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Abstract

Photoreceptors have depolarized resting potentials that stimulate calcium-dependent release 

continuously from a large vesicle pool but neurons can also release vesicles without stimulation. 

We characterized the Ca2+ dependence, vesicle pools, and release sites involved in spontaneous 

release at photoreceptor ribbon synapses. In whole cell recordings from light-adapted horizontal 

cells (HCs) of tiger salamander retina, we detected miniature excitatory post-synaptic currents 

(mEPSCs) when no stimulation was applied to promote exocytosis. Blocking Ca2+ influx by 

lowering extracellular Ca2+, by application of Cd2+ and other agents reduced the frequency of 

mEPSCs but did not eliminate them, indicating that mEPSCs can occur independently of Ca2+. We 

also measured release presynaptically from rods and cones by examining quantal glutamate 

transporter anion currents. Presynaptic quantal event frequency was reduced by Cd2+ or by 

increased intracellular Ca2+ buffering in rods, but not in cones, that were voltage-clamped at −70 

mV. By inhibiting the vesicle cycle with bafilomycin, we found the frequency of mEPSCs declined 

more rapidly than the amplitude of evoked EPSCs suggesting a possible separation between 

vesicle pools in evoked and spontaneous exocytosis. We mapped sites of Ca2+-independent release 

using total internal reflectance fluorescence (TIRF) microscopy to visualize fusion of individual 

vesicles loaded with dextran-conjugated pHrodo. Spontaneous release in rods occurred more 

frequently at non-ribbon sites than evoked release events. The function of Ca2+-independent 

spontaneous release at continuously active photoreceptor synapses remains unclear, but the low 

frequency of spontaneous quanta limits their impact on noise.

Graphical Abstract

Photoreceptors have depolarized resting potentials that stimulate continuous Ca2+-dependent 

release. We found evidence for Ca2+-dependent spontaneous release in strongly hyperpolarized 

rods when Ca2+ channels should be minimally active and Ca2+-independent spontaneous release 

that persisted after blocking Ca2+ influx in both rods and cones. Ca2+-independent spontaneous 

release from rods occurred more often at ectopic sites than evoked release which clusters near 

ribbon-style active zones.
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Introduction

Neurons transmit signals by the evoked release of vesicles, triggered by cell depolarization 

and resultant opening of voltage-gated Ca2+ channels (Katz, 1969; Llinás, 1991; Schweizer 

& Ryan, 2006). In photoreceptors, release is regulated by the opening of L-type Ca2+ 

channels clustered beneath protein structures known as synaptic ribbons (Nachman-Clewner 

et al., 1999; Morgans, 2001; Mercer et al., 2011; Bartoletti et al., 2011; Van Hook & 

Thoreson, 2015). Neurons are also capable of spontaneous release that does not require 

depolarization. The functions and mechanisms of spontaneous release are not as well 

understood as those of evoked release and appear to vary among synapses (see reviews by 

Kaeser & Regehr, 2014; Kavalali, 2015; Schneggenburger & Rosenmund, 2015).

Postsynaptic properties of HC mEPSCs have been characterized in a number of species 

(Maple et al., 1994; Hirasawa et al., 2001; Cadetti et al., 2005; Feigenspan & Babai, 2015), 

but there has been limited study of the presynaptic mechanisms regulating spontaneous 

release from photoreceptors. Because photoreceptors maintain relatively depolarized 

membrane potentials allowing continuous Ca2+ channel activity, we considered that perhaps 

all spontaneous mEPSCs from photoreceptors might arise from Ca2+-dependent release. 

However, spontaneous mEPSCs have been found to persist in retinal HCs in the presence of 

Co2+ under nominally Ca2+-free conditions (Maple et al., 1994) suggesting a possible 

contribution from Ca2+-independent spontaneous release. Because functionally significant 

Ca2+ currents can also persist in photoreceptors under these conditions (Piccolino et al., 

1996, 1999; Piccolino & Pignatelli, 1996), we confirmed and extended these conclusions 

using additional blockers. In addition to measuring mEPSCs postsynaptically, we measured 

Cork et al. Page 2

Eur J Neurosci. Author manuscript; available in PMC 2017 August 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



spontaneous release presynaptically in photoreceptors by recording anion currents associated 

with glutamate transporter activity. This allowed us to distinguish spontaneous release from 

rods and cones and to determine if differences in mEPSCs were due to presynaptic or 

postsynaptic effects. The question of whether vesicle pools involved in spontaneous release 

overlap with pools involved in evoked release has been the subject of vigorous debate 

(Kaeser & Regehr, 2014; Kavalali, 2015; Schneggenburger & Rosenmund, 2015). Ribbon-

style synapses possess larger and more mobile vesicle pools than conventional synapses 

(Rea et al., 2004; Holt et al., 2004) and we also asked whether these vesicle pools overlap in 

photoreceptor synapses. Finally, we determined whether spontaneous release occurs at the 

same sites or different sites from evoked release.

Our experiments determined that there are three forms of basal release from rods and cones: 

1) Ca2+-dependent, evoked release driven by the voltage-dependent activation of L-type 

Ca2+ channels, 2) Ca2+-dependent spontaneous release that occurs at negative membrane 

potentials where Ca2+ channels should be inactive, and 3) Ca2+-independent spontaneous 

release that persists after inhibiting Ca2+ influx. Ca2+-independent spontaneous release 

events in rods occurred more often than evoked release at non-ribbon sites. The frequency 

and amplitude of mEPSC events declined more rapidly in the presence of a vesicular ATPase 

inhibitor than the amplitude of evoked EPSCs, consistent with a possible separation of 

vesicle pools involved in evoked and spontaneous release.

Materials and methods

Retinal slice

Retinal slice preparations were made using the retinae from 55 aquatic tiger salamanders 

(Ambystoma tigrinum; both sexes, 18–25 cm length; Charles Sullivan, Nashville, TN) 

following methods described by Van Hook and Thoreson (2013). The University of 

Nebraska Medical Center’s Institutional Animal Care and Use Committee approved all 

experimental procedures. Salamanders were housed in a tank of water maintained at 4–8 °C 

on a 12 h:12 h light-dark cycle. Salamanders are sacrificed 1–2 hours into the dark cycle 

following treatment with 0.25 g/L MS222 for 15 minutes. The eyes were then enucleated 

and the anterior segment and lens were both removed. A section of eyecup was placed 

vitreal side down onto a nitrocellulose membrane (5 × 10 mm; type AAWP, 0.8 μm pores; 

Millipore). The sclera, choroid and retinal pigment epithelium were gently separated from 

the retina in cold amphibian saline solution to isolate the retina. A razor blade tissue slicer 

(Stoelting Co.) was used to cut the isolated retina into 125-μm slices, which were then 

rotated 90 degrees and anchored to the recording chamber with vacuum grease. Dissections 

were performed under room lights. Retinal slices were visualized on an upright fixed-stage 

microscope (E600FN; Nikon) equipped with a long-working distance 60X (1.0 NA) water-

immersion objective. The tissue was superfused at ~1 ml/min with an oxygenated amphibian 

saline solution containing the following (in mM): 111 NaCl, 2.5 KCl, 1.8 CaCl2, 0.5 MgCl2, 

5 glucose, and 10 HEPES (pH 7.8; 240–245 mOsm). A 0 Ca2+ extracellular solution was 

prepared by adding 1 mM EGTA to a Ca2+-free extracellular solution in order to buffer any 

residual Ca2+.
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Electrophysiology and mEPSC analysis

Whole-cell patch clamp recordings from post-synaptic horizontal cells (HCs) were made 

using the retinal slice preparation described above. Patch pipettes with tip diameters of 1–2 

μm were pulled from borosilicate glass (1.2 mm outer diameter, 0.9 mm inner diameter, with 

internal filament; World Precision Instruments) on a Narishige PP-830 vertical puller. 

Pipettes had resistances of 12–20 MΩ when filled with a solution containing the following 

(in mM): 40 Cs glutamate, 50 Cs gluconate, 10 TEACl, 3.5 NaCl, 1 CaCl2, 1 MgCl2, 10 

MgATP, 0.5 GTP, 5 EGTA, and 10 HEPES (pH 7.2; 235–240 mOsm). Huxley-Wall 

micromanipulators were used to position pipettes such that the tip contacted the cell body, 

which was identified morphologically and from its position in the retinal layers. Once a 

giga-ohm seal was formed, gentle suction was used to rupture the patch. HCs were voltage 

clamped at −60 mV with a Multiclamp 700A amplifier (Axon Instruments) that was 

controlled by an Axon Instruments Digidata 1550 interface (Molecular Devices) and 

pClamp 10.4 software (Axon/Molecular Devices). Quantal mEPSCs in HCs were detected 

and analyzed using Minianalysis 6.0.7 (Synaptosoft, Inc., Decatur, GA). Horizontal cell 

mEPSCs were detected using an amplitude threshold of 1.5 pA and an area threshold of 1.5 

fC. Rod and cone presynaptic events were detected using an amplitude threshold of 1.5 pA 

and an area threshold of 4.5 fC. Spontaneously occurring glutamate transporter currents in 

rods and cones showed slow kinetics, so detection parameters were adjusted to identify these 

events over a longer time period. After automated detection, each mEPSC was evaluated 

individually by eye and the peak amplitude recalculated as necessary. Double peaks were 

analyzed using an algorithm within Synaptosoft that adjusts the baseline of the second peak 

by extrapolating the exponential decay of the first peak. For the large number of records 

analyzed for bafilomycin experiments in Fig. 5, we used automated detection without 

manual correction and a threshold of 2 pA. This yielded qualitatively similar results as 

manually curated analysis but with lower frequencies due to an under-counting of closely 

spaced events.

Presynaptic currents in rod and cone photoreceptors arising from activation of glutamate 

transporter currents were measured using a pipette solution that contained 90 mM potassium 

thiocyanate in place of the 40 mM Cs glutamate and 50 mM Cs gluconate (Picaud et al., 

1995; Szmajda & Devries, 2011). Use of thiocyanate enhanced the anion currents associated 

with glutamate transporter activation. Photoreceptors were voltage clamped at −70 mV. In 

some of these recordings, 10 mM BAPTA was also included in the pipette solution to buffer 

Ca2+.

Imaging

For imaging experiments with TIRF microscopy, isolated rod photoreceptors were used. The 

retina was dissected under infrared illumination and isolated in a standard amphibian saline 

solution. The tissue was kept in darkness to maintain rods in a depolarized state and 

incubated with a 10-kDa dextran-conjugated, pH-sensitive form of rhodamine (pHrodo, 500 

μg/ml; Invitrogen) for 3 min at 20°C. This brief incubation period loads a small fraction 

(~3%) of synaptic vesicles allowing individual vesicles to be visualized under TIRF 

illumination (Chen et al., 2013). After dye loading was complete, retinas were placed in a 

nominally Ca2+-free saline solution and exposed to light to limit further vesicle cycling. The 
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nominally Ca2+-free solution contained (in mM): 111 NaCl, 2.5 KCl, 5 MgCl2, 5 glucose, 

and 10 HEPES (pH 7.8). Next, the retina was prepared for dissociation by incubation with 

papain (30 U/ml; Worthington) plus cysteine (0.2 mg/ml) in this Ca2+-free solution for 35 

min at 20°C. The tissue was then washed and triturated using a fire-polished Pasteur pipette. 

The cell suspension containing isolated rods was transferred onto 1.78 refractive index glass 

coverslips (Olympus) coated with Cell-Tak (3.5 μg/cm2; BD Biosciences) 30 min prior to 

imaging. During TIRF imaging experiments, the tissue was maintained at room temperature 

in standard amphibian saline solution with the addition of Cd2+ (100 μM) to block Ca2+ 

channels plus dantrolene (10 μM) to block Ca2+-induced Ca2+ release (CICR). Imaging was 

done using a 1.65 numerical aperture objective (Apo 100X oil; Olympus) and a 561 nm 

solid-state laser (Melles Griot) was used to illuminate pHrodo-loaded vesicles. With total 

internal reflection, the 561 nm evanescent field had a length constant of 60 nm (Chen et al., 

2013). Fluorescence emission of pHrodo-loaded vesicles was collected through a 609 nm 

(54 nm wide) bandpass filter (Semrock) and imaged by an EMCCD camera at 40 ms/frame 

(Hamamatsu ImageEM) with a pixel size of 80 nm/pixel. Data were acquired and analyzed 

using MetaMorph software (Molecular Devices).

Imaging trials with pHrodo were conducted in isolated rods that were voltage clamped at 

−70 mV in the presence of Cd2+ plus dantrolene. In addition to the standard pipette solution, 

the patch pipette contained a RIBEYE-binding peptide with an N-terminal fluorophore, 

Hylite, (Hylite488-EQTVPVDLSVARPR, 80 μM) which allowed us to visualize synaptic 

ribbons. The peptide binds selectively to the ribbon protein, RIBEYE, through a PXDLS 

peptide sequence in the B domain of RIBEYE (Zenisek et al., 2004; Zenisek, 2008; 

Snellman et al., 2011). Fluorescently-labeled synaptic ribbons were visualized using 488-nm 

laser excitation and 525-nm emission. Ribbons are not located immediately adjacent to the 

rod membrane but sit atop the arciform density within invaginating ribbon synapses. To 

visualize HyLite488-labeled ribbons, we therefore elevated the incident angle of the 488 nm 

laser to allow light to penetrate the cell more deeply. We measured the distance between 

individual release events and the center of the nearest synaptic ribbon. In some instances, 

pHrodo-loaded vesicles approached the plasma membrane but were not released. Release 

events were distinguished from non-release departure events based on the more rapid decline 

in fluorescence following fusion and subsequent release of pHrodo. Release events were 

defined as a decline in peak fluorescence intensity exceeding 50% within the first frame and 

more than 80% within two 40-ms frames with a total decrease in fluorescence of >90% 

relative to baseline. These are more stringent criteria than used previously by Chen et al., 

2013.

Pharmacology

Unless otherwise noted, drugs were dissolved in amphibian saline solution and superfused 

over the slice preparations. Cadmium (CdCl2, 100–500 μM Sigma Chemicals) was used to 

block influx through Ca2+ channels. The ryanodine receptor blocker, dantrolene (10 μM), 

was used to block Ca2+ release from internal stores (Chen et al., 2014). Due to concerns 

about incomplete recovery after washout, each slice preparation was exposed to Cd2+ only 

once and then new slices were prepared for subsequent experiments. In some experiments, 
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retinal slices were incubated with 100 μM EGTA-AM (Life Technologies) for 2 hours to 

increase intracellular Ca2+ buffering prior to starting electrophysiological recordings

Analysis

Whole cell and paired recordings were analyzed with pClamp 10.4 software. Data were 

further analyzed and plotted with GraphPad Prism 4. Average values were reported as mean 

± SEM unless otherwise noted. Statistical significance was evaluated using two-tailed 

independent or paired Student's t tests and Bonferroni’s multiple comparison test with p < 

0.05. A Kolmogorov–Smirnov test (KS test) was used to compare cumulative frequency 

curves.

Results

HC mEPSCs persist when synaptic Ca2+ is reduced

The persistence of mEPSCs in bipolar cells following application of 2 mM Co2+ in 

nominally Ca2+-free solution suggests that there may be a mechanism for Ca2+-independent 

release of vesicles from photoreceptors (Maple et al., 1994). However, the effects of 

nominally Ca2+-free solutions on membrane surface charge can shift the activation of L-type 

Ca2+ currents to more negative potentials and thereby allow functionally significant currents 

to persist at the photoreceptor resting membrane potential even in the presence of Co2+ 

(Piccolino et al., 1996, 1999; Piccolino & Pignatelli, 1996). We therefore tested effects on 

HC mEPSCs of inhibiting Ca2+ channels with Cd2+ (100 μM) in which the blocking effect is 

due to pore block rather than surface charge effects as with Co2+ (Piccolino & Pignatelli, 

1996). CICR is an important contributor to release from rods (Suryanarayanan & Slaughter, 

2006; Babai et al., 2010; Chen et al., 2014) and so we also inhibited CICR with dantrolene 

(10 μM). In light-adapted retinas under control conditions, we consistently detected mEPSCs 

in HCs arising from spontaneous release events. HCs in salamander retina receive both rod 

and cone inputs (Thoreson et al., 2002; Zhang et al., 2006), so HC mEPSCs likely derived 

from both cell types. Fig. 1A shows a segment from a representative trace with multiple 

mEPSCs. Even in this light-adapted preparation, resting potentials of photoreceptors can be 

sufficiently depolarized to activate L-type Ca2+ channels in their synaptic terminals. If the 

spontaneous mEPSCs in control conditions were entirely due to Ca2+ entry and/or CICR, 

then application of Cd2+ plus dantrolene should completely abolish these events. Cd2+ (100 

μM) blocks rod Ca2+ currents (N = 4 rods, data not shown) and dantrolene (10 μM) blocks 

CICR in rods (Chen et al., 2014). We found that, although the frequency diminished 

considerably, a number of mEPSCs persisted in Cd2+ plus dantrolene. This is illustrated by a 

representative trace from the same cell in Fig. 1B. Fig. 1C and D show mEPSC amplitude 

distributions from the same cell in control and Cd2+ plus dantrolene conditions. In control 

conditions, mEPSCs in this HC averaged 4.03 pA in amplitude. While smaller than mEPSCs 

found at many conventional synapses, they were similar in amplitude to mEPSCs reported 

previously in salamander and mammalian HCs (Maple et al., 1994; Cadetti et al., 2005; 

Devries et al., 2006; Feigenspan & Babai, 2015). Application of Cd2+ plus dantrolene 

slightly reduced the mean amplitude of mEPSCs to 3.33 pA (Fig. 1 B and D). Much, if not 

all, of this amplitude reduction appears to be due to under-counting of small events when 
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release frequency is high and the presence of more large, presumably multiquantal, events in 

control conditions.

To compare kinetics of mEPSCs in control vs. Cd2+ plus dantrolene conditions, we analyzed 

~100 well-isolated events in both conditions to determine rise and decay time constants. In 

control, rise times averaged 1.72 ± 0.06 ms and decay times averaged 2.13 ± 0.13 ms. The 

rise and decay times in Cd2+ plus dantrolene did not differ significantly, averaging 1.73 

± 0.10 ms and 2.04 ± 0.29 ms respectively (rise P = 0.93, decay P = 0.75, unpaired t-tests).

We tested various blocking agents to examine sources of Ca2+ driving Ca2+-dependent 

spontaneous release. In control conditions, the frequency ranged from 23 to 245 Hz, 

averaging 115.2 ± 10.1 Hz (N=28; median = 114 Hz). In Cd2+ plus dantrolene, the 

frequency averaged 38.5 ± 10.7 Hz (N = 11 HCs), ranging from 3 to 119 Hz with a median 

value of 27.4 Hz that was lower than the mean. Application of 100 µM Cd2+ alone reduced 

frequency by a similar amount (37.0 ± 12.4 Hz, N=8; median = 26.8 Hz). A higher 

concentration of Cd2+ (500 µM) caused a somewhat greater reduction (14.5 ± 2.7 Hz, N=8; 

median = 15.8 Hz). To test the possibility that spontaneous release might be mediated by 

Ca2+ influx through other types of Ca2+-permeable channels that were not blocked by Cd2+, 

we applied a Ca2+-free solution plus EGTA (1 mM) to ensure removal of residual Ca2+ from 

the extracellular solution. With 0 Ca2+ extracellular solution, the frequency of mEPSCs was 

also reduced significantly relative to control (Fig. 2A, 24.5 ± 12.1 Hz, P < 0.05, N = 5 HCs, 

unpaired t-test), but was not significantly lower than Cd2+ plus dantrolene (P = 0.45, 

unpaired t-test). This suggests that influx through other Ca2+-permeable channels did not 

contribute significantly to spontaneous release. Consistent with this, combining Cd2+ (100 

µM) with Gd3+ (30 μM) to block Ca2+-permeable store-operated channels also did not 

further reduce mEPSC frequency (40.5 ± 9.4 Hz, P = 0.90, N = 7 HCs).

The amplitude of Ca2+-independent spontaneous release events in 100 µM Cd2+ (4.0 ± 0.37 

pA, N=8), 100 µM Cd2+ plus dantrolene (3.9 ± 0.68 pA, N=11), 500 µM Cd2+ (3.8 ± 0.35 

pA, N=8), 100 µM Cd2+ plus 30 µM Gd3+ (3.8 ± 0.27 pA, N=7), and 0 Ca2+ plus 1 mM 

EGTA (3.2 ± 0.33 pA, N=5) conditions were smaller than control mEPSC amplitudes (4.8 

± 0.34 pA, N=28) but these differences did not attain statistical significance. As mentioned 

above, these smaller amplitudes were at least partly due to difficulties in detecting small 

events when release occurred at high frequency and a higher frequency of large, presumably 

multiquantal, events in control conditions.

The residual release seen in conditions where Ca2+ influx was blocked shows that there is a 

component of spontaneous vesicle release from photoreceptors that does not require Ca2+ 

influx through membrane channels. Photoreceptor synapses employ an exocytotic Ca2+ 

sensor with an unusually low Ca2+ threshold of only ~400 nM (Thoreson et al., 2004; 

Duncan et al., 2010). We therefore tested whether basal levels of intracellular Ca2+ may be 

sufficient to drive vesicle release. After incubating retinas in EGTA-AM (100 μM) for 2 

hours, the frequency of mEPSCs was reduced significantly (Fig. 2A, 67.2 ± 16.0 Hz, P 

<0.05, N = 10 HCs, unpaired t-test). The addition of Cd2+ plus dantrolene to slices incubated 

in EGTA-AM reduced mEPSC frequency to levels similar to those observed after 

application of Cd2+ plus dantrolene in untreated slices (Fig. 2A, 35.3 ± 12.0 Hz, N = 9 HCs). 
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Nanodomains of Ca2+ were unlikely to be responsible for the remaining release, since these 

should be abolished by blockade of Ca2+ channels with Cd2+.

Another possible mechanism by which extracellular Ca2+ has been shown to trigger 

spontaneous release is by activation of Ca2+-sensing receptors (Vyleta & Smith, 2011). We 

tested a positive allosteric modulator for Ca2+-sensing receptors, calindol (5 μM) and 

observed no significant effect on mEPSC frequency (KS test, P = 0.81, N = 6) or amplitude 

(Kolmogorov Smirnov test, P = 0.70, N = 6). Furthermore, such a mechanism cannot explain 

the persistence of mEPSCs in 0 Ca2+ extracellular solution.

mEPSCs result from glutamate release by rods and cones

In addition to producing post-synaptic currents in HCs, the release of glutamate-filled 

vesicles from photoreceptors activates glutamate transporters on their presynaptic terminals 

(Picaud et al., 1995; Grant and Werblin, 1996). Activation of glutamate transporters 

generates anion currents that can be used to detect release events presynaptically. To enhance 

glutamate transporter anion currents, we recorded from rods and cones using a patch pipette 

solution containing thiocyanate as the primary anion (Szmajda & Devries, 2011). In rods 

voltage clamped at −70 mV with this pipette solution, we observed spontaneous, transient 

inward currents (Fig. 3). Consistent with earlier studies on transporter anion currents in 

salamander photoreceptors (Grant and Werblin, 1996), presynaptic events were blocked by a 

glutamate transport inhibitor, TBOA (100 μM; N = 4; Fig. 3A). Application of Cd2+ (100 

μM; Fig. 3B) significantly reduced the frequency of rod presynaptic events relative to 

control conditions (14.8 ± 1.2 Hz control, N = 23; 9.4 ± 1.4 Hz Cd2+, N = 13; unpaired t-

test, P = 0.009; paired t-test P = 0.0012, N = 6 rods). Fewer large events were observed in 

Cd2+ (Fig. 3C), but the overall mean amplitude of rod presynaptic events was not reduced 

significantly (Fig. 3D, 6.4 ± 0.6 pA control, N = 23; 5.9 ± 1.5 pA Cd2+, N = 13; unpaired t-

test, P = 0.58; paired t-test P = 0.30, N = 6 rods). The frequency of presynaptic events was 

also reduced significantly by including 10 mM BAPTA in the patch pipette solution to buffer 

intracellular Ca2+ (Fig. 3D; 5.9 ± 1.5 Hz, N = 9, P=0.003, unpaired t-test). Event amplitude 

was not significantly altered (4.8 ± 0.4 pA, P=0.39, unpaired t-test). As illustrated by the 

average event waveforms (Fig. 3E), rise and decay times were slightly faster in Cd2+ (10–

90% rise time: control, 4.00 ± 0.47 ms; Cd2+, 2.57 ± 0.36 ms; P = 0.0435. Decay time: 

control, 4.59 ± 0.49 ms, Cd2+, 2.79 ± 0.35 ms, P = 0.0148). Large events showed slower 

kinetics than small events in rods and so this difference was at least partly due to the 

occurrence of fewer large events in Cd2+. The reduction in event frequency produced by 

Cd2+ indicates that some of the spontaneous release events in rods that were voltage-

clamped at −70 mV were Ca2+-dependent events triggered by occasional openings of Ca2+ 

channels that can occur even at this very negative membrane potential. The events that 

remained after blocking Ca2+ channels with Cd2+ were due to Ca2+-independent release. 

Cd2+ caused a greater reduction in the frequency of HC mEPSCs because, unlike 

measurements of rod transporter currents, photoreceptors were not voltage-clamped in those 

earlier experiments, allowing for a greater frequency of presynaptic Ca2+ channel openings.

These presynaptic recordings showed that Ca2+-independent events can originate from rods. 

In salamander retina, HCs receive mixed inputs from both rods and cones (Zhang et al., 
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2006), so we used presynaptic recordings to test whether cones were also capable of Ca2+-

independent vesicle release. As with rods, we observed quantal presynaptic glutamate 

transporter anion currents in cones voltage-clamped at −70 mV under control conditions and 

these presynaptic events were abolished by TBOA (100 μM; N = 6; Fig. 4A). Application of 

Cd2+ (100 μM) blocked cone Ca2+ currents (N = 6 cones) but presynaptic quantal events 

persisted (Fig. 4B). Unlike rods, the average frequency of presynaptic events in cones was 

not reduced significantly by application of Cd2+ (Fig. 4D; 12.6 ± 0.77 Hz control; 10.4 ± 1.6 

Hz Cd2+; paired t-test P = 0.35, N = 6 cones). There was also not a significant change in the 

amplitude of cone presynaptic events (Fig. 4C-D; 6.96 ± 0.54 pA control; 7.57 ± 1.38 pA 

Cd2+; paired t-test P = 0.69, N = 6 cones). Introducing 10 mM BAPTA into cones through 

the patch pipette also did not significantly reduce event frequency (14.4 ± 1.51 Hz, N=7, 

unpaired t-test, P=0.32) or amplitude (8.03 ± 1.01 pA, P=0.39, unpaired t-test, Fig. 4D). 

These data suggest that most of the spontaneous release events observed in cones voltage-

clamped at −70 mV are Ca2+-independent. The kinetics of presynaptic events in cones were 

slower than those in rods (10–90% rise time, 8.25 ± 0.26 ms; decay time, 12.1 ± 1.23 ms, N 

= 6 cones; Fig. 4E), which may reflect rod-cone differences in the locations of glutamate 

transporters relative to release sites (Vandenbranden et al., 2000; Hasegawa et al., 2006; 

Rowan et al., 2010). Event kinetics in cones did not change significantly in Cd2+ (Cd2+: 10–

90% rise time, 7.94 ± 0.61 ms, P = 0.37, paired t-test; decay time, 10.8 ± 1.53 ms, P = 0.68; 

Fig. 4E).

Independence of vesicle pools involved in spontaneous and evoked release

There is evidence at some synapses that spontaneous release may involve different pools of 

synaptic vesicles than evoked release (Kaeser & Regehr, 2014; Kavalali, 2015; 

Schneggenburger & Rosenmund, 2015). To examine this question, we used an approach 

similar to Sara et al. (2005) and inhibited vesicular ATPase activity with bafilomycin, which 

in turn inhibits glutamate refilling of vesicles. We compared the rates of decline in evoked 

EPSCs and spontaneous mEPSCs during bafilomycin application. To evoke EPSCs, we 

obtained paired whole cell recordings from a rod and post-synaptic HC and then stimulated 

the rod with a depolarizing voltage step (−70 to −10 mV, 100 ms) at one-minute intervals. 

As illustrated in Fig. 5A and B, a depolarizing voltage step applied to rods typically evokes 

an initial fast EPSC followed by slower EPSC components. The initial fast component has 

been shown to be due to release from synaptic ribbons (Chen et al., 2013, 2014). The second 

slower component is primarily due to non-ribbon release driven by CICR (Chen et al, 2014). 

Slow EPSC components can also arise from release by neighboring rods stimulated by the 

flow of depolarizing current through gap junctions (Cadetti et al., 2006; Chen et al., 2014). 

We reduced release from neighboring coupled rods by hyperpolarizing them with use of a 

bright background light (Chen et al., 2014; Van Hook & Thoreson, 2015). Figs. 5C and D 

plot the amplitude of the fast, ribbon-mediated component (C) and the second, slower, non-

ribbon component (D) as a function of time. In control conditions, EPSCs exhibited 

rundown during paired recording, with the faster ribbon-mediated EPSC component 

showing more rapid rundown than the slower component. Applying bafilomycin (7 μM) 

slightly accelerated the decline in both fast and slow EPSC components (comparing the 

change in normalized EPSC amplitude of the first 3 vs. last 3 responses from rod/HC pairs 

in control N=9 vs. bafilomycin N=8: peak 1, P = 0.65; peak 2, P=0.44, unpaired t-tests). HC 
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mEPSCs were collected in 10 s trials while the rod was voltage clamped at −70 mV. EPSC 

and mEPSC trials alternated every 30 s. Bafilomycin caused a significantly more rapid 

decline in both frequency (Fig. 5E) and amplitude (Fig. 5F) of spontaneous mEPSCs 

(comparing the normalized frequency and amplitude from the first 3 vs. last 3 records in 

control vs. bafilomycin: frequency P < 0.04, amplitude P < 0.04, N = 7 HCs bafilomycin, N 

= 8 HCs control, unpaired t-test). The decline in mEPSC amplitude involves incomplete re-

filling of vesicles following their turnover (Cavelier & Attwell, 2007), which might also 

contribute to a decrease in release probability (Rost et al., 2015). If the pools involved in 

spontaneous and evoked release mixed thoroughly, then one would predict that treatment 

with bafilomycin should produce an equally rapid decline in both EPSCs and mEPSCs. The 

finding that the amplitude and frequency of spontaneous mEPSCs were reduced more 

rapidly than evoked EPSCs is thus consistent with the suggestion that vesicle pools involved 

in spontaneous and evoked release may be partially distinct from one another.

Spontaneous release can occur at ribbon and non-ribbon sites

Evoked release appears to occur only at ribbons in cones (Snellman et al., 2011; Van Hook 

& Thoreson, 2015) and so the persistence of spontaneous events in cones following 

application of Cd2+ suggests that Ca2+-independent release can occur at ribbons. In rods, 

evoked release can occur at both ribbon and non-ribbon sites (Chen et al., 2013; Zampighi et 

al. 2011). In rods, but not cones, Ca2+ channel openings can trigger non-ribbon release by 

activating Ca2+-induced Ca2+ release (CICR) (Križaj et al., 1999; Cadetti et al., 2006; 

Suryanarayanan & Slaughter, 2006; Babai et al., 2010; Chen et al., 2014). We visualized 

sites of Ca2+-independent release in isolated rods using TIRF microscopy as described by 

Chen et al. (2013). After enzymatic isolation of individual rods, the synaptic terminal at the 

end of a thin axon settled and sometimes adhered to the glass coverslip, making it amenable 

for TIRF. We did not study cones because their synapses are located at the base of the cell 

body and rarely adhered to the coverslip as needed for TIRF. To visualize individual release 

events, vesicles within rod terminals were loaded with a 10-kD dextran-conjugated pH-

sensitive form of rhodamine (pHrodo). This dye fluoresces in the acidic conditions within a 

vesicle, but its fluorescence is quickly quenched when exposed to the slightly alkaline 

extracellular medium. We incubated dark-adapted retinas for 3 minutes with the dye to load 

approximately 3% of the vesicles in a rod, allowing us to visualize individual vesicle fusion 

events (Chen et al., 2013). We measured Ca2+-independent spontaneous release events in 

voltage-clamped rods (−70 mV) in the presence of Cd2+ (100 μM) plus dantrolene (10 μM) 

to block influx through Ca2+ channels and efflux from internal stores. To identify ribbon 

locations, we introduced a ribbon-targeted peptide (80 µM) conjugated to the fluorophore, 

HiLyte488, through a patch pipette. The evanescent field used for imaging of pHrodo-filled 

vesicles had a length constant of 60 nm. However, ribbons sit atop the arciform density 

within the invaginating synapse and were thus often not visible within this narrow 

evanescent field (Chen et al., 2013). To visualize HyLite488-labeled ribbons, we therefore 

elevated the incident angle of the 488 nm laser to allow light to penetrate the cell more 

deeply. As a rule, fluorescently-labeled ribbons were located deeper in the cell than sites of 

release visualized using pHrodo fluorescence, consistent with release occurring at the base 

of the ribbon (Vaithianathanet al., 2016). Synaptic terminals flatten out on the glass and so 

some of the ribbons that we observed may have faced upwards away from the membrane on 
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the glass. In Fig. 6A, one can see the faint fluorescent footprint of a rod terminal membrane 

pressed against the coverslip. Part of the axon and soma are also visible. Two fluorescently-

labeled ribbons appear as adjacent bright spots in the upper right of the terminal. Small 

white circles mark the locations of individual Ca2+-independent spontaneous vesicle release 

events observed in the presence of Cd2+ plus dantrolene. A few of these events occurred 

beneath the ribbons but others occurred some distance away (Fig. 6A).

We observed 66 release events in 9 rod terminals. These events were acquired from a total of 

106 trials (6–18 trials/cell) at 400 frames/trial and 40 ms/frame. Assuming 3% of vesicles 

were loaded with dye, this suggests an observed release frequency in Cd2+ and dantrolene of 

1.3 Hz. Only a portion of the terminal membrane area is attached to the glass and thus 

visible by TIRF microscopy, so the total release rate in each terminal would be more than 

twice as great, in rough agreement with electrophysiological rate measurements made from 

individual rods which have an average of 1.6 terminals apiece (Thoreson and Van Hook, 

2015). We plotted the distance from each individual release event to the nearest ribbon (Fig. 

6B). The distance from a release event to the center of its nearest neighbor ribbon averaged 

1.80 ± 0.14 μm (N = 66 events in 9 rods). The length of HiLyte488-labeled ribbons along the 

X-Y plane averaged 0.47 ± 0.06 μm (N = 28 ribbons). The maximum possible distance 

between release events and the nearest ribbon is limited by the size of the synaptic terminal 

footprint on the glass. We found that more than 60% of release events occurred at locations 

more than 1 μm away from the nearest synaptic ribbon. By comparison, >80% of release 

events evoked by a strong depolarizing step occurred within 1 μm of ribbons (Chen et al., 

2013). More distant annular rings have larger surface areas for fusion and so we converted 

distance measurements into radial density distributions. The highest density of release events 

occurred 1–1.4 µm from a ribbon (Fig. 6B). These data indicate that Ca2+-independent 

spontaneous release can occur at both ribbon and non-ribbon sites in rods and that non-

ribbon sites appear to be responsible for a large fraction of spontaneous release events.

Discussion

Mechanisms of Spontaneous Release

There is evidence for both Ca2+-dependent and Ca2+-independent components to 

spontaneous release in various neurons (Kaeser & Regehr, 2014; Kavalali, 2015; 

Schneggenburger & Rosenmund, 2015). A number of studies have found that spontaneous 

release depends upon intracellular Ca2+, although the sources of Ca2+ can vary. Ca2+ entry 

through a variety of Ca2+-permeable ion channels can contribute to spontaneous release. 

Spontaneous release can be reduced substantially by introducing the Ca2+ chelators BAPTA 

or EGTA into neurons (Xu et al., 2009; Goswami et al., 2012; Ermolyuk et al., 2013; 

Schneider et al., 2015). Antagonism of voltage-gated Ca2+ channels in cortical and 

cerebellar neurons reduced spontaneous release by about 50% (Goswami et al., 2012; 

Williams et al., 2012). In brainstem neurons, Ca2+ influx through tonically active TRPV1 

receptors accounted for a substantial fraction of spontaneous release (Shoudai et al., 2010; 

Peters et al., 2010). Activation of Ca2+-permeable P2X2 receptors (Khakh, 2009) and release 

of intracellular Ca2+ from internal stores can also trigger spontaneous mEPSCs (Emptage et 

al., 2001; Xu et al., 2009). However, other studies have found that spontaneous release does 
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not always require elevation of intracellular [Ca2+]. For example, blocking voltage-gated 

Ca2+ channels did not alter spontaneous release in CA3 neurons (Scanziani et al., 1992). In 

neocortical neurons, spontaneous release was found to depend on Ca2+-sensing G protein-

coupled receptors that are activated by extracellular rather than intracellular Ca2+ (Vyleta & 

Smith, 2011).

Vertebrate photoreceptors do not exhibit fast sodium-dependent action potentials but instead 

vary their membrane potential continuously with changes in light intensity and the state of 

adaptation. The resting membrane potential of rods and cones is near −40 mV in darkness, 

stimulating the opening of Ca2+ channels and driving continuous release of vesicles. As 

expected, we found that inhibiting Ca2+ influx caused a decrease in mEPSC frequency. 

However, it did not eliminate release. We observed spontaneous quantal glutamate 

transporter currents in rods and cones that were voltage clamped at −70 mV, where L-type 

Ca2+ channels generally remain in the closed state. In rods, these currents were further 

reduced in frequency, but not eliminated, by blocking Ca2+ channels with Cd2+. These data 

suggest that there are three forms of basal release from photoreceptors: 1) Ca2+-dependent, 

evoked release driven by the voltage-dependent activation of L-type Ca2+ channels, 2) Ca2+-

dependent spontaneous release that can occur in rods even when they are hyperpolarized to a 

potential where Ca2+ channels are normally closed, and 3) Ca2+-independent spontaneous 

release that persists after inhibiting Ca2+ influx with Cd2+ or Ca2+-free extracellular 

solutions. The mEPSCs that remain after blocking influx of Ca2+ are due to a Ca2+-

independent release mechanism that does not require Ca2+ influx, Ca2+ release from 

intracellular stores, or high basal levels of intracellular Ca2+.

Some studies suggest that different molecular mechanisms mediate evoked and spontaneous 

release, whereas others suggest that the same mechanisms may mediate both (Deitcher et al., 

1998; Deak et al., 2006; Glitsch, 2008; Smith et al., 2012; Kaeser & Regehr, 2014). The 

original hypothesis to explain the origins of spontaneous release was that it might occur 

through SNARE-mediated membrane fusion driven by Ca2+-independent, thermodynamic 

changes in SNARE conformation. But it has also been proposed that a special Ca2+ sensor 

such as Doc2 may mediate Ca2+-dependent spontaneous release (Groffen et al., 2010). Doc2 

might also be involved in Ca2+-independent spontaneous release (Pang et al., 2011). 

Although its molecular identity remains unclear, the sensor that mediates exocytosis at 

photoreceptor synapses shows an unusually high Ca2+ affinity and low cooperativity 

(Thoreson et al., 2004; Duncan et al., 2010), properties that are similar to the sensor thought 

to mediate asynchronous and spontaneous release at other synapses (Lou et al., 2005; Sun et 

al., 2007). It has also been suggested that distinct SNARE proteins, such as the non-

canonical SNAREs VAMP7 (Hua et al., 2011) and Vti1a (Ramirez et al., 2012) may mediate 

spontaneous release (Hua et al., 1998; Scheuber et al., 2006). Differences in SNARE 

configurations caused by different SNARE isoforms or associated proteins might alter the 

preference for spontaneous or evoked release (Maximov et al., 2009; Buhl et al., 2013) by 

altering the domain structure of the SNARE complex (Weber et al., 2010). For example, the 

expression of complexin 3/4 subtypes at ribbon synapses constrains ongoing spontaneous 

release from bipolar cells (Vaithianathan et al., 2013, 2015). Thus, while multiple molecular 

mediators for spontaneous release have been proposed, a definitive mechanism is not 

currently known.
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Characteristics of Ca2+-independent Spontaneous Release

Evoked and spontaneous release can occur at distinct sites. Imaging of release events at 

individual Drosophila neuromuscular junctions showed that evoked and spontaneous release 

can occur at spatially distinct synapses (Melom et al., 2013; Peled et al., 2014). In 

hippocampal neurons, different populations of NMDA receptors respond to evoked and 

spontaneous release (Atasoy et al., 2008) suggesting spatial separation of the two forms of 

release. TIRF imaging studies of single vesicle release at retinal bipolar cell synapses 

showed that evoked release events clustered near ribbons whereas spontaneous release 

events often occurred at non-ribbon sites (Zenisek, 2008). Our TIRF results showed that 

when Ca2+ channels were blocked with Cd2+, release from rods occurred at sites both near 

and far from ribbons although the density of release events rose closer to ribbons. The 

relative frequency of non-ribbon release was higher for Ca2+-independent spontaneous 

release than was previously found for evoked release (Chen et al., 2013). Spontaneous 

release in the absence of Cd2+ involves both Ca2+-independent release as well as release 

triggered by occasional Ca2+ channel openings. Because Ca2+ channels are clustered near 

ribbons (Nachman-Clewner et al., 1999; Morgans, 2001), spontaneous release under such 

conditions would thus be expected to involve more ribbon-related release events than purely 

Ca2+-independent release. Post-synaptic recordings from HCs that receive both rod and cone 

inputs and presynaptic recordings from individual rods and cones showed that Ca2+-

independent spontaneous release can occur in both rods and cones. In cones, evoked release 

occurs only at ribbons so perhaps spontaneous release in these cells also occurs only at 

ribbons (Snellman et al., 2011; Van Hook & Thoreson, 2015). Consistent with this 

possibility, evoked release from rod bipolar cells also occurs mostly at ribbons (Snellman et 

al., 2011) and the frequency and amplitude of spontaneous mEPSCs evoked by bipolar cell 

release were decreased following ribbon damage (Mehta et al., 2013). On the other hand, a 

recent study found that spontaneous release from rod bipolar cells was not diminished by the 

loss of ribbons in RIBEYE knockout mice (Maxeiner et al., 2016). Glutamate transporters 

are located perisynaptically in rods (Hasegawa et al., 2006) and so a relative increase in the 

likelihood of non-ribbon release events during Ca2+-independent release might contribute to 

faster kinetics of presynaptic transporter currents in rods in these conditions. We did not 

observe significant changes in the kinetics of HC mEPSCs after blocking Ca2+ entry. 

Simulations of rod synapses indicate that glutamate can rise quickly within the entire 

invaginating ribbon synapse, attaining levels above the EC50 for glutamate on horizontal 

cells at distances quite far from release sites (32 µM; Gaal et al., 1998; Rao-Mirotznik et al., 

1998). This may limit the impact of differences in release site location on the kinetics of HC 

mEPSCs. The affinity of glutamate exhibited by heterologously expressed AMPA receptors 

has been found to range from 1–560 µM (Traynelis et al., 2010). If receptors are less 

sensitive to glutamate, then the likelihood that rare spontaneous events occurring at distant 

ectopic sites will have a significant impact on HC membrane potential diminishes. 

Conversely, if receptors are more sensitive, the likelihood of significant impact increases.

The question of whether spontaneously released vesicles derive from the same pool as 

evoked release has received much attention with evidence for both pool separation (Sara et 

al., 2005; Fredj & Burrone, 2009) and pool mixing (Groemer & Klingauf, 2007; Hua et al., 

2010). Unlike conventional synapses where few vesicles are mobile, 85% of the cytoplasmic 
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vesicles in cone and bipolar ribbon synapses are mobile (Rea et al., 2004; Holt et al., 2004). 

It has been suggested that spontaneous release may originate from a pool of less mobile 

vesicles (Fredj & Burrone, 2009) and/or be segregated into evoked and spontaneous pools by 

molecular markers (Hua et al., 2011; Ramirez et al., 2012). Vesicle pool separation would 

limit the ability of ongoing spontaneous release to deplete releasable vesicles from the 

evoked pool. We found that bafilomycin caused a more rapid decline in spontaneous 

mEPSCs--consisting of a mixture of both Ca2+-dependent and Ca2+-independent release--

than in evoked EPSCs. This is consistent with the idea that vesicles involved in evoked and 

at least one form of spontaneous release may originate from different vesicle pools. 

However, there are also other possible explanations for these results. For example, it may be 

that partially filled vesicles can be released spontaneously but that evoked release shows a 

preference for fully filled vesicles (Rost et al. 2015). Another possibility is that if 

spontaneous release occurs more frequently at distant sites than evoked release, then effects 

of bafilomycin might have a stronger effect on spontaneous events due to a lower glutamate 

concentration at post-synaptic receptors. Reduced vesicle filling would affect events 

generated by low glutamate levels more strongly than events generated by higher glutamate 

levels.

Functional Impact of Spontaneous Release

A number of functions for spontaneous release have been proposed, including maintenance 

of synaptic connections and potentiation of post-synaptic receptors (McKinneyel al., 1999; 

Kombian et al., 2000; Carter & Regehr, 2002; Sutton et al., 2006). Photoreceptor synapses 

do not show any evidence for synaptic potentiation. The frequency of Ca2+-dependent 

release events in rods, even when they are hyperpolarized to −70 mV, would seem sufficient 

for post-synaptic cells to recognize that connections are still present. In cones, the frequency 

of release events did not diminish after blocking Ca2+ entry so Ca2+-independent release 

may be more important for maintaining connectivity at cone synapses.

While its functional significance is not entirely clear, one functional consequence of Ca2+-

independent spontaneous release at photoreceptor synapses would be to increase noise. 

Ca2+-independent spontaneous mEPSCs in HCs showed an average frequency of 14 Hz in 

the presence of 500 µM Cd2+, but the rate of release at any individual presynaptic release 

site is far lower. Lasansky (1978) reported that each OFF-bipolar cell in salamander retina 

received 30–50 contacts from 10–15 photoreceptors. Horizontal cells have larger light 

responses and larger dendritic fields than OFF-bipolar cells, so HCs are likely to receive 

more photoreceptor contacts than OFF-bipolar cells. In cones, there appear to be ~15–20 

vesicle release sites at the base of each ribbon (Bartoletti et al., 2010; Thoreson et al., 2016). 

In rods, the readily releasable pool averages ~24 vesicles/ribbon (Van Hook & Thoreson, 

2015). If we assume that each HC receives at least 50 ribbon contacts and that each ribbon 

has ~20 release sites at its base, then input into a horizontal cell may arise from at least 1000 

separate release sites. Given a post-synaptic frequency of 14 Hz for Ca2+-independent 

spontaneous release, this suggests a frequency at each release site of < 0.015 Hz. Presynaptic 

recordings of glutamate transporter currents suggested a frequency of spontaneous Ca2+-

independent release of 6 Hz in single rods and 10 Hz in cones. If we assume that release 

occurs only at ribbons, then for rods and cones that have 7 and 13 ribbons per cell, 
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respectively (Bartoletti et al., 2011; Van Hook and Thoreson, 2015), this suggests a 

frequency of ~0.04 Hz/release site. Much of the Ca2+-independent spontaneous release from 

rods occurs at non-ribbon sites, suggesting that the actual frequency at individual release 

sites in rods is even lower. These estimates approach the frequency of ~0.01 Hz observed at 

hippocampal synapses (Murthy & Stevens, 1999; Rhee et al., 2005; Arancillo et al., 2013) 

but are much higher than the frequency of ~0.002 Hz seen at the calyx of Held 

(Schneggenburger & Rosenmund, 2015). Our predicted rates are also consistent with the 

spontaneous fusion frequency of 0.02 Hz observed with in vitro fusion assays between 

vesicles expressing SNARE proteins plus synaptotagmin 1 and complexin 1 (Lai et al., 

2014). The low frequency of spontaneous release in photoreceptors limits its impact on 

synaptic noise. Whether Ca2+-independent spontaneous release is simply an unavoidable 

consequence of a fusion apparatus poised for release by low Ca2+ concentrations (Thoreson 

et al., 2004) or whether it may play a beneficial role in photoreceptors remains unclear.
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Figure 1. 
mEPSCs persisted after blocking Ca2+ channels with Cd2+ (100 μM) and CICR with 

dantrolene (10 μM). mEPSCs were measured by whole-cell patch clamp recording in 

horizontal cells (HCs). Representative traces show mEPSCs in control conditions (A) and 

following application of Cd2+ plus dantrolene in the same cell (B). (C) and (D) show 

mEPSC amplitude histograms from the same cell. The filled bars show event histograms and 

open bars show baseline noise histograms. Distributions were fit with Gaussian curves. 

Control data (C ; 482 events) were fit with a mean amplitude of 4.03 pA and standard 

deviation of 1.63 pA. Cd2+ plus dantrolene data (D ; 174 events) were fit with a mean 

amplitude of 3.33 pA and standard deviation of 0.94 pA. Inset shows average waveforms for 

well-isolated mEPSCs in control (N = 50 events) and Cd2+ plus dantrolene (N = 26) 

conditions. Waveforms were normalized to their peak amplitudes.
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Figure 2. 
HC mEPSCs were reduced in frequency but not abolished when Ca2+ influx was inhibited. 

mEPSCs were recorded in HCs voltage clamped at −60 mV. (A) HC mEPSCs in control 

conditions had a frequency of 115.2 ± 10.1 (N = 28 HCs). Application of Cd2+ (100 μM) 

reduced the frequency of mEPSCs to 37.0 ± 12.4 Hz (N = 8 HCs). Cd2+ (100 μM) plus Gd3+ 

(30 μM) reduced the frequency to 40.5 ± 9.4 Hz (N = 7 HCs). Cd2+ (100 μM) plus 

dantrolene (10 μM) reduced the frequency to 38.5 ± 10.7 Hz (N = 11 HCs). A higher 

concentration of Cd2+ (500 µM) caused a somewhat greater reduction (14.5 ± 2.7 Hz, N=8; 
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median = 15.8 Hz; P = 0.078 compared to Cd2+ plus dantrolene, unpaired t-test). In Ca2+-

free extracellular solution with EGTA (1 mM), mEPSCs had a frequency of 24.5 ± 6.28 Hz 

(N = 5 HCs). After incubating retinas in EGTA-AM (100 μM) for 2 hours, the frequency of 

mEPSCs was reduced to 67.2 ± 16.0 Hz, N = 10 HCs). Addition of Cd2+ plus dantrolene to 

slices incubated in EGTA-AM reduced mEPSC frequency to 35.3 ± 12.0 Hz (N = 9 HCs). 

Frequencies in all of these conditions were significantly lower than control conditions 

(P<0.05 for EGTA-AM, P < 0.001 for all other comparisons, Bonferroni’s multiple 

comparison test). With the exception of 0 Ca2+ plus EGTA (P = 0.113), frequencies of all 

conditions were significantly non-zero (P < 0.005, one-sided t-tests). (B) In control 

conditions, mEPSCs had an amplitude of 4.8 ± 0.34 pA (N = 28 HCs). Event amplitudes 

averaged: 100 µM Cd2+ (4.0 ± 0.37 pA, N=8), 100 µM Cd2+ plus 30 µM Gd3+ (3.8 ± 0.27 

pA, N=7), 100 µM Cd2+ plus dantrolene (3.9 ± 0.68 pA, N=11), 500 µM Cd2+ (3.8 ± 0.35 

pA, N=8), 0 Ca2+ plus 1 mM EGTA (3.2 ± 0.33 pA, N=5), EGTA-AM (3.4 ± 0.26 pA, 

N=9), and EGTA-AM plus 100 µM Cd2+ and dantrolene (2.8 ± 0.21 pA, N=9). The 

amplitude of spontaneous release events measured in the presence of these various blockers 

were not significantly smaller than control (P > 0.05, Bonferroni’s multiple comparison test) 

with the exception of EGTA-AM plus 100 µM Cd2+ (P < 0.01).
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Figure 3. 
Presynaptic release events detected in rods by glutamate transporter anion currents. (A) 
Presynaptic quantal transporter currents in rods voltage clamped at −70 mV were blocked by 

inhibiting the glutamate transporter with TBOA (100 μM). (B) Representative trace from an 

individual rod before and after application of Cd2+ (100 μM) showing a reduction in the 

frequency of presynaptic events. (C) Amplitude histograms of release events from the same 

rod in control and Cd2+. The filled bars show event histograms and open bars show baseline 

noise histograms. Distributions were fit with Gaussian curves. Control data (291 events) 
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were fit with a mean amplitude of 5.54 pA and standard deviation of 4.57 pA. Cd2+ data 

(301 events) were fit with a mean amplitude of 4.54 pA and standard deviation of 2.64 pA. 

The ordinate was plotted to 25 pA, but four events with larger amplitudes of 29, 37, 40 and 

46 pA were also observed in control conditions. (D) Bar graph illustrating frequency and 

amplitudes of rod presynaptic events in control (14.8 ± 1.2 Hz, 6.42 ± 0.48 pA, N = 23), 

Cd2+ (100 µM; 9.35 ± 1.4 Hz, 5.90 ± 0.55 pA, N = 13), and after introduction of 10 mM 

BAPTA into the rod through a patch pipette (5.86 ± 1.5 Hz, 4.78 ± 0.43 pA, N = 9). 

Reduction in frequency with Cd2+ (paired t-test, N=12 pairs, P = 0.0011) and BAPTA 

(unpaired t-test, P = 0.0003) were both significant relative to control. (E) Average 

waveforms for well-isolated rod transporter currents in control (N = 42 events) and Cd2+ (N 

= 28) conditions. Waveforms were normalized to their peak amplitudes.
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Figure 4. 
Presynaptic release events detected in cones by glutamate transporter anion currents. (A) 
Presynaptic quantal transporter currents in cones voltage clamped at −70 mV were blocked 

by inhibiting the glutamate transporter with TBOA (100 μM). (B) Cone transporter currents 

before and after application of Cd2+ (100 μM). (C) Amplitude histograms of release events 

from the same cone in control and Cd2+. Filled bars show event histograms and open bars 

show baseline noise histograms. Distributions were fit with Gaussian curves. Control data 

(121 events) were fit with a mean amplitude of 4.26 pA and standard deviation of 1.69 pA. 
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Cd2+ data (106 events) were fit with a mean amplitude of 3.23 pA and standard deviation of 

0.97 pA. (D) Bar graph illustrating frequency and amplitudes of rod presynaptic events in 

control (12.5 ± 0.77 Hz, 6.96 ± 0.55 pA, N = 6), Cd2+ (100 µM; 10.5 ± 1.6 Hz, 7.57 ± 1.38 

pA, N = 6), and after introduction of 10 mM BAPTA into the cone through a patch pipette 

(14.4 ± 1.5 Hz, 8.03 ± 1.01 pA, N = 7). Changes in frequency and amplitude with Cd2+ or 

BAPTA were not significant relative to control (paired t-tests comparing Cd2+ and control; 

also Bonferroni’s multiple comparison test). (E) Average waveforms for well-isolated cone 

transporter currents in control (N = 53) and Cd2+ (N = 36) conditions. Waveforms were 

normalized to their peak amplitudes.
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Figure 5. 
Using the vesicular ATPase inhibitor bafilomycin to block refilling of vesicles with 

glutamate caused different rates of decline in EPSCs and mEPSCs. (A) A representative 

EPSC in control conditions evoked in an HC by a 200-ms depolarizing step from −70 to −10 

mV applied to a simultaneously voltage-clamped rod. The depolarizing step evoked an 

initial fast EPSC due to release from ribbons followed by a second slower peak due to non-

ribbon release (Chen et al., 2014). (B) An EPSC evoked in the same rod/HC pair 15 min 

after application of bafilomycin (7 μM) showed a decrease in amplitude of both EPSC peaks. 
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(C) EPSC amplitude and mEPSC frequency and amplitude were normalized to the average 

of four responses obtained prior to bafilomycin application at 4 minutes (dashed vertical 

lines). The 1st and 2nd EPSC peaks both declined in control conditions due to rundown. The 

declines in amplitude of the 1st (C) and 2nd (D) EPSC peaks were accelerated slightly but 

not significantly by bafilomycin (comparing the change in normalized EPSC amplitude of 

the first 3 vs. last 3 responses from rod/HC pairs in control N=9 vs. bafilomycin N=8: peak 

1, P = 0.65; peak 2, P=0.44, unpaired t-tests). In contrast to changes in EPSC amplitude, HC 

mEPSC frequency (E) and amplitude (F) both declined significantly during application of 

bafilomycin (average of the first 3 vs. last 3 records in control vs. bafilomycin, frequency: P 

< 0.04; amplitude: P < 0.04; N = 7 HCs in bafilomycin, N = 8 HCs in control, unpaired t-

tests). HC mEPSCs were collected in 10 s trials in which the rod was voltage clamped at −70 

mV. EPSC and mEPSC trials alternated every 30 s.
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Figure 6. 
Locations of individual spontaneous release events and synaptic ribbons visualized by TIRF 

microscopy. (A) A representative rod terminal with sites of individual spontaneous release 

events indicated by white circles. The elliptical footprint of the synaptic terminal membrane 

as well as some of the axon and soma emitted a faint fluorescent glow (525 nm emission) 

when excited with the 488 nm laser. One can also see two neighboring ribbons labeled with 

fluorescent Hylite488-conjugated ribeye-binding peptide (80 μM) in the upper right portion 

of the terminal. To detect release events, synaptic vesicles were loaded with 10 kD dextran-
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conjugated pHrodo loaded and visualized with 561 nm excitation/609 nm emission. Ca2+-

independent spontaneous release events were measured in isolated rods voltage clamped at 

−70 mV in the presence of Cd2+ (100 μM) plus dantrolene (10 μM). (B) The relative 

frequency of Ca2+-independent spontaneous release events at different distances from the 

synaptic ribbon. The distance between individual release events and the center of the nearest 

ribbon averaged 1.80 ± 0.14 μm (N = 66 events in 9 rods). We calculated the radial density 

distribution of events, d(r), using the following formula d(r) = N(r)/π[(r + n/2)2 – (r - n/2)2] 

where r is the radial distance to the center of each bin in the histogram from the center of the 

nearest ribbon, n is the width of each bin (400 nm), and N(r) is the number of events in each 

bin. A sizable percentage of release events (>60%), occurred more than 1 μm away from the 

nearest synaptic ribbon, but the highest density of events occurred 1–1.4 µm from the nearest 

ribbon.
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