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SUMMARY

Retinal ribbon synapses undergo functional changes after eye opening that remain 

uncharacterized. Using light-flash stimulation and paired patch-clamp recordings, we examined 

the maturation of the ribbon synapse between rod bipolar cells (RBCs) and AII-amacrine 

cells (AII-ACs) after eye opening (postnatal day 14) in the mouse retina at near physiological 

temperatures. We find that light-evoked excitatory postsynaptic currents (EPSCs) in AII-ACs 

exhibit a slow sustained component that increases in magnitude with advancing age, whereas a 

fast transient component remains unchanged. Similarly, paired recordings reveal a dual-component 

EPSC with a slower sustained component that increases during development, even though the 

miniature EPSC (mEPSC) amplitude and kinetics do not change significantly. We thus propose 

that the readily releasable pool of vesicles from RBCs increases after eye opening, and we 

estimate that a short light flash can evoke the release of ~4,000 vesicles onto a single mature 

AII-AC.
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Kim et al. reveal that rod bipolar cell ribbon synapses undergo significant maturation after eye 

opening. The spontaneous mEPSC frequency, the dual-component EPSC charge transfer, and the 

peak amplitude of the slow component of the light-evoked EPSC all increase with age.

Graphical Abstract

INTRODUCTION

A functional hallmark of sensory ribbon synapses is the indefatigable transfer of information 

from external inputs.1 Specifically, in retinal photoreceptors, bipolar cells, and auditory hair 

cells, synaptic ribbons can encode sustained sensory inputs such as continuous luminance/

contrast change or sound intensity/frequency.2–5 Such synapses have distinct kinetics and 

durations of transmitter release compared with conventional synapses in the central nervous 

system.6,7 Continuous signaling can be achieved by enhanced vesicle replenishment that 

ensures a constant supply of docked vesicles at the base of the ribbon.8,9 Importantly, 

synaptic ribbon architecture changes from postnatal day (P) 12 to P30, with increased 

ribbon attachment at active zones.10 Cone photoreceptor Ca2+ currents are also smaller at 

P11 compared with P30.10 Furthermore, in vivo electroretinogram (ERG) studies show that 

there are dramatic 4- to 9-fold changes in ERG amplitudes and oscillatory potentials from 

P13 to P30 in rodent retina that probably reflect major changes in rod bipolar cell (RBC) 

synapses.11,12 However, it is not known how the RBC-to-AII-amacrine cell (AII-AC) ribbon 

synapse changes functionally with age.
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Vesicle fusion and glutamate release from the ribbon synapses of retinal bipolar cells 

exhibits fast synchronized and slow sustained release depending upon the time course and 

amount of Ca2+ influx through voltage-gated Ca2+ channels.6,13–15 These dual components 

of exocytosis, which have been assayed by measuring α-amino-3-hydroxy-5-methyl-4-

isoxazolepropionic acid receptor (AMPAR)-mediated excitatory postsynaptic currents 

(EPSCs), have been observed at bipolar-to-ganglion cell synapses and RBC-to-AII-AC 

synapses in mouse, goldfish, and zebrafish retina.16–22 Results from previous studies suggest 

that the slow EPSC component signals mean luminance.9,23 The slower component of 

glutamate release may be due to the delayed fusion of a larger pool of vesicles in the upper 

rows of the ribbon.6,24,25 This delayed release of glutamate may also activate a pool of 

Ca2+-permeable AMPARs (CP-AMPARs) that are not directly adjacent to the ribbon.15,26,27 

Another proposal is that the fast component originates from release sites near the ribbon, 

where Ca2+ channels are clustered, and the slower component originates at non-ribbon 

release sites that are more distant to the ribbon Ca2+ channels.28–31 A dual-component EPSC 

also occurs at ribbon synapses between cones and horizontal or bipolar cells with a slow 

component that is reduced by gap-junction blockers32,33 but not in mouse RBC terminals.31

The origin of the slow EPSC component in AII-ACs thus remains unclear. Moreover, 

the prominence of the slow component in the evoked EPSCs in AII-AC recordings19 

contrasts with previous analyses that indicated a sometimes small or absent slow 

component.9,22,23,25,27,34 One hypothesis is that this difference may be due in part to 

developmental age and/or temperature, since several previous studies generally used younger 

animals at room temperature (RT). Therefore, in this study, we investigated how the 

physiological light response of AII-ACs and the presynaptic release properties of RBC 

terminals are shaped after eye opening at more physiological temperatures (PTs) in mouse 

retinal slices.

RESULTS

We first measured light-evoked EPSCs in AII-ACs activated by short light flashes of 

different durations at two developmental ages: shortly after eye opening (P16) and mature 

retina (P38). For whole-cell paired recordings between a single RBC and an AII-AC, we 

used young (P14–P20 mice) and more mature retina (P30–P44 mice). These groups are 

referred to as “young” and “mature,” respectively.

Characteristics of light-evoked EPSCs in AII-Acs

To investigate the kinetics of RBC ribbon-mediated exocytosis during physiological 

stimulation, we measured light-evoked EPSCs in AII-ACs under whole-cell voltage clamp 

while holding the cells at the chloride reversal potential (−70 mV). AII-ACs were targeted 

for recording based on the presence of a thick primary dendrite (see morphology in Figures 

2D, 3A, and 3B)26,35 and the characteristic shape and location of the cell bodies adjacent 

to the inner plexiform layer border. Intensity-response relations for EPSCs were measured 

over a range of light intensities, spaced approximately logarithmically between 0.17 and 340 

photons/μm2. Light-flash intensity was adjusted by changing the duration of the flashes up 

to a maximum of 20 ms.
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Light-evoked EPSCs displayed two kinetic components in both young (P16) and mature 

(P38) retinas. A fast component reached a negative peak in less than 100 ms followed by an 

inflection, after which the EPSC reached a second negative peak (Figures 1A–1C and 1F). 

The two components were evident in responses from individual cells (Figures 1A–1C, left 

column) and in the group averages (Figures 1A–1C, middle and right). The magnitudes of 

the two components as a function of the stimulus strength were estimated by measuring the 

peak inward current at fixed time points (red lines, Figures 1A–1C) and total charge early 

and late in the EPSCs. The early charge (QFast) and late charge (QSlow) are the areas under 

the EPSC before and after the blue line in Figures 1A–1C, respectively.

There was no significant difference between young and mature animals in the amplitude 

of the fast EPSC component (AFast) or in QFast (Figures 1D and 1E, upper graph). The 

maximum amplitude of the slow component (ASlow) was about 40% smaller in the young 

animals than in the mature animals (two-way ANOVA, p = 3.5 × 10−8); however, the 

magnitude of QSlow was not significantly affected (p = 0.096), possibly because the decrease 

in amplitude was offset by an increase in the duration of the EPSCs in the young animals 

(see Figure 1H). Analysis of the EPSC charge transfer shows that QFast represents less than 

10% of the total charge (Figure 1E), indicating that under physiological conditions, the 

slow temporal component will account for the bulk of synaptic release from the presynaptic 

RBCs.

We next normalized the amplitudes of the EPSCs to compare the sensitivity of the two 

components. Two-way ANOVA revealed that the intensity-response relation of ASlow was 

shifted to lower intensities relative to AFast. The half-maximal (half-max) light intensities 

obtained from the fits to the intensity-response relations (black and blue lines, Figure 

1D) indicate that ASlow was activated at intensities about 1 log unit lower than AFast 

at both developmental time points (Figure 1D; half-max intensities: mature, AFast 13.4 

photons/μm2, ASlow 1.6 photons/μm2, p = 2.6 × 10−8; young, AFast 6.0 photons/μm2, 

ASlow 0.7 photons/μm2, p = 5.6 × 10−9). These data also show that the half-max light 

intensities were about 2-fold lower in the young animals for both AFast and ASlow (two-way 

ANOVA, p = 0.023 and 0.025, respectively). Finally, we measured EPSC activation delay 

and duration as a function of flash intensity (Figures 1F, 1G, and 1H). The activation delay 

in the young and mature animals was indistinguishable (Figure 1G), while the duration was 

significantly longer in the young animals (two-way ANOVA, p = 0.0073), by about 40% 

at low intensities, converging to equality at the highest intensities (Figure 1H). Overall, the 

results point to differential development of the two EPSC components, with AFast reaching 

maturity before ASlow.

Depending on the light-adaptation level, AII-ACs can be electrically coupled to one another 

via gap junctions. Therefore, we considered the possibility that ASlow might represent 

temporally filtered currents through gap junctions from adjacent AII-ACs. The strength 

of such coupling is modulated by the light-adaptation state of the retina.36–39 Under 

low-scotopic and high-photopic conditions, the AII-AC network is minimally coupled, 

whereas over the intermediate operating range, the network becomes more extensively 

coupled. Under our scotopic recording conditions, we did not expect to see strong coupling; 

nonetheless, we performed experiments in mature AII-ACs in a Cx36-knockout (KO) mouse 
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to control for potential effects of coupling. If ASlow were due to synaptic current flowing 

in from adjacent coupled cells, then it should be selectively suppressed in the Cx36-KO 

animals. However, although the amplitudes of the EPSCs in the CX36-KO retinas were 

reduced relative to wild-type controls, AFast and ASlow were equally affected (maximum 

response reduced by 49% [p = 6.8 × 10−7] and 58% [p = 3.1 × 10−12], respectively). This 

result indicates that ASlow cannot be simply attributed to gap-junction inputs, consistent with 

the expectation that coupling between AII-ACs will be weak under our recording conditions.

When coupling is strong, adjacent AII-ACs can contribute a slow component to the 

light-evoked EPSC that does not reverse at positive voltages,40,41 because voltage-clamp 

control through the gap junctions is poor, and therefore, light stimuli will always produce 

a relative depolarization in gap-junction-connected AII-ACs. As an additional control for 

contributions from gap junctions, we measured current-voltage (I-V) relations for the net 

light-evoked EPSCs between −100 and +80 mV in both wild-type and Cx36-KO mice 

(Figure 2). Contrary to the expectations for a gap-junction-mediated current, the light-

evoked EPSCs displayed linear I-V relations and reversed at ~0 mV19 for both AFast and 

ASlow in both the wild-type and the Cx36-KO retinas (Figures 2A–2C). Strong gap-junction 

connectivity is also expected to reduce the input resistance (Rinput) of the AII-ACs. We 

measured the Rinput in wild-type and KO retinas by fitting a line to the leak current between 

−100 and −20 mV, and indeed, Rinput was higher in Cx36-KO mice (Figure 2E). Overall, 

these results indicate that gap-junction connectivity between AII-ACs is low under our 

scotopic conditions and that the slow EPSC component cannot simply be attributed to 

current flow through gap junctions. The dual-component responses seen in the AII-ACs also 

cannot be attributed to the properties of the photoreceptor inputs to the RBCs, since light-

evoked inputs to RBCs under similar recording conditions are characterized by monotonic 

responses that rise to a single peak without evidence for secondary processes.42 Moreover, 

the time to peak of responses in dark-adapted RBCs is similar to that seen for the slow 

component of the AII-AC EPSCs shown here.42 Therefore, we hypothesized that their origin 

lies in the properties of glutamate exocytosis from the RBC synaptic terminals to AII-ACs 

during postnatal development.

Developmental changes of RBC-driven EPSCs in AII-AC synapses

To directly investigate glutamate exocytosis from single RBCs, we made paired recordings 

in retinal slices from RBC and AII-AC somas. This allowed us to depolarize a single RBC 

and measure the resultant evoked EPSCs in an AII-AC at −70 mV. RBCs were targeted by 

their characteristic soma shape and position adjacent to the outer plexiform layer and their 

identity was confirmed by morphological examination after filling cells with fluorescent dye 

during the recordings (Alexa 594 hydrazide for RBC and Alexa 488 hydrazide for AII-AC; 

Figures 3A and 3B; see also method details in the STAR Methods). During the paired 

recordings, EPSCs in AII-ACs were evoked by depolarizing the RBC from −70 to −10 mV 

for 200 ms (Figures 3C and 3D). Remarkably, neither the amplitude nor the time course of 

the Ca2+ currents recorded in the RBCs changed significantly between the young and the 

mature groups (Figure 3C; amplitude of Ca2+ currents, 20.89 ± 2.92 pA for P14–P20, n = 7, 

and 21.59 ± 2.82 pA for P30–P44, n = 13, p = 0.818).
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Depolarization of the RBC evoked an EPSC in the AII-AC that had two components: a 

fast, transient component and a more delayed, sustained component. These two components 

have been attributed to synchronous and asynchronous release, which draw upon different 

pools of synaptic vesicles in the synaptic terminal.6,27,28 The amplitude of the fast and slow 

components of the evoked EPSCs in mature (P30–P44) versus young (P14–P20) age groups 

increased by 145% (p = 0.1271) and 201% (p = 0.0087), respectively (n = 11 for the young 

group, n = 19 for the mature group; Figure 3D). In addition, the onset delay of evoked 

EPSCs was significantly shorter in the mature age group (1.35 ± 0.06 ms in the young age 

group, n = 11, P14–P20; 1.05 ± 0.04 ms in the mature age group, n = 19, P30–P44, p = 

0.005; Figure 3D, inset). To determine whether there is a developmental switch at a specific 

time point or whether this change emerges more gradually, we also studied additional ages 

outside of the two main age groups (P21, P23, and P29). This analysis supports the idea 

that there is a gradual change in EPSC amplitude during development (Figure S1). This 

suggests that synaptic transmission at these synapses becomes faster and more robust during 

development after eye opening.10

To understand the mechanisms underlying the developmental change of evoked EPSCs, 

we also recorded spontaneous miniature EPSCs (mEPSCs) in both age groups (Figure 4) 

to determine whether the increase in evoked synaptic transmission is due to either (1) an 

increase in mEPSC quantal size or (2) an increase in the vesicle pool size with the same 

mEPSC quantal size. Spontaneous mEPSCs were recorded in control conditions and in the 

presence of 10 μM L-AP4 to completely suppress mGluR6-gated currents and thus reduce 

the probability of exocytosis resulting from tonic depolarization of RBCs (Figures 4Ai and 

Aii).14,43 The mEPSC amplitude distribution in both young and mature groups was well fit 

by a log-normal distribution function (Figure 4Bi):

Y (x) = A
X e− 1

2
ln(x/μ)
ln(σ)

2
.

The log-normal parameters μ (geometric mean) and σ (skewness) are shown in Table S1. 

Amplitudes (Figures 4Bi and 4Ci) and frequencies (Figures 4Bii and 4Cii) of mEPSCs 

were significantly decreased in the presence of 10 μM L-AP4 compared with control.14,43 

However, the mEPSC amplitude and their kinetics were not significantly different between 

age groups (Figures 4Aii, Ci and S2A; Table S1). Importantly, we observed that the 

frequency of spontaneous mEPSCs in the presence or absence of L-AP4 increased with age 

(Figure 4Cii), suggesting significantly more fusion-competent vesicles in mature synapses. 

To determine whether the mEPSCs in both age groups were univesicular events, we applied 

100 μM Cd2+ to block Ca2+ channels44,45 in RBC presynaptic terminals in the presence 

of 10 μM L-AP4. This additional application of 100 μM Cd2+ did not significantly change 

event amplitude, but the event frequency was greatly decreased (Figure S2). This suggests 

that the mEPSCs in the young and mature age groups in L-AP4 are indeed due to single-

vesicle fusion events rather than multivesicular events.

CP-AMPARs are expressed in rodent AII-ACs.15,27,46,47 Therefore, we tested the possibility 

that there was selective upregulation of CP-AMPARs during the developmental period 
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from P19 to P38.47 We used a selective antagonist of CP-AMPARs, IEM 1460 (IEM: 

an open channel blocker),48–50 to determine whether the fractional block of EPSCs in 

AII-ACs increased during development after eye opening. The antagonist IEM 1460 (60 

μM) blocked both fast and slow EPSC components almost completely (8.6% total charge 

remained after treatment, n = 9, p = 0.0151; Figure S3B). The evoked responses were 

partially restored after IEM washout (data not shown). However, there was no correlation 

between developmental age (P19–P38) and fractional block of EPSCs by IEM (r = −0.0261, 

p = 0.9468). This suggests that the proportion of CP-AMPAR expression in AII-ACs is not 

selectively upregulated after mouse weaning (P19–P20). Thus, CP-AMPARs likely carry the 

majority of the postsynaptic current in AII-ACs at the developmental time points tested.51,52

Temperature significantly changes the kinetics and amount of release from RBCs

Light-evoked responses are more robust near PTs (~32°C–35°C); however, many previous 

studies were performed at RT (~24°C).9,13,22,27,43 To examine the temperature dependence 

of synaptic function, we performed paired recordings at PT and RT. Temperature was 

initially maintained at PT (gray) and then lowered to RT (red) and raised back to PT (black 

in Figure 5A) over a 5–10 min period. The results were similar starting at RT and increasing 

to PT and then decreasing back down (data not shown). Presynaptic Ca2+ currents were 

decreased by 24.4% ± 12.9% (n = 6, p = 0.0057) at RT relative to PT in both young and 

mature age groups (25.0 ± 4.2 pA in young and 27.1 ± 13.5 pA in mature for PT; Figures 

5A and 5D). Standing leak currents were also regulated by temperature; the magnitude of 

the holding currents decreased reversibly at RT compared with PT (Figure 5A, bottom). 

The onset delay of the evoked EPSCs was slower at RT than at PT (1.89 ± 0.09 ms at 

RT, 1.16 ± 0.10 ms at PT, p = 0.0002, n = 8, P17–P34; inset in between Figures 5A and 

5B). As expected, the amplitude of the average mEPSC was smaller and the decay kinetics 

were slower at RT in both young and mature age groups (P17–P40; Figure 5C).51,53,54 In 

the mature age group, the average mEPSC amplitudes changed from 16.67 ± 1.00 pA at 

RT to 19.37 ± 1.12 pA at PT.43,51 The average charge transfer (fC) was not significantly 

different at RT (36.17 ± 12.22) compared with PT (32.47 ± 13.05) (p = 0.21, pairwise t test, 

Figure 5C; see Table S1 for another dataset at PT). The charge transfer of the fast and slow 

components of the evoked EPSC was significantly larger at PT relative to RT (176% ± 42% 

for fast [p = 0.146] and 255% ± 25% for slow [p = 0.004] component at PT, total charge [p 

= 0.011], pairwise t test, n = 8, P17–P40; Figures 5A and 5D). This indicates that the slow 

component is temperature sensitive and reduced at RT.

The smaller evoked-EPSC amplitudes could result at least in part from the temperature-

dependent reduction in the amplitudes of the mEPSCs and also from changes in release 

probability (Pr). To separate these two effects, we used a deconvolution analysis (see method 

details in the STAR Methods and Figure S4) to fit the evoked EPSCs based on observed 

mEPSCs and inferred release rates. When applied to evoked EPSCs recorded at RT and 

PT, the deconvolution analysis predicts that PT increases the rate of transmitter release 

(Figures 5A and 5C). The release rates (Figure 5B, top) were integrated and displayed as a 

cumulative release curve (Figure 5B, bottom) to illustrate the lower overall glutamate release 

at RT. The initial fast jump in the integral and slower secondary increase matched the fast 

and slow kinetics of evoked EPSCs shown in Figure 5A. Consistent with the amplitude 
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analysis, the deconvolution analysis also indicates that the slow release rate was more 

strongly affected by temperature (arrow in Figure 5B). Therefore, we conclude that the slow 

component of release likely plays a more prominent role at more PTs. Higher temperature 

thus increases the overall amount of exocytosis and the kinetics of glutamate release.53,54

Desensitization of postsynaptic CP-AMPARs by presynaptic exocytosis

The maximum amplitudes of light-evoked EPSCs were comparable to our depolarization-

evoked EPSCs in paired recordings (e.g., compare Figures 1 and 3). However, light-evoked 

EPSCs arise from the activation of several RBCs,55,56 while our paired recordings strongly 

depolarized a single RBC. The equivalent EPSC amplitudes suggest that the individual 

synapses are being driven much more strongly during the paired recordings. This raises 

the possibility of quantitative differences in synaptic dynamics during light-evoked (Figures 

1 and 2) and depolarization-evoked transmission (Figures 3, 5, and S3). For example, 

the deconvolution analysis assumes linear summation of mEPSCs and thus discounts 

the possibility of postsynaptic receptor desensitization or saturation.57,58 To control for 

potential effects of AMPAR desensitization, we repeated the deconvolution analysis during 

application of 50 μM cyclothiazide (CTZ), a blocker of AMPAR desensitization.6,59–61 CTZ 

had strong effects in both young (P18) and mature (P30) evoked EPSCs (Figures 6A and 

6E). The averaged amplitude of mEPSCs was increased in the presence of 50 μM CTZ in 

the young but not in the mature age group, and the decay became prolonged in both young 

and mature age groups (Figures 6B and 6F, insets).13,27,51 With mEPSCs and evoked EPSCs 

in the presence of 50 μM CTZ, we were able to perform deconvolution analysis in both age 

groups. Interestingly, desensitization of evoked EPSCs was weaker in the young compared 

with the mature age group. We suggest that desensitization was weaker in the young age 

group due to less glutamate release rather than due to changes in AMPAR composition 

during development (Figure S3). There was no significant change in presynaptic Ca2+ 

currents that could account for the increased EPSCs in the presence of CTZ (amplitude of 

Ca2+ currents, 19.67 ± 2.60 pA in control, 18.10 ± 1.82 ms in CTZ, P16–P43, p = 0.19, n = 

5).

Deconvolution analysis indicates that the increase in the mEPSC duration was not sufficient 

to account for the larger evoked EPSCs in the mature age group (Figure 6F, inset). An 

increase in the release rate was observed in the presence of CTZ, compared with control 

(black and gray traces compared with red traces shown in Figures 6A, 6E, 6B, and 6F). The 

deconvolution analysis thus shows evidence of postsynaptic AMPAR desensitization in the 

later phase of exocytosis in the mature compared with the young age group (paired ensemble 

average; Figures 6C and 6G). A large increase in glutamate release at mature synapses 

may explain this increase in AMPAR desensitization. Thus, blocking desensitization with 

CTZ reveals the actual vesicle release rates during depolarization. Note that even without 

CTZ our deconvolution analysis still shows the increase in total exocytosed vesicles during 

development in a grand ensemble average of all paired recordings (Figures 6D and 6H). 

These results also help us better understand the observed light-evoked EPSC time course in 

the AII-ACs, which displays a slowly developing secondary peak that is well separated from 

the initial fast peak (Figures 1 and 2),19 because the slow sustained component of the light 

response reflects the aggregate activation of many distinct RBC synapses.
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Paired-pulse ratio and presynaptic glutamate transporters

To gain insight into Pr, we next monitored the relationship between the kinetics of 

presynaptic Ca2+ currents and the EPSC amplitude with paired-pulse stimulation (Figure 

7A).6,27 This experiment shows that the paired-pulse ratio is small (<0.5) due to a strong 

paired-pulse depression (P34; Figure 7A). This suggests a high Pr for strong depolarizing 

pulses in the mature RBC. Indeed, Jarsky et al.34 have shown that 1 mM external Ca2+ 

is enough to saturate the EPSC amplitude, again suggesting that Pr is high at 34°C for 

P30–P40 RBC synapses. Assuming an average of 38 synaptic ribbons per mouse RBC, we 

estimate that a cluster of Ca2+ channels has 27/38 = 0.7 pA/ribbon, given our whole-cell 

Ca2+ current amplitudes at PT for a mature RBC (27.05 ± 13.52 pA; Figure 5). This 

suggests that maybe six to nine open Ca2+ channels per ribbon (with only one or two open at 

any given moment) are required to trigger the EPSC, assuming a single Ca2+ channel current 

of 0.4 pA34 and maximal open probability of L-type Ca2+ channels of around 0.2–0.3.62–64 

Thus, the multiple ribbon synapses from a mature RBC to a single AII-AC ensure robust and 

prolonged EPSCs with a relatively small amount of presynaptic Ca2+ influx. By contrast, the 

EPSCs are delayed, dispersed, and reduced in amplitude in young synapses, suggesting that 

Ca2+ nanodomains are not fully formed.34

Previous studies reported the expression of glutamate transporters in mammalian RBCs65–67 

and goldfish bipolar cell terminals.68 Thus, we tested the impact of glutamate transporter 

activity on the kinetics of EPSCs by applying 100 μM D,L-TBOA, a competitive blocker 

of glutamate transporters.17,69 Blocking glutamate transporters did not significantly affect 

the kinetics of the EPSCs in the AII-ACs,31 indicating that diffusional processes probably 

dominate the clearance of transmitter from the synaptic cleft (Figure 7B). In addition, we 

also noticed a slight increase in steady-state presynaptic Ca2+ currents and an increase in 

EPSC size (Figure 7B, inset). We suggest that (1) presynaptically, an outward transporter-

mediated current occurs during the depolarization of the RBC due to a slow sustained 

exocytosis such that the net size of inward currents in the RBC could be decreased in 

control, but increased in the presence of D,L-TBOA, and (2) postsynaptically, a reduction 

in glutamate clearance from the synaptic cleft with D,L-TBOA could perhaps activate more 

extrasynaptic AMPARs. During these experiments, we noted the presence of a transient 

outward current component at the onset of the Ca2+ current (see arrows and inset in Figure 

7B). This initial “notch” current was blocked during D,L-TBOA application,17,65 suggesting 

that it resulted mostly from the electrogenic activity of glutamate transporters in the RBC 

terminals. Consistent with this idea, the size of the notch correlated closely with the size of 

peak EPSC responses (see inset in Figure 7A). However, since protons are co-transported 

with glutamate, blocking transporters could also alter cleft pH, perhaps saturating proton 

binding sites on Ca2+ channels or altering pH dynamics.34,70,71 Interestingly, no initial 

notch responses were detected on the Ca2+ currents in some of the young age group 

recordings (P15–P17, data not shown), suggesting that presynaptic glutamate transporter 

location and/or function may be established only after more mature synaptic connections 

are made or the amount of glutamate release is reduced in young synapses and may not 

be enough to activate the glutamate transporters. We note that a recent study suggests no 

significant differences in glutamate transporter expression pattern during development.72
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DISCUSSION

Our main findings are that (1) the fast component of the light-evoked EPSC has a 

higher threshold than the slow sustained component; (2) the peak amplitude of the slow 

component of the light-evoked EPSC increases with age, whereas the fast component 

remains unchanged; (3) the mEPSC frequency increases greatly with age, but amplitude 

and kinetics do not change; and (4) the slow component of the EPSC in paired recordings 

increases with age and is highly temperature sensitive. Our data indicate that, although 

postsynaptic AMPARs in AII-AC dendrites are subject to desensitization (Figure 6), the 

sustained component of the light response and the evoked EPSCs in paired recordings 

both become larger with age after eye opening (Figures 1 and 3). Finally, our quantal 

deconvolution analysis indicates that the readily releasable pool of vesicles in RBCs also 

becomes larger during synaptic maturation.

The development of dual-component EPSCs after eye opening

Our findings indicate that synaptic strength increases in the mammalian retina after eye 

opening. In mouse primary visual cortex, neurons are already highly selective for visual 

stimuli at the time of eye opening, but extensive reorganization continues afterward.5,73,74 

Previous developmental studies have shown that the number of synaptic ribbons increases 

from P11 to P15 and further still at P21 in mouse ON bipolar cells.75 These changes 

mirror the increase in the fast and slow EPSC charge from P14–P20 to P30–P44 in paired 

recordings (Figure 3D). Synaptic ribbon numbers in adult RBCs vary from 36 in rat retina43 

to 24–53 in mouse RBCs.56,76,77 There are about 7–12 ribbon synapses between one RBC 

and one AII-AC in rat,43 but in mouse retina EM estimates indicate as many as 24–35 

ribbons from one RBC contact onto one AII-AC.56 This large number may underpin the 

robust dual-component EPSC of the mature synapse.

Our results show that spontaneous mEPSC frequency greatly increases with age (Figures 

4Bii and Cii), suggesting that vesicles become more fusion competent as the synapse 

matures. The amplitude distribution of mEPSCs was highly skewed to the left, because of 

the presence of large mEPSCs. In both the young and the mature groups, the distribution 

is well fit by a log-normal function (Figure 4Bi). In the presence of 10 mM L-AP4, the 

skewness parameter s for mature synapses decreased significantly from 1.58 to 1.35 (see 

Table S1), but the distribution was still better fit by a log-normal function than a symmetric 

Gaussian function. Additional application of 100 μM Cd2+ still left the distribution log 

normal (Figure S2), although mEPSC frequency was reduced. We thus suggest that single 

vesicles are released under 10 μM L-AP4. Interestingly, the single-quantum mEPSC 

amplitude distributions are Gaussian for P43 mossy fiber synapses, but they are highly 

skewed for immature P11 synapses.78 Our results are thus broadly consistent with large-

amplitude mEPSCs being due to coordinated multivesicular release due to stochastic 

openings of co-localized Ca2+ channels and docked vesicles.14,43,79

Our studies reveal two distinct release components during RBC synapse maturation. This 

phenomenon is more apparent at near PT, perhaps due to the increase in presynaptic 

Ca2+ currents (Figure 5A, top). Phasic and sustained exocytosis is also seen with Cm 

measurements in RBCs.80,81 The vesicle pool size was significantly enhanced at higher 
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temperatures, suggesting an increase in collision frequency of vesicles with the ribbon 

structure82 and/or more recruitment to non-ribbon release sites.31 We found that both evoked 

EPSC amplitudes (Figure 3) and the readily releasable pool of vesicles are significantly 

increased in more mature synapses, suggesting that ribbon synapse maturation leads to 

an enhanced capacity for continuous exocytosis. This could be achieved in part by co-

localization between Ca2+ channels and docked vesicles in mature synapses, given that we 

also observed that synaptic delay of evoked EPSCs becomes shorter in mature synapses 

(Figure 3D, inset).34

The mechanisms that generate the slow components of the dual-component EPSCs are 

not well understood. Full deletion of RIBEYE, the major ribbon-specific protein, severely 

reduced the fast and slow components of the EPSC.83 However, non-ribbon-mediated 

exocytosis has also been reported in bipolar cell terminals.28,29,31 In goldfish bipolar cell 

terminals, vesicle clusters have been observed at postsynaptic densities that are not ribbon 

associated.28,84–86

Light-evoked EPSCs at AII-ACs and their quantal content

AII-ACs make gap-junction connections with ON-type cone bipolar cells. Previous 

recordings from AII-ACs have indicated the presence of light-evoked currents arising from 

these gap-junction connections.41,87 We considered the possibility that these gap junctions 

might underlie the sustained component of the EPSCs in our recordings. A hallmark of such 

electrical synapses is that the I-V relation is non-linear, since the inputs cannot be reversed 

under voltage clamp (see Figure 1).41 It is worth noting that the background intensities used 

were higher, which will promote coupling.38 In contrast, the I-V relations in our recordings 

were essentially linear, with a reversal potential close to 0 mV, as expected for AMPAR 

channels. Moreover, the I-V relations in Cx36-KO mice and wild-type mice were similar. 

These findings provide compelling evidence against their being a strong input through 

gap junctions (Figure 2). Previous work has demonstrated the presence of CP-AMPARs at 

the RBC-to-AII-AC synapse, which should display a non-linear (rectified) I-V relation.27 

Rectification is due to voltage-dependent block of the channels by endogenous spermines.88 

It thus seems likely that endogenous spermines were dialyzed out of the cells during the 

whole-cell recording, resulting in a relatively linear I-V relation. Another possibility is 

that rectification is “diluted” by activation of extrasynaptic Ca2+-impermeable AMPARs 

that have linear I-V relations.89 The finding that the EPSC amplitudes were smaller in the 

Cx36-KO mice compared to wild-type mice was unexpected (Figures 1A, 1C, and 2D). It is 

possible that homeostasis changes the synaptic gain within the circuit when Cx36 is globally 

knocked out.90

What are the physiological roles of the fast and slow components of exocytosis from 

RBC terminals (Figures 3 and 6) that give rise to the transient and sustained light-evoked 

EPSCs in AII-ACs (Figures 1 and 2)? Previous analyses proposed that the sustained 

component encoded luminance and the fast component contrast.9,23 A key finding is that 

the threshold intensity for activation of the fast component of the light-evoked EPSCs 

in AII-ACs was about an order of magnitude higher than for the slow component, 

suggesting that the slow component may carry different information depending upon 
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luminance level. The rod pathway operates under two regimes. At visual threshold when 

photons are limiting, luminance is essentially zero, and RBCs pass single-photon signals 

to the AII-ACs. As ambient light intensity increases to middle to high scotopic levels, 

the continuous rain of photons generates a background luminance signal, and the RBCs 

signal both luminance and contrast. We propose that when single RBCs are detecting one 

or zero photons per integration time, the slow component of the transmitter release from 

RBCs carries the bulk of the visual signal. Indeed, in previous recordings of EPSCs from 

mouse AII-ACs at scotopic backgrounds a fast component was not evident; the responses 

appeared to be mediated entirely by the slow component.87 Our finding that the time 

course of the slow EPSCs in AII-ACs matches the time course of single-photon events 

in mammalian photoreceptors91,92 and bipolar cells93,94 suggests that the synapse may 

effectively implement a matched filter that more faithfully transmits the single-photon 

signals. The relatively high threshold for activation of the fast, transient component of 

transmitter release from the RBCs is consistent with the notion that this component 

signals contrast at middle to high scotopic levels, while the slow component now carries 

a luminance signal, as has been proposed.9,23 It is worth noting, however, that the previous 

paired recording experiments were performed at RT. Here, we show that evoked EPSCs have 

a strong temperature dependence. Therefore, the relative contributions to RBC signaling of 

the fast and slow components reflect in vivo conditions only at PTs.

We propose that the slower sustained component of the EPSCs would be able to generate 

reliable crossover glycinergic inhibition95–99 onto OFF cone bipolar cells in photopic 

conditions22,97 in addition to luminance signals to the retinal circuits. AII-ACs also form 

direct glycinergic synapses onto OFF ganglion cells.100–102 Therefore, the strength of 

crossover inhibition onto OFF cone bipolar cells or direct OFF ganglion cells would be 

increased by stronger excitatory inputs to AII-AC dendrites after eye opening.

What is the quantal content of the light-evoked EPSC? The single-quantum mEPSC charge 

is 27 fC (Table S1; holding at −70 mV and at PT). The EPSC evoked by a 20 ms light flash 

lasts about a second, and the QFast is 8 pC and QSlow is 100 pC (mature AII-AC; Figure 

1). The QFast is thus 296 quanta and QSlow is 3,703 quanta, so the total quantal content is 

~4,000 vesicles. This may be an underestimate due to AMPAR desensitization. The 200 ms 

depolarizing pulse in paired recordings has a quantal content at PT of about 220 vesicles 

(Figure 6H). Given that the light response lasts 5-fold longer and involves three or four 

predominant RBC inputs onto a single AII-AC,56 there appears to be a good agreement 

between our paired recordings and light-evoked EPSCs. By contrast, the quantal content of 

the OFF-light response in retinal ganglion cells is only 200 vesicles at RT in salamander.103 

Impressive amounts of vesicles are thus being released onto a single AII-AC with just a brief 

light flash.

Limitations of the study

In the presence of CTZ, mEPSC amplitudes increased, and their decay was substantially 

slower in the young age group (Figure 6B),13 whereas we did not observe a change in 

mEPSC amplitude in the mature age group (Figure 6F).51 Surprisingly, our results thus 

suggest that AMPAR desensitization may be more prominent in mature synapses that release 
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more glutamate than in young synapses. However, we note that CTZ not only blocks 

AMPAR desensitization, but it also increases receptor affinity.61

AMPAR saturation is another factor that limits EPSC amplitudes and, thus, estimates 

of vesicle pool size.104 Previous studies have suggested, however, that there may be no 

AMPAR saturation during the sustained phase of release.13,15,34 Imaging studies using 

genetically expressed fluorescent glutamate indicators may provide an alternative path 

toward further insights.105

STAR★METHODS

RESOURCE AVAILABILITY

Lead contact—Further information and requests for resources and reagents should 

be directed to and will be fulfilled by the Lead Contact: Mean-Hwan Kim 

(meanhwan@gmail.com).

Materials availability—No novel reagents were generated by this study.

Data and code availability

• Data reported in this paper will be shared by the lead contact upon request.

• Original codes to detect miniature EPSCs has been deposited at Github and is 

publicly available. Link is provided in the key resources table.

• 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

Animals—All the procedures were conducted in accordance with the guidelines approved 

by the Institutional Animal Care and Use Committee of Oregon Health & Science 

University. Mouse retinas were isolated from wild type mice (C57BL/6, Jackson Lab. or 

Charles River Lab.) and Cx36 knockout mice (generated using heterozygous crossing106) of 

either sex were housed in the OHSU Department of Comparative Medicine. The mice were 

deeply anaesthetized with isoflurane (Nova plus Pharmaceuticals) and decapitated before 

eye removal. Retinas were dissected free of the eyecup in carbogen-bubbled (95% O2, 5% 

CO2) Ames medium (US biologicals) at room temperature.

METHOD DETAILS

Light responses in AII-ACs—For recordings of light-evoked responses, vertical slices 

of mouse retina (~300 μm) were prepared using a custom-made tissue slicer. Animals 

were dark-adapted for 1–2 hours. Anesthetization and all subsequent procedures were 

performed under infrared illumination to preserve the adaptation state. During recordings, 

cells were visualized and targeted under infrared illumination; however, the preparation was 

periodically exposed to dim red illumination from an LED (620 nm peak emission) when 

electrodes were replaced. Slices were transferred to the recording chamber and perfused at 

a rate of ~2 ml/min with bicarbonate-buffered Ames medium (US Biologicals) continuously 
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bubbled with 95% O2, 5% CO2. Slices were viewed with an Olympus BX51 upright 

microscope fitted with a 40x/0.8 water immersion objective and infrared gradient contrast 

optics. AII-ACs were identified by their characteristic morphology and light responses. 

Light response recordings were performed at 32–33°C.

Patch electrodes were fabricated from thick-walled borosilicate glass to have a resistance of 

10–15 MΩ. The intracellular solution contained (in mM): K-methanesulfonate, 135; KCl, 

6; Na2-ATP, 2; Na-GTP, 1; EGTA, 1; MgCl2, 2; Na-HEPES, 5; and adjusted to pH 7.35 

with KOH. Alexa 488 or 594 hydrazide (50–100 μM) was added to these solutions for 

morphological identification of recorded cells. Whole-cell voltage-clamp recordings were 

made with a HEKA EPC-10 patch-clamp amplifier. To minimize possible contamination of 

the light-evoked currents with GABAergic or glycinergic currents,107 we set the holding 

potential to −70 mV, close to the predicted chloride equilibrium potential. Light responses 

were elicited by diffuse illumination at a peak wavelength of 525 nm, using a LED projected 

through the microscope eyepiece and focused onto the preparation. Flash intensities were 

varied by altering the duration of the flash from 0.01 to 20 ms, which are within the 

integration time of mouse rod photoreceptors (~200 ms).91 Light intensity was calculated 

using a UDT photometer (UDT Instruments, San Diego, CA, USA) and converted to 

photons/μm2.

Paired recordings between RBC and AII-AC—Slices (200–250 μm) were made from 

retina embedded in low melting temperature agarose (sigma type VIIA, 3% in Ames 

medium).108 Retinal slice was visualized using infrared-differential interference contrast 

(DIC) microscopy and a 60x water-immersion objective (Olympus). Whole-cell voltage-

clamp recordings were obtained using 7–12 MΩ pulled from thick-walled borosilicate glass 

(1B150F-4; World Precision Instruments) using vertical puller (Narishige, PP-830) and 

performed at room temperature (RT, ~24°C) or near physiological temperature (PT, ~34°C) 

in mesopic conditions. For fine control of bath temperature, the temperature feedback sensor 

was attached on the bottom of objective and continuously monitored during experiments. 

Alexa 488 hydrazide for AII-AC and Alexa 594 hydrazide for RBC (50–100 μM) were 

added to the pipette solution for morphological identification of recorded cells. Whole-cell 

voltage-clamp recordings were made with a HEKA EPC-9 double patch-clamp amplifier.

The intracellular solution for both RBC and AII-AC contained (in mM): CsCl, 50; 

Cs-gluconate, 50; TEA-Cl 10; HEPES, 28; ATP-Mg, 3; GTP-Na, 1; EGTA, 2; Phospho-

creatine, 10; pH 7.2 adjusted with CsOH. External bicarbonate-buffered Ames medium (US 

Biologicals) continuously bubbled with 95% O2, 5% CO2 was perfused. To reduce standing 

holding currents in mesopic condition, 10 μM L-AP4 was applied all the paired and mEPSC 

recordings.43 In addition, 100 μM picrotoxin, 50 μM TPMPA, 0.5 μM strychnine, 0.25 μM 

TTX was included in Ames medium to block GABAA, GABAC, glycine receptor currents 

and voltage-gated Na+ channel currents, respectively. Pipette series resistances (Rs) was 28.8 

± 10.2 MΩ in RBCs (mean ± s.d.; n = 12 cells) and Rs = 23.4 ± 4.1 MΩ in AII-ACs (mean ± 

s.d.; n = 10 cells) in paired voltage-clamp recordings.

For spontaneous mEPSCs recordings from AII-ACs, we used the same internal solution 

for paired recording described above or we used (in mM): Cs-gluconate, 126; HEPES, 10; 
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TEA-Cl, 5; Phospho-creatine, 5; ATP-Mg, 4; EGTA, 5; GTP-Na, 0.5; QX-314 Chloride, 4; 

pH 7.2 adjusted with CsOH. For the latter case 50 μM D,L-AP5 was also included in the 

external Ames medium, in addition to all the other blockers described above (i.e., 100 μM 

picrotoxin, 50 μM TPMPA, 0.5 μM strychnine, 0.25 μM TTX). This reduced the standing 

holding currents in mesopic condition in the AII-AC due perhaps to extrasynaptic NMDA 

receptors.51,52 Reported holding potentials were corrected for the liquid junction potential, 

which was calculated to be ~10 mV unless otherwise noted. Alexa 488 and 594 hydrazide 

fluorescent dyes were purchased from Invitrogen. Average pipette series resistance was 13.1 

± 2 MΩ in AII-ACs (mean ± s.d.; n = 33 cells) in mEPSCs voltage-clamp recordings.

Deconvolution of evoked EPSCs—Calculation of the instantaneous release rate was 

carried out using custom algorithms in Igor Pro (Figures 5, 6, and S4; Wavemetrics). For this 

calculation, it was assumed that the EPSC signal, s(t), is equal to the instantaneous release 

rate, ri(t), convolved with the quantal (single vesicle) event, q(t), plus a continuous noise 

term, n(t):

s(t) = q(t) ⋅ ri(t) + n(t)

(Equation 1)

Here, q(t) was determined for each cell and experimental condition as the average of several 

spontaneous mEPSCs detected by matched-filter analysis. Linear convolution is assumed, 

i.e., postsynaptic receptors are not desensitized or saturated during depolarization.27

The Fourier transform of the continuous release rate Rc(f)) was then approximated using the 

Wiener deconvolution method,

Rc(f) ≈ S(f)
Q(f)

Q(f) 2

Q(f)
2

+ 1
Φ(f)

(Equation 2)

where S(f) and Q(f) are the Fourier transforms of s(t) and q(t), respectively, and Φ(f) is the 

signal-to-noise power spectrum ratio. The power spectrum of the noise was determined from 

a baseline current recorded while the presynaptic cell was hyperpolarized. It was assumed 

that the noise statistics did not change during an evoked response. The power spectrum of 

the signal was justifiably assumed to be equal to that of the relatively low-noise estimation 

of q(t).

The continuous release rate was given by the inverse Fourier transform of Rc(f). We 

then calculated ri(t) from the continuous release rate by applying a modest threshold 

and integrating around the remaining inflection points. Integration intervals were taken 

as the midpoints between successive inflection points. Acceptable threshold values were 

determined by comparing the reconvolution (ri(t)*q(t)) with the original EPSC, a process 

which also served to validate this method (see Figure S4).
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Data analysis and statistics—mEPSCs detection (combined template and threshold 

routine) and analysis was done in IGOR Pro 8 and in Python (SciPy and NumPy libraries), 

using custom routines. It is based on a “sliding template method” with a detection threshold 

that is set above the baseline noise by 1 or 2 standard deviations.109,110 Statistical tests 

were done in GraphPad Prism 9. The two-tailed, pairwise, non-pairwise t-test, and two-way 

ANOVA were used to determine statistical significance. A value of p < 0.05 was considered 

significant. In figures asterisks denote statistical significance (*; p < 0.05). Reported values 

are mean ± standard deviation or standard error of mean (SEM). Off-line analysis of the data 

was performed with Igor Pro software (Wavemetrics), MATLAB (MathWorks), and Excel 

(Microsoft).

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Highlights

• The fast component of the light-evoked EPSC has a higher threshold than the 

slow component

• Spontaneous mEPSC frequency increases with age, but amplitude and 

kinetics do not change

• The EPSC charge in paired recordings increases with age and is highly 

temperature sensitive

• Synaptic vesicle pool size and AMPA receptor desensitization both increase 

with age
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Figure 1. Flash responses in mouse AII-ACs display fast and slow components
(A–C) EPSCs evoked by light flashes in young (P16), mature (P38), and mature Cx36-KO 

mice (P38). The left traces show EPSCs in a representative cell, and the middle traces show 

average EPSCs from several cells (n = number of cells). Shading shows standard deviation. 

Stimulus timing is shown at the top. The numbers to the left of the traces show the flash 

intensities in photons/μm2. The traces on the right show the average EPSCs on an expanded 

time base to better illustrate the two components. Red vertical lines show the measurement 

time points for the data points (with the corresponding symbols) in (D). The blue vertical 
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lines delineate “fast” and “slow” charge shown in (E). Fast charge is the integral from 0.2 s 

to the blue line. Slow charge is the integral from the blue line to 1.6 s.

(D) Amplitudes of the EPSCs at the two fixed time points shown in (A)–(C).

(E) Charge movement during the EPSCs over the intervals illustrated in (A)–(C). The 

smooth curves in (D) and (E) show fits to the Hill equation (see method details in the STAR 

Methods), with the half-max intensities indicated by the arrows on the x axes.

(F) Illustration of the measurement of the time-to-half-max (T1/2) and the EPSC width at 

half-max (half-width). Measurements were performed on a filtered version of the trace (red 

overlays) to obviate early threshold crossing due to current variance.

(G) T1/2 as a function of stimulus intensity for the three groups.

(H) Half-width as a function of stimulus intensity for the three groups. Solid lines show 

log-linear regression and indicate that the half-width increased exponentially as a function 

of stimulus strength. A two-way ANOVA (alpha = 0.05) revealed that the EPSCs in young 

retinas were significantly broader than in either the mature (p < 10−10) or the mature 

Cx36-KO EPSCs (p < 10−17). There was no interaction between EPSC duration and contrast 

in either comparison. Error bars shown in (D), (E), (G), and (H) are standard deviation.
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Figure 2. The current-voltage (I-V) relation of light-evoked inputs to AII-ACs
(A) Light-evoked postsynaptic currents (PSCs) at holding potentials of −80 to +80 mV in 

40 mV increments. The left-hand traces show an example cell; the right-hand traces show 

averages from a group of cells (n = number of cells). Shading shows standard deviation. 

Stimulus timing is shown at the top. Double-headed arrows show the difference currents for 

the respective symbols in (B) and (E).

(B) Average I-V relations (mean ± SD) for the cells shown in (A) and (C). I-V relations for 

the net light-evoked EPSC were measured at the time points shown by the corresponding 

symbols in (A) and (C).

(C) Data for a group of Cx36-knockout (KO) retinas (P38). Format is the same as in (A).

(D) Confocal projection of a Cx36-KO mouse AII-AC. Alexa 488 was included in the patch 

pipette during the recording, and the morphology was reconstructed afterward.

(E) I-V relations for the leak current (time points shown in A and C). The slopes of the solid 

lines, which represent the input conductance over the normal physiological range, were 1.3 

± 1.2 nS for wt and 1.1 ± 0.3 nS for Cx36. The difference in slopes was not statistically 

significant (p = 0.68, n = 6, with non-pairwise t test). Error bars shown in (B) and (E) are 

standard deviation.
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Figure 3. Maturation of evoked EPSCs at the RBC-to-AII-AC synapse
(A and B) Configuration of paired recordings between RBC and AII-AC in young (P19) 

and mature (P44) age groups. Alexa 488 (on the AII-AC, green) and 594 (on the RBC, red) 

were included at 50–100 μM in the patch pipette during recording. Images are maximum 

z projections taken with a spinning disk laser confocal microscope after recording. At the 

bottom are enlarged images from a single confocal plane. The overlapping green and red 

fluorescent signals indicate putative sites of synaptic contact. The scale bars (10 μm) shown 

in (B) are applicable to the horizontally aligned images in (A).

(C) Example of paired recordings at P15, P20, and P30. Depolarization of the presynaptic 

RBC soma from −70 to −10 mV for 200 ms resulted in an inward Ca2+ current (P20). The 

AII-AC soma was voltage clamped at −70 mV

(D) Averaged evoked EPSCs were compared between the recordings in young (n = 11) 

and more mature (n = 19) age groups. Peak (first; defined as the response within 30 ms of 

presynaptic depolarization) and slow sustained (second) current responses are shown in the 

averaged traces. The inset shows that onset delay is shorter in the more mature age group 

(black trace).

(E) The charge transfers for peak (first; p = 0.1219, Wilcoxon rank-sum test) and slow 

sustained (second; p = 0.005, Wilcoxon rank-sum test) current responses were compared in 

the two age groups (P14–P20, n = 11; P30–P44, n = 19). Note that the second charge is 

larger than the first by a factor of 2.5 for P14–P20 and a factor of 4 for P30–P44. Error bars 

indicate SEM.
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Figure 4. Maturation of spontaneous mEPSCs at the RBC-to-AII-AC synapse
(A) Representative recordings of mEPSCs in young (P14 example) and mature (P30 

example) age groups before (control condition) (i) and after (ii) 10 μM L-AP4 application. 

Dotted lines in (i) in both traces (P14, P30) indicate that the baseline holding current 

changes after 10 μM L-AP4, for comparison. Insets show the averaged mEPSC waveforms 

for all individual cells (in the L-AP4 condition; n = 6 cells in the young and n = 8 cells in the 

mature group). AII-AC somas were clamped at −70 mV.

(B) (i) Amplitude distributions of mEPSCs in young (P14–P18, n = 6: control [brown-red], 

19,868 events; L-AP4 [red], 9,306 events) and mature (P30–P40, n = 8: control (black), 

54,487 events; L-AP4 (gray), 31,175 events) groups, fitted by log-normal curves. Noise 

(dashed Gaussians) is shown for the two age cohorts in the L-AP4 condition. Inset shows 

the corresponding cumulative probability distributions. (ii) Interevent interval distributions 

for the same datasets, fitted by double-exponential curves, and corresponding cumulative 

probability distributions (inset).

(C) (i) Average mEPSC amplitudes in young (P14–P18, n = 6) and mature (P30–P40, n = 

8) age groups before (left) and after (right) L-AP4. (ii) Average mEPSC frequency for the 

same datasets with two additional cells in the young group (n = 8, total) that had frequencies 

below 0.1 Hz in control conditions. Data from these two cells were not included in (A), (B), 

or (Ci) due to insufficient number of mEPSCs.
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Figure 5. Temperature dependence of presynaptic Ca2+ currents and postsynaptic EPSCs
(A) Paired recordings were performed at room temperature (RT, 24°C) or at near 

physiological temperature (PT, 34°C). The temperature was initially set to PT (black), 

lowered to RT (red), and then raised back to PT (gray). Presynaptic Ca2+ currents and EPSC 

amplitudes were larger at PT compared with RT. Standing currents at −70 mV in AII-ACs 

became smaller at RT compared with PT. Dotted line indicates the zero current level.

(B) Instantaneous release rates and the integral of instantaneous release rates (i.e., 

cumulative vesicle releases) during step depolarization (n = 8, mean ± SEM, bottom) were 

calculated using deconvolution analysis (see method details in the STAR Methods). Note 

that the peak response, the slow sustained (second) response, and asynchronous releases 

were more prominent at PT (indicated by arrow). Onset delay was shorter at PT compared 

with RT (inset).

(C) Averaged mEPSC events are briefer at PT (black) than at RT (red). Because mEPSC 

amplitude and kinetics did not change with age, we show ages P17–P40 together.
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(D) The size of presynaptic Ca2+ currents (n = 6; p = 0.0178 with pairwise t test) and the 

total EPSC charge (n = 8; p = 0.0337 with pairwise t test) are larger at PT than at RT for 

mice ages P17–P34 (*p < 0.05). Error bars indicate SEM.
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Figure 6. Presynaptic release kinetics in the presence of 50 μM cyclothiazide (CTZ; blocker of 
AMPAR desensitization) in young and mature age groups
(A and B) Evoked EPSCs and instantaneous release rate obtained via deconvolution analysis 

that uses the averaged mEPSC response (inset). Data are from a young mouse (P15–P18; 

n = 5). EPSCs in the absence (black) and presence (red) of CTZ are shown. Peak control 

response in the absence of CTZ was scaled to the response in the presence of CTZ (gray 

superimposed trace in A).

(C and G) The integrals of the instantaneous release rates (i.e., cumulative vesicle releases) 

during step depolarization were calculated with deconvolution in the absence (black, based 

on the mEPSCs in the inset in B) and presence of CTZ (red, based on the mEPSCs in the 

inset in B) and are shown for young (P15–P18; n = 5) and mature (P30–P44; n = 4) ages. 

The paired ensemble average with mean (black and red lines) ± SEM (gray shade and light 

red color indicated) value is shown.
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(D and H) Total numbers of exocytosed vesicles were calculated by integrating the 

instantaneous release rate in all young (D; n = 11, P14–P20) and all mature (H; n = 14, 

P30–P44) age groups. The mean (black) ± SEM (gray shade indicated) values are displayed.

(E and F) Same as in (A) and (B) for more mature mice (P30–P44; n = 4). Arrows in (A) and 

(E) indicate the initial peak EPSC of the control to compare the change in peak responses 

in the presence of CTZ. Spontaneous mEPSCs were averaged in the absence and presence 

of CTZ in both age groups (inset). The averaged mEPSCs were calculated from the sample 

number: control (n = 747, black) and CTZ (n = 248, red) in the young (inset in B) and 

control (n = 8,625, black) and CTZ (n = 8,699, red) in the mature age groups (inset in F).
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Figure 7. Blocking glutamate transporters on the RBC terminals does not significantly change 
the kinetics of EPSCs
(A) Paired-pulse protocol reveals the correlation between presynaptic glutamate-transporter-

mediated currents on top of Ca2+ currents and EPSC sizes. The interval between two square 

pulses was 100 ms. Note that there is an initial notch on the Ca2+ currents elicited by the 

first pulse but not the second pulse (arrow), which did not elicit a large EPSC. The inset 

plots the paired-pulse ratio (stimulus duration, 200 ms; stimulation interval, 100 ms) for the 

relationship between initial notch size (defined by the difference between hump amplitude 

and steady-state current; second/first; Ca ratio) and EPSC peak size (second/first; EPSC 

ratio), indicating that there is a strong linear correlation (r2 = 0.66). The data are from 

P16–P35.

(B) A selective antagonist of glutamate transporters, D,L-TBOA (100 μM), blocks the notch 

in the first Ca2+ current. Glutamate-transporter-mediated currents thus produce the notch. 

The leak current was subtracted in presynaptic Ca2+ current traces in each case (control in 

gray; TBOA in black). The inset shows the clear difference in the Ca2+ currents; however, 

the two components of the EPSC were not significantly altered by 100 μM D,L-TBOA 

(bottom). The average sizes of the steady-state Ca2+ currents (last 50 ms of Ca2+ current 

amplitude) and the corresponding EPSC charges were not significantly different (bottom 

inset; n = 4). Error bars indicate SEM. Also note the heterogeneity of the amplitudes of the 
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second sustained component of the EPSC for the synapses shown in (A) and (B), although 

they come from mice of the same age (P34).
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KEY RESOURCES TABLE

REAGENT or RESOURCE SOURCE IDENTIFIER

Chemicals, peptides, and recombinant proteins

Ames medium w/ L-glutamate USBiologicals A1372

Potassium methanesulfonate Sigma-Aldrich 83000

Potassium chloride (KCl) Sigma-Aldrich P3911

Adenosine 5’-triphosphate (ATP) disodium Sigma-Aldrich A6419

salt hydrate

Guanosine 5’-triphosphate (GTP) sodium Sigma-Aldrich G8877

salt hydrate

Adenosine 5’-triphosphate (ATP) Sigma-Aldrich A9187

magnesium salt

Ethyleneglycol- bis(β-aminoethyl)-N,N,N’,N’-tetraacetic Acid 
(EGTA)

Sigma-Aldrich 324626

Tetraethylammonium chloride (TEA-Cl) Sigma-Aldrich T2265

Alexa 488 hydrazide Invitrogen A10436

Alexa 594 hydrazide Invitrogen A10438

Magnesium chloride (MgCl2) Sigma-Aldrich M8266

4-(2-Hydroxyethyl)piperazine-1- Sigma-Aldrich H3375

ethanesulfonic acid (HEPES)

Cs Gluconate Prepared in house

Cesium chloride (CsCl) Sigma-Aldrich C4036

Phosphocreatine di(tris) salt Sigma-Aldrich P1937

CsOH solution Sigma-Aldrich 232041

L-AP4 Tocris 0103

Picrotoxin Tocris 1128

TPMPA Tocris 1040

Strychnine hydrochloride Tocris 2785

Tetrodotoxin citrate (TTX) Abcam AB1200541MG

QX-314 Sigma-Aldrich 552233

IEM 1460 Tocris 1636

Cyclothiazide Tocris 0713

D,L-TBOA Tocris 1223

Cadmium chloride (CdCl2) Sigma-Aldrich 202908

D,L-AP5 Tocris 0105

Experimental models: Organisms/strains

wild type mice Jackson / Charles River Lab. C57BL/6 strain

Cx36 knockout mice In house C57BL/6 background strain

Software and algorithms

Igor Pro 8 Wavemetrics RRID:SCR_000325
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REAGENT or RESOURCE SOURCE IDENTIFIER

Prism 9 Graphpad RRID:SCR_002798

Illustrator Adobe RRID:SCR_010279

MATLAB R2017a MathWorks RRID:SCR_001622

Other

Resource website for the miniature EPSC detection This paper https://github.com/ADagostin/Igor-
Procedures/tree/main/Procedures
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