) andMFA (yellow) treated RGC responses for response transience (B, C) and delay

(E, F). Although theGJ blockade exerts no significant change of the average delay and transience values, their range and the SD values significantly increased as a

result ofMFA treatment (transience: ***p< 0.001,Wilcoxon signed rank test, panel c; delay: *p< 0.05,Wilcoxon signed rank test, panel F). Shown aremean values

(line), 25% and 75% quartiles (boxes), standard deviation (whiskers).
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heterogeneous. Response transience values of some tOFFa RGCs in the array decreased or remained unaltered, while increased for others

following the pharmacological treatment (Figures 6D–6F and 7A). Similarly, the pharmacological GJ closure induced a response delay (time-

to-peak) reduction for some cells in the array while an increment could be observed for others (Figures 6D, 6E, 6G, and 7D).

These results indicate that contrary to our expectations GJ connections do not simply shift response kinetics to a specific direction for cells

in the coupled array, but rather serve as kinetic feature equalizers. By this equalizationmechanism, tOFFa cells in a particular GJ coupled array

can send signals toward the brain with very similar kinetics. To see how general this finding was among coupled tOFFa RGCs, we pooled data

from n = 8 arrays for further analysis (Figure 7). We found that the GJ closure induced heterogeneous response kinetic change was a general

phenomenon. In fact, the GJ blockade induced an increased range of both response transience (Figures 7A and 7B) and delay values

(Figures 7D and 7E), both of which were confirmed by the significantly increased SD values (transience: p < 0.001, Wilcoxon signed rank

test, Figure 7C; delay: p < 0.05, Wilcoxon signed rank test; Figure 7F).

DISCUSSION

Methodological considerations

The present study is based on a combination of imaging, electrophysiological and pharmacological experiments carried out on wild-type

(WT) as well as Cx36 KO mice. Note, neither our pharmacological experiments nor the utilization of constitutive Cx36 KO mice specifically

targets RGC GJs due to the non-specificity of the applied drugs as well as the abundancy of the Cx36 subunit in diverse retinal connections.

In the KO animal the genetical deletion of Cx36 results a permanent change in the retinal circuitry and may even affect its development,

whereas our GJ blockage pharmacology was carried out on WT animals and the functioning of the circuit was only altered temporally. More-

over, while the same tissues (and therefore the same recorded neurons) serve as controls in the pharmacological experiments, tissues from

WT littermates provide control measurements in the genetical approach. Therefore, contrary to the same goal the genetical and pharmaco-

logical approaches of this study are very different in terms of their modalities. To refine our pharmacological approach, we applied quinine in

some experiments, which compound is specific to Cx36 and Cx50 GJ subunits,44 thereby narrowing down the number of possible targets of

GJ silencing pharmacology. This latter fact explains whyMFAwas, in general, somewhatmore effective than quinine. However, contrary to the

above differences in the genetical and the two pharmacological approaches the obtained results were rather similar. This thus indicates the

observed changes in the measured kinetic parameters, in fact, occurred on Cx36 GJ sites while other GJs were involved to a lesser extent.

That said, one of the key experiments of this study was the targeted electrophysiological recording from tOFFa cells while GJs of the re-

corded cell were pharmacologically closed by MFA or quinine. This experiment assumes that the applied GJ blockers penetrate through the
10 iScience 27, 110099, June 21, 2024
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cell without binding to extracellular domains and thus affecting Cx subunits only from the intracellular side. The available literature is incon-

sistent regarding the efficiency of such an approach. Some of the corresponding descriptions report that fenamates (like MFA) do not act on

GJs from the intracellular side.53–55 However, these reports differ from our investigations in the following respects: (1) Pan et al.53 report the

effect of GJ blockers in horizontal cells and AII amacrine cells, not RGCs like in this study; (2) They examine dye and tracer transfer and do not

include physiology53; thus any discrepancy between that study and our present work can be explained with different intracellular diffusion of

charge carrying ions and relative large tracer molecules; (3) Pan et al. applied GJ blockers through high resistance (R > 100 MU resistance)

sharp electrodes while the experiments of our study were carried out with low-resistance patch electrodes allowing for a better diffusion

of the drug into the cytoplasm; (4) Harks et al.54 examined rat kidney fibroblast in in vitro expressional systems not neurons; (5) In Harks’ study

Cx43 was tested not Cx36, moreover the Cx43 protein was overexpressed which may cause reduced effect of the pharmacological GJ

blockade; and (6) Srinivas and Spray55 utilized neuroblastoma cell cultures, again, not retinal tissue like in our study – they tested cells that

express Cx50, Cx26, and many others but not Cx36, and only flufenamic acid (FFA) was applied through the recording pipette. On the other

hand, the same authors in one of their other studies55 found that administration of quinine successfully blockedGJs from the intracellular side.

In fact, we utilized both quinine and MFA in our pipette-loaded pharmacology experiments and observed similar effects indicating similar

blocking mechanisms of the two drugs. Knowing that quinine is specific to Cx36 and Cx50 gap junctions55 we believe that we were able

to block Cx36 GJ from the intracellular side in tOFFa cells just like it was reported in the 2001 Srinivas study.
Inner retinal GJs participate in the fine-tuning of RGC response transience

The transient/sustained division of RGC light responses has widely been utilized to characterize and classify RGC subtypes, and this charac-

teristic is thought to be strongly related to visual function. In that sense, transient (burst-like) responses likely transmit information about ‘fast-

paced’ and dynamic aspects of the visual field, including direction andmovement, whereas sustained responses provide a continuous feed of

information on static aspects of the view.1–3 For example,midget RGCs of the primate retina provide a tonic response to high contrast stimuli,

while primate parasol cells have phasic responses to spatially extended stimuli with very weak contrast.4,56 Therefore, transient and sustained

RGC responses encode dissimilar but equally important facets of visual information. This transient/sustained dichotomy has been docu-

mented in various vertebrates including cold-blooded animals, primates and non-primatemammals.4–11,13,14,57 However, the most elaborate

studies in this topic were restricted to only a few RGC subtypes,57 most of which examined the non-image-forming melanopsin expressing

ipRGCs. In addition, they were conducted in cold-blooded vertebrates16 and/or carried out in retinal slice preparations16,17 where lateral con-

nections were compromised. Previous reports from other labs as well as our previous work18,19 show that regardless of the analyzingmethod,

RGC light responses cannot be unequivocally divided into clear transient or sustained categories. Instead, RGC PSTHt-s, values that quantify

response transience, fell over a broadly distributed continuous range. These earlier observations were reinforced here showing that the decay

of RGC full-field light responses ranged from 0.02 s up to 0.5 s under maintained 0.5 s illumination, and the majority of the cells displayed

intermediate values in the 0.07–0.25 s subrange for both the ON and OFF subpopulations. This thus affirms that the canonical transient/sus-

tained categorization is a rather coarse way of RGC response characterization, asmany RGCs fail tomatch the defining characteristics of either

transient or sustained RGC light responses. For that reason, we believe that rather than forcing all RGCs into these two categories responses

are better depicted by the single value of the full-field PSTHt.18

We also showed evidence here that vertical signaling elements are not the key factors in determining RGC response transience, including:

(1) signaling through the sole primary rod pathway resulted in both transient and sustained RGC responses; (2) scotopic RGC response tran-

sience valueswere distributed across a range as broad as those recorded in photopic conditions; (3) some RGCsmaintained response kinetics

even during a signaling pathway switch that occurs when photopic stimuli replace scotopic counterparts; and (4) transience is fine-tuned by

inner retinal lateral GJ connections. These data thus strongly suggest that RGC transience is not (or not entirely) determined by the vertical

signaling route but rather established through lateral connections in the two plexiform layers. One may argue that the outer retinal connec-

tions are the key in this process. However, GABAergic horizontal cells in the outer retina provide a uniform inhibition to postsynaptic partners,

which does not entirely justify the detected diversity of transience changes following the GABA receptor blockade. The role of GABAergic

inhibition in shaping RGC response transience is not surprising, as it has been shown previously by many laboratories.7,58–67 Moreover, it has

been shown that axotomized bipolar cells display a great loss of chloride currents,68 and RGCs displayed more sustained responses when

GABAergic amacrine cells were ablated.11 These converging evidence thus, together with our recent data suggest that the GABA mediated

response transience altering inhibitory action occurs mostly in the inner retina.68

To our surprise, the effect of the pharmacological GJ blockade on RGC response transience was as robust as those found following the

blockade of GABAergic transmission. Although GJs are incorporated in most retinal microcircuits in the mammalian retina,40,42 the source

of the observed GJ blockade on response transience can be narrowed down to a handful of GJ connections. First, outer retinal GJs (e.g.,

GJs between horizontal cells and those connecting photoreceptors) are constituents of all intraretinal signaling routes, and thus their

disturbance likely results in an overall uniform change for all RGC responses, which is inconsistent with our observations. It has also

been shown that the genetic deletion of horizontal cell GJs did not have a dominant role in tuning of RGC responses,69,70 thus their

role in shaping response transience is likely negligible as well. Second, GJs formed by rods and/or cones play important roles in scotopic

but not photopic signaling, therefore their closure should not be responsible for the RGC response changes we observed under photopic

conditions. Therefore, the above combined evidence suggests that much of the GJ blockade induced response transience change can be

accounted for by the closure of inner retinal GJs. The most prevalent inner retinal GJs are those formed by AII amacrine cells that connect

AII and ON cone bipolar cell neighbors.40,42,71 However, they play a major role in the primary rod pathway40,71 and cone mediated
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signaling is less affected by AII GJ signaling, thus the observed GJ blockade mediated transience changes cannot be explained simply by

their closure. That said the limitations of our study was that the above GJ sites could not be selectively blocked and thus the role of the

secondary rod pathway (rod/cone coupling pathway) and AII GJs in the underlying processes could not entirely be ruled out. However, it is

more plausible to posit that RGC-RGC and RGC-amacrine cell GJs in the inner retina contribute to the observed response kinetic fine-

tuning for several reasons: (1) RGC-RGC and RGC-amacrine cell GJ connections display increased conductivity when the retina is adapted

to photopic light conditions thus they likely serve photopic visual functions72; (2) similar effects were observed by closing all retinal GJs

(MFA experiments), closing Cx36/Cx50 GJ (quinine experiments) and eliminating all Cx36 GJ (constitutive KO mouse experiments) indi-

cating that the responsible molecular component is Cx36, which is also the dominant subunit of RGC-RGC and RGC-amacrine cell

GJs73; (3) in experiments where the blockers were applied through the pipette, only the recorded cell’s GJs were closed but the observed

changes in RGC response kinetics were similar to the bath loading experiments; (4) the same pharmacological effect was observed when

response kinetics of only tOFFa RGCs of a given coupled array were followed; (5) not all RGCs maintain GJ connection thus some cells are

expected to retain response transience following the pharmacological intervention; in fact, a small cohort of our RGCs showed no signif-

icant response transience change after the GJ blockade; and, finally, (6) most RGC subtypes (16 out of 22 subtypes) display tracer coupling

to nearby RGCs and/or amacrine cells41 thus a GJ blockade should affect response kinetics of most RGCs, exactly what we found. There-

fore, the most parsimonious explanation to our observations is that RGCs, whose light responses endured visible change of their response

transience, might be those that partake in such GJ coupling. As the RGC coupling patterns vary considerably in terms of the number,

morphology, and dendritic stratification,37–42,73–75 one may expect a great variety of RGC response transience changes following a phar-

macological GJ closure. This theorem agrees with findings reported by Reifler et al.30 showing that coupling between intrinsically photo-

sensitive RGCs (ipRGC) and displaced amacrine cells allows for signaling between cells, thereby affecting the kinetics of the ipRGC photo

response. In experiments presented here, we found an additional example by showing that tOFFa cells endured a change in their full-field

response transience following GJ closure. This latter change can also be accounted for by the electrically coupled array of RGCs and ama-

crine cells. Therefore, we believe that this transience tuning mechanism is not unique to the ipRGC network,16 but it is a rather general

phenomenon involving most GJ coupled RGCs. We showed that electrically coupled RGCs (those with CCF peaks in MEA recordings)

displayed a variety of response transience changes following the closure of GJs. This variety in the effect of electrically coupled RGCs

and amacrine cells cannot be explained by the simple signal pooling from the extended coupled field, because that would result in a

rather homogeneous effect on response transience. At first, this finding suggested that GJ coupling has a subtype specific effect on

RGC response transience resulting in changes that are maintained within but varied across RGC subtypes. However, our targeted tOFFa

RGC tests showed that even the cell specific GJ blockade (drug applied through the recording pipette) resulted in a variety of response

transience (and delay) changes of the coupled RGCs. This indicated that GJs affect response transience throughout a mechanism which is

independent of the RGC subtype. This thus rather suggested that the effect of RGC GJs (and the blockade as well) on response kinetics

depends on the momentary transjunctional signal flow between the coupled neighbors. Our observations clearly showed that, at least in

the GJ coupled tOFFa RGC array, response kinetics were homogeneous when GJs were open, whereas displayed a great variety when GJs

were pharmacologically closed. Based on these findings, we conclude that inner retinal RGC GJs serve the equalization of response tran-

sience (and all kinetic features) for tOFFa cells in the same electrically coupled array. Moreover, we further suggest that GJ coupling serves

the same role for other RGC subtypes as well.
The visual function of RGC transience

In general, we conclude that RGCs collect a cohort of excitatory and inhibitory signals by which they sculpt the output spiking pattern to best

suit their function prior to sending information to the brain. This output depends on the type of summated signals and their relative timing; the

combination of these two factors may result in a variety of RGC response kinetics on a rather wide transient/intermediary/sustained range.

According to this hypothesis, RGCs summate excitatory signals frommultiple bipolar cell subtypes and GJ coupled cell neighbors (amacrine

and/or RGCs) and filter some of the signal out (via amacrine cell-mediated inhibition) to sway the dominance of input components, thereby

adapting to a specific visual function. This is in line with previous reports indicating that certain RGC response properties fully emerge only

after additional processing by currents in the bipolar cell axon terminal,76 at synapses with amacrine cells,68 and by RGCs. Response tran-

sience of these RGCs is not simply inherited from presynaptic bipolar cells but rather transformed by inner retinal inhibition and GJmediated

excitation to suit the necessary RGC visual function.We reported previously that RGC light response delays are subtype-specific, and they are

precisely fine-tuned by inner retinal microcircuits to achieve a better RGC performance.3 It has also been proposed that sustained and tran-

sient RGC spiking is another way for various RGC subtypes to perform certain visual functions.4–14,57 In this scheme, sustained RGCs detect

spatial contrasts and partake in shape recognition, whereas transient cells perceive the movement of objects.1 Similar functional segregation

of sustained and transient signals has been reported for other sensory mechanisms as well, including the somatosensory and auditory sys-

tems77: (1) The Meissner and Pacinian corpuscles in the skin respond transiently (rapidly adapting) because they convey detailed information

on light touch and thus persistent signaling would be distracting. On the other hand, signals from nociceptors and muscle spindles must be

sustained (slowly adapting) to carry on warning to the brain and to maintain the posture, respectively;78,79 (2) Primary auditory cortex neurons

can be sorted into tonic, phasic-tonic and phasic subtypes that have been thought to relate to their functional difference.80 Besides sensory

processing, neurons of various brain areas also share the labor based on their differential spiking kinetics. For example: (1) Norepinephrine

expressing neurons in the pons locus coeruleus can spike in either phasic or tonic modes.81 Their phasic burst activity is evoked by either

salient polymodal sensory stimuli or decision- and response-related signals from the prefrontal cortex,82–85 whereas tonic firing frequency
12 iScience 27, 110099, June 21, 2024
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correlates with the arousal level of the brain during sleep and waking.85–88 (2) Neurons in the lateral entorhinal cortex bind sensory events and

encode various environmental cues by separate phasic and tonic spiking.89 (3) Midbrain dopamine neurons encode the rewarding aspects of

environmental stimuli (reward, reward prediction error, punishment, stress and sex) as well as cognition and motivation in their phasic, inter-

mediate and tonic activities before signaling the striatum and frontal cortex.90

In the retina, the functional divergence already starts at the bipolar cells, as sustained type 1 bipolar cells of the mouse retina mediate

color vision for the OFF polarity signaling stream, whereas other, more transient cells do not.91 Responses of the 30–40 different types of

mammalian RGCs92,93 cover a wide range in terms of their response transience, therefore suggesting a large variety of visual tasks they

perform. There has been a considerable collection of evidence supporting this view, including RGCs with transient responses that encode

object movement94–97 and the direction of motion,98–101 whereas others with sustained responses have been proven to perceive luminosity

contrast,102 color contrast103 or object orientation.104 While the first cohort of these RGCs require a quick inactivation and corresponding

decay of spiking frequency (transient response) in order to quickly recover and keep up with changes in the visual scene, sustained RGCs

allow for the summation of inputs over an extended time frame to get more sensitized for minuscule differences of light levels (e.g., gray-

scale or color) within their receptive fields. To follow up on this logic one may speculate that the numerous intermediate cells described in

this study may serve to encode other parametric dimensions of the visual scene (e.g., wavelength, orientation and/or direction preference,

lack of contrast etc.). Alternatively, intermediate cells may convey both spatial and temporal information thereby multiplexing two or more

visual features in their spike train. Signal multiplexing by RGCs was first hypothesized by Brivanlou et al.49 over 20 years ago and this phe-

nomenon is still in the focus of scientific debates. Therefore, the above evidence suggests that the precise adjustment of RGC response

temporal features, including transience, is critical for visual perception. Here we found that the precise adjustment of RGC transience is

provided in a great part by inner retinal circuits. In essence, RGC GJ mediated lateral excitation, and lateral inhibition provided by

GABAergic amacrine cells play an equally important role in this process. In the case of tOFFa RGCs, we showed that GJ connections

with nearby RGCs and/or amacrine cells serve as equalizers that fine-tune responses to provide spike RGC outputs that are homogeneous

for their kinetic features. Although mostly full-field stimulation was utilized in this study, a complex stimulus dependence of kinetic features

is still very likely. It has been reported that the adequate stimulus for tOFFa cells is an increasing dark spot (approach stimulus) and also

that faster approach stimuli evoke shorter and higher frequency tOFFa RGC responses, thereby encoding the speed of the stimulus.94

Since detecting approaching objects, initiating escape behavior, and informing the brain about corresponding changes in the visual field

are the primary functions of tOFFa cells, it is very likely that the presented response equalization is a key component for this function.

Although the underlying circuit mechanisms yet remain unknown, we formulated a hypothesis based on our present findings. We propose

that without such equalization of the response latency and transience, a putative postsynaptic integrator neuron (e.g., in the superior col-

liculus) may confuse the sequence and the duration of activation of presynaptic units, the electrically coupled tOFFa RGCs. Similarly, the

lack of response amplitude equalization may result in the loss of information regarding the extent and/or surface homogeneity of the stim-

ulus. Both defects may hinder the detection of the approaching object and the corresponding decision for the subsequent behavioral

pattern (freezing or escaping). Although we did not target other RGC subtypes in this study, it is possible that RGC electrical coupling,

in general, serves as a form of response kinetic equalizer for most coupled arrays.
Limitations of the study

One limitation of this study is that neither our pharmacological experiments nor the utilization of constitutive Cx36 KOmice specifically targets

RGC GJs. This problem is due to the lack of connexin specific commercially available drugs and site-specific Cx36 KO mouse strains. In our

future endeavor we plan to cross PV-Cre and Cx36Flx mice to generate a line in which mice lose GJ contacts specifically between PV express-

ing cells, including our primary target tOFFa RGCs.94 Using this line will allow the elimination of RGCGJs while other GJs of the retina remain

intact. Alternatively, we plan to inject a virus construct carrying the KCNIP2-Cre sequence (VectorBuilder; https://en.vectorbuilder.com/) intra-

ocularly into the eyes of the Ch36Flxmice. This way we will knock down Cx36 expression in a subset of KCNIP2 (potassium channel interacting

protein 2) expressing tOFFa RGCs.105
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3. Tengölics, Á.J., Szarka, G., Ganczer, A.,
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Somogyvári, Z., Pálfi, E., Baksa, G., Rácz, G.,
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REAGENT or RESOURCE SOURCE IDENTIFIER

Antibodies

DyLight� 405 AffiniPure Goat Anti-Rabbit Jackson immuno Cat# 111-475-003; RRID: AB_2338035

Rabbit anti-5-HT Sigma-Aldrich Cat# S5545; RRID: AB_477522

Rabbit anti-ChAT ThermoFisher Cat# PA5-29653; RRID: AB_2547128

Rabbit anti-HCN4 Alomone Labs Cat# APC-052; RRID: AB_2039906

Chemicals, peptides, and recombinant proteins

Alexa Fluor� 568 Hydrazide ThermoFisher A10437

Neurobiotin Tracer Vector Laboratories SP-1120

ChemiBLOCKER Millipore 2170

Triton X- Sigma Aldrich X102

Streptavidin Cy5 ThermoFisher SA1011

Experimental models: Organisms/strains

C57BL/6J Cx36KO Deans et al., 2001106 N/A

Thy1-GCaMP3 The Jackson Laboratory JAX 017893

Software and algorithms

Axoscope Molecular Devices Molecular Devices Axoscope

BrainWave 4 3Brain Brainwave 4

Fiji/ImageJ Schindelin et al., 2012107 https://fiji.sc

Hearding-Spikes Hilgen et al., 2017108 https://pypi.org/project/herdingspikes/

Kneed Satopaa et al., 2011109 https://pypi.org/project/kneed/

McRack Multichannel systems McRack

Neuroexplorer Plexon Neuroexplorer

Offline Sorter Plexon Offline Sorter

OriginPro 18 Origin Lab https://www.originlab.com/

Psychopy Peirce et al., 2019110 https://www.psychopy.org/

Scikit-learn Pedregosa et al., 2012111 https://pypi.org/project/scikit-learn/

WinWCP University of Strathclyde WinWCP

Other

60 Channel MEA Multichannel systems 60MEA100/10iR-Ti

Arena HD-MEA 3Brain Arena HD-MEA

Carbostar-1 CF microelectrode Kation Scientific E1011-7

Glass Capillaries World Precision Instruments (WPI) 1B150F-4
RESOURCE AVAILABILITY

Lead contact

Further information and requests for resources and reagents should be directed to and will be fulfilled by the lead contact, Béla Völgyi

(volgyi01@gamma.ttk.pte.hu).
Materials availability

This study did not generate new unique reagents.
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Data and code availability

� Data reported in this paper will be shared by the lead contact upon request.
� This paper does not report original code.
� Any additional information required to reanalyze the data reported in this paper is available from the lead contact upon request.

EXPERIMENTAL MODEL AND SUBJECT DETAILS

Adult male or female (P30-90) C57BL6J (n = 29), connexin 36 knock-out (Cx36 KO) on C57BL6J background (n = 7) and Thy1-GCaMP3 (n = 12)

(JAX, Strain #:017893) mice were used in this study. After overnight dark adaptation, animals were put under deep anesthesia using Forane

(4%, 0.2 mL/L) inhalation and terminated through cervical dislocation. Dissection and experimentation were carried out in mammalian

Ringer’s solution (125 mM NaCl, 3 mM KCl, 2 mM CaCl2, 1.0 mM MgCl2, 25 mM NaHCO3, 1.25 mM NaH2PO4, 10 mM glucose, pH 7.4112)

under dim red illumination. The eyes and the retina were removed and hemisected anterior to the ora-serrata. In the single-cell extracellular

recordings carried out with tungsten microelectrodes, anterior optics and the vitreous humor were removed, and the resultant retina-eyecup

was placed in a superfusion chamber. In MEA or patch clamp (PC) experiments, the retina was completely isolated from the eyecup and

attached directly atop the array or a filter paper (Millipore) to further transfer under the PC electrophysiology setup. All animals were treated

in accordance with the ARVO Statement for the Use of Animals in Ophthalmic and Vision Research. Maintenance and animal housing were all

carried out in accordance with the local AnimalWelfare Committee guidelines and regulations (University of Pécs, BA02/2000-6/2006; BA/35/

51-42/2016; BA/73/00504-5/2021). All efforts were made to minimize pain and discomfort.

METHOD DETAILS

Extracellular electrophysiology

Single-cell extracellular recordings were obtained from RGCs using tungsten microelectrodes (1MU; Kation Scientific LCCMinneapolis, MN,

USA), an AC differential amplifier (DAM80i, World Precision Instruments) and an analog-to-digital board (Digidata 1440a; Axon Instruments,

Sunnyvale, CA, USA). Spiking activity was recorded digitally at a sampling rate of 20 kHz with Axoscope (Axon Instruments, Foster City, CA). In

a second set of experiments, 60 and 120 channel MEA systems (Multi Channel Systems MCS GmbH, Reutlingen, Germany) were used to

detect RGC spiking activity and recordings were made using the MCRack software (Multi Channel Systems MCS GmbH, Reutlingen, Ger-

many). In a third cohort of experiments a BioCAM-X high densitymultielectrode (HD-MEA; 4096 channels) systemand the BrainWave software

was used for data acquisition (3Brain AG, Zürich, Switzerland). In pharmacology experiments picrotoxin (PTX; 50 mM), meclofenamic

acid (MFA; 20, 40, and 80 mM), Quinine (100 mM) and L-2-amino-4-phosphonobutyric acid (APB; 50 mM) were applied separately and

independently.

Patch clamp recordings, dye injections

Patch clamp (PC) recordings were performedwith an Axopatch 200B PC amplifier (Axon Instruments Inc., Union City, CA, USA) and ECS-filled

PC pipettes (z20MU; borosilicate glass, 1.5/0.84 mm ID/OD,WPI) in loose patch configuration (voltage clampmode). Signals were digitized

with a Digidata 1440A ADC (Axon Instruments, Inc.) and acquired withWinWCP software (John Dempster, University of Strathclyde, Glasgow,

UK). Electrodes used for dye staining and stimulation were filled with intracellular solution (ICS; 20–30 MU borosilicate glass pipettes, 1.5/

0.84 mm ID/OD, WPI). Electrodes were pulled with a P-87 micropipette puller (Sutter Instruments, Novato, CA, USA). The ICS contained

125 mM potassium gluconate, 8 mM NaCl, 0.6 mM MgCl2, 1 mM EGTA, 10 mM HEPES, 2 mM Mg-ATP, and 0.4 mM Na-GTP at pH 7.3

(KOH adjusted) and was supplemented with a combination of 0.5% A568-hydrazide and either 4% Neurobiotin (NB) or 0.1% serotonin51

to fill target cells via electroporation [NB: +65 mV pulses at 1 Hz (V = �50 mV; R = 90 MU); serotonin: �65 mV pulses at 1 Hz (V = 15 mV;

R = 90 MU)]. In the PC recordings, the pharmacological agents were added to the Ringer solution and loaded into the Patch pipette.

Light stimulation

In the extracellular recordings, a uniform full-field stimulus was used to evoke light responses (0.5 s illumination every 2 s). In experiments

utilizing different stimulus intensity of light stimuli values were given in terms of the rate of photoisomerization that occurs in each rod in every

second (Rh*/rod/s); we calculated with an average rod density of 437,000 rods/mm2113 and quantum efficiency of 0.67.114 The intensity of the

light stimuli varied from 1 to 6000 Rh*/rod/sec. For the Patch clamp recordings light stimuli patterns were programmed in the PsychoPy free

cross-platform software110 and were then delivered by a high-definition LED projector through an ND2 filter and directly focused on the sur-

face of the retina. To verify the identity of the transient OFF alpha cells, full-field and approaching stimuli were utilized. For full-field stimuli,

full-field white (gray value - gv: 256) and black illumination (gv: 0) were alternated (cycle: 1 s, with 0.5 s white illumination and 0.5 s black illu-

mination). For the approaching stimuli, a 40 mm black circle was projected over soma for 1 s. The diameter was then increased from 40 mm to

240 mm in 0.5 s (400 mm/s).

Data analysis

In general spike sorting was carried out using Spike2 (CED, Cambridge, UK) andOffline Sorter (Plexon Instruments, Dallas, TX, USA), whereas

for theHD-MEA recordings Hearding-Spikes sorter was utilized.115 Peristimulus time histograms (PSTH)measuring transiencywere generated
iScience 27, 110099, June 21, 2024 19
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in NeuroExplorer (Plexon Instruments, Dallas, TX, USA) or through a Python script utilizing the Scikit-learn package.111 Gaussian smoothing

(filter size: 3) was applied to all datasets. All transiency values were calculated using the PSTHt method,18 where PSTHt measures the time

required for spiking frequency to decrease to 1/e of the peak firing amplitude. As selective GJ blockers to target GJs in the circuitry are

not availablewe utilized bimodal and/or unimodal peaks in cross-correlation functions (CCFs) generated uponRGCpair recordings to identify

and separate RGCs with RGC-RGC and RGC-ACGJ connections that display bimodal and narrow unimodal CCF peaks, respectively.43 CCFs

were calculated based on the PythonNumPy correlation coefficient for bins of 1ms and visualized usingMatplotlib. The peaks were detected,

thereby categorizing the CCFs into bimodal and unimodal CCF peaks. Subsequently, the inflexion points of the CC graphs were determined

using the KneeLocator function of the KNEEDmodule, splitting the unimodal CCFs into narrow (<50 ms) and wide (>50 ms) categories. SPSS

(v19, IBM, Armonk, NY, USA).
Post hoc histochemistry

To visualize NB-filled cells, samples were incubated for aminimumof 30min. Tissues were then fixed in 4%paraformaldehyde solution for 15–

25min, washedwith phosphate buffered saline (PBS), and blockedwith CTA (5%Chemiblocker, 0.5%Triton X-100, 0.05% sodiumazide in PBS)

overnight, then incubated in Streptavidin Cy5 (Thermo Fisher Scientific; 1,500x dilution) in CTA overnight. Samples with serotonin-filled cells

were processed for serotonin immunohistochemistry by applying anti-serotonin antiserum (Sigma-Aldrich, St. Louis, MO, USA, catalog num-

ber: S5545, 2,000x dilution) for 2 days and, following a thoroughwashing (4x in PBS), addingDyLight 405 AffiniPure Goat Anti-Rabbit (111-475-

003, 500x) secondary serum to the tissue for fluorescent visualization. Washed retina samples were placed on slides mounted in VectaShield

(Vector Laboratories, Newark, CA, USA) and cover-slipped for microscopy. In addition to tracer visualization, we also performed other immu-

nohistochemistry experiments with the same protocol as the serotonin labeling for rabbit choline acetyltransferase (ChAT; ThermoFisher,

PA5-29653, 1,500x) and rabbit hyperpolarization-activated cyclic nucleotide-gated potassium channel 4 (HCN4; Alomone Labs, Jerusalem,

Israel; APC-052, 1,500x).
Confocal microscopy and image processing

Retinal samples were scanned with a Zeiss LSM710 confocal microscope with 20x (Z = 1 mm; Zeiss W Plan-Apochromat 20/1.03) and 633 ob-

jectives (Z = 0.5 mm; Zeiss Plan Apochromat 63/1.4) at high resolution and normalized laser intensity. Minor manipulations of brightness and

contrast of images were performed in FIJI – ImageJ, NIH, and Adobe Photoshop CC (Adobe Systems Inc., San Jose, CA, USA).
Injected cell array reconstructions

Confocal z-stacks were imported into FIJI. After utilizing the SimpleNeurite Tracer116 plugin, all paths of each cell were traced. First, the soma

was traced in concentric circles from the first to last virtual section in which it was present, then, originating from the soma path, further paths

were traced to the upcoming intersection until the whole dendritic arbor was selected. Having selected all the paths belonging to each cell,

the fill-out feature was performed, and the fill was exported as a grayscale image. The grayscale images were used for further analyses and,

using the FIJI three-dimensional (3D) viewer plugin, 3D models were generated for visualization.
QUANTIFICATION AND STATISTICAL ANALYSIS

OriginPro 18 (Origin Lab Corp., Northampton, MA, USA) was used for statistical analysis. Shapiro-Wilk normality test was performed to deter-

mine normal distribution.When normal distribution was assumed paired t-test was used, otherwiseWilcoxon signed ranks test was utilized as

a non-parametric test. Statistical significance was assumed under p = 0.5 (*), on all figures are displayed as meansG standard deviation and

statistical significance was reported as * p < 0.05 and *** p < 0.001. Statistical results are shown both in the Results and the respective Fig-

ure legends. The definition of n-values are stated in the corresponding Result paragraph.
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