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Calcium Regulates Vesicle Replenishment at the Cone
Ribbon Synapse

Norbert Babai,! Theodore M. Bartoletti,: and Wallace B. Thoreson!'-2

Departments of 'Ophthalmology and Visual Sciences and 2Pharmacology and Experimental Neuroscience, University of Nebraska Medical Center, Omaha,
Nebraska 68198

Cones release glutamate-filled vesicles continuously in darkness, and changing illumination modulates this release. Because sustained
release in darkness is governed by vesicle replenishment rates, we analyzed how cone membrane potential regulates replenishment.
Synaptic release from cones was measured by recording postsynaptic currents in Ambystoma tigrinum horizontal or OFF bipolar cells
evoked by depolarization of simultaneously voltage-clamped cones. We measured replenishment after attaining a steady state between
vesicle release and replenishment using trains of test pulses. Increasing Ca>" currents (I, ) by changing the test step from —30 to —10
mV increased replenishment. Lengthening —30 mV test pulses to match the Ca*>* influx during 25 ms test pulses to —10 mV produced
similar replenishment rates. Reducing Ca®" driving force by using test steps to +30 mV slowed replenishment. Using UV flashes to
reverse inhibition of I, by nifedipine accelerated replenishment. Increasing [Ca>"]; by flash photolysis of caged Ca>" also accelerated
replenishment. Replenishment, but not the initial burst of release, was enhanced by using an intracellular Ca*>* buffer of 0.5 mm EGTA rather
than 5 mm EGTA, and diminished by 1 mm BAPTA. This suggests that although release and replenishment exhibited similar Ca>* dependencies,
release sites are <200 nm from Ca>" channels but replenishment sites are >200 nm away. Membrane potential thus regulates replenishment by
controlling Ca*>* influx, principally by effects on replenishment mechanisms but also by altering releasable pool size. This in turn provides a

mechanism for converting changes in light intensity into changes in sustained release at the cone ribbon synapse.

Introduction

Vertebrate cone photoreceptors are responsible for phototrans-
duction and transmitting the resulting light responses to second-
order neurons. The relatively depolarized resting membrane
potential of cones in darkness (approximately —40 mV) pro-
motes the opening of L-type Ca>" channels. This elevates [Ca*"]
at the cone ribbon synapse to micromolar levels (Steele et al.,
2005; Szikra and Krizaj, 2006; Choi et al., 2008; Jackman et al.,
2009), sustaining the tonic release of glutamate. Synaptic vesicles
must be continually replenished to maintain this tonic release for
long periods in darkness. However, replenishment does not sim-
ply ensure the continued release of vesicles, but directly controls
the rate of sustained release in darkness (Jackman et al., 2009).
This results from the fact that synaptic release from photorecep-
tors is extremely sensitive to Ca** (Rieke and Schwartz, 1996;
Thoreson etal., 2004) and thus intraterminal Ca** levels in dark-
ness are sufficient to deplete the releasable pool of vesicles from
the base of the synaptic ribbon (Jackman et al., 2009). The rate-
limiting step in sustained release from cones in darkness is there-
fore not the rate at which vesicles can fuse, but the rate at which
vesicles replenish the releasable pool (Jackman et al., 2009). Be-
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cause replenishment governs the rate of sustained release and
sustained release is diminished by light-evoked hyperpolariza-
tion, replenishment rates in cones should be voltage dependent.

Voltage-dependent regulation of replenishment could result
from at least three possible mechanisms: (1) voltage: similar to
intrinsically voltage-dependent phosphatases (Murata et al.,
2005), membrane potential changes might directly influence pro-
teins involved in replenishment; (2) pool size: if each release site
is replenished at a constant rate, then increasing the number of
release sites can increase the rate of replenishment; and (3) cal-
cium: the rate at which release-ready vesicles are replenished may
be directly regulated by intracellular [Ca®"]. Using Ca®" to reg-
ulate replenishment provides a mechanism for coupling replen-
ishment rates to the activity of voltage-dependent Ca®" channels.
Furthermore, replenishment is known to be modulated by Ca**
at other synapses, including Drosophila neuromuscular junction
(Kuromi and Kidokoro, 2002, 2005), cerebellar basket cells
(Sakaba, 2008), calyx of Held (Wang and Kaczmarek, 1998;
Sakaba and Neher, 2001; Hosoi et al., 2007), Purkinje cells (Ditt-
man and Regehr, 1998), hippocampal neurons (Stevens and
Wesseling, 1998), inner hair cells (Johnson et al., 2008), and ret-
inal bipolar cells (Mennerick and Matthews, 1996; Gomis et al.,
1999; Singer and Diamond, 2006).

In this study, we recorded simultaneously from cones and
postsynaptic neurons to determine factors regulating vesicle re-
plenishment and sustained release at the cone ribbon synapse.
We found that replenishment matched sustained release over a
range of membrane potentials, supporting other evidence that
replenishment is rate limiting for sustained release (Jackman et
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al., 2009). In addition, we found that replenishment exhibited a
voltage dependence arising principally from direct regulation by
[Ca**],, although it also involves changes in releasable pool size.
Ca**-dependent regulation of replenishment provides a mecha-
nism for cones to convert changes in membrane potential into
changes in sustained release and thereby encode changes in illu-
mination at the cone ribbon synapse.

Materials and Methods

Retinal slice preparation. Aquatic tiger salamanders (Ambystoma tigri-
num, Kons Scientific or Charles Sullivan) of both sexes (18—25 c¢m in
length) were handled according to protocols approved by the Institu-
tional Animal Care and Use Committee at the University of Nebraska
Medical Center. The salamander was decapitated with heavy shears, the
cranium hemisected, and the spinal cord rapidly pithed. Animals were
kept on a 12 h light/dark cycle and killed 1-2 h after the beginning of
subjective night. After enucleation, the anterior segment of the eye, includ-
ing the lens, was removed. The resulting eyecup was cut into thirds, and a
section was placed vitreal side down on a piece of filter paper (2 X 5 mm, type
AAWP, 0.8 wm pores, Millipore). After the retina adhered to the filter paper,
the retina was isolated under chilled amphibian superfusate. The retina and
filter paper were cut into 125 pm slices using a razor blade (121-6, Ted Pella)
tissue chopper (Stoelting). Retinal slices were rotated 90° to view the retinal
layers when placed under a water-immersion objective (60X, 1.0 NA) on an
upright fixed stage microscope (Nikon E600FN).

Electrophysiology. Cones were voltage clamped simultaneously with
adjacent postsynaptic horizontal or OFF bipolar cells using a Multiclamp
patch-clamp amplifier (Molecular Devices). Cones, horizontal cells, and
OFF bipolar cells were identified by their morphology and response char-
acteristics (Thoreson et al., 1997). Recording pipettes were positioned
with Huxley-Wall micromanipulators (Sutter Instruments) and visual-
ized through the eyepieces or using a video camera (Watec 502H)
mounted on the microscope. Currents were low-pass filtered at 2 kHz
and acquired using a Digidata 1322 interface with pClamp 9.2 software
(Molecular Devices). Photoreceptors were voltage clamped at —70 mV,
and horizontal and OFF bipolar cells were clamped at —50 and —60 mV,
respectively. Cells were identified by their morphology, light responses, and
voltage-dependent currents (Cadetti et al., 2008). Acceptable access resis-
tance was <60 M{). In the salamander retina slice preparation, OFF bipolar
cells, cones, and many horizontal cells exhibit single-exponential charging
curves, indicating compact electrotonic structures (Cadetti et al., 2005).

Patch pipettes were pulled on a PP-830 vertical puller (Narishige USA)
from borosilicate glass pipettes (1.2 mm OD, 0.9 mm ID, with internal
filament, World Precision Instruments) and had tips of ~1-2 um OD
with resistance values of 10—15 M(). The presynaptic recording pipette
was filled with a solution containing (in mm) 40 Cs-glutamate, 50 Cs-
gluconate, 9.4 tetraethylammonium chloride (TEACI), 3.5 NaCl, 1
CaCl,, 1 MgCl,, 9.4 MgATP, 0.5 GTP, 5 EGTA, and 10 HEPES, pH 7.2. In
some experiments, we replaced 5 mm EGTA with 0.5 mm EGTA or 1 mm
1,2-bis(0-aminophenoxy)ethane- N, N,N',N'-tetraacetic acid (BAPTA).
Postsynaptic pipettes were filled with a solution containing (in mm) 94
Cs-gluconate, 9.4 TEACI, 1.9 MgCl,, 9.4 MgATP, 0.5 GTP, 5 EGTA, and
32.9 HEPES, pH 7.2. The osmolarity of pipette solutions was adjusted, if
necessary, to ~240 mOsm.

Extracellular solutions were applied by a single-pass, gravity-feed per-
fusion system, which delivered superfusate to the slice chamber at a rate
of ~1 ml/min. The normal amphibian superfusate contained the follow-
ing (in mm): 111 NaCl, 2.5 KCl, 1.8 CaCl,, 0.5 MgCl,, 10 HEPES, and 5
glucose, pH 7.8. Use of HEPES as a pH buffer limited effects of proton
feedback (DeVries, 2001; Hirasawa and Kaneko, 2003; Hosoi et al.,
2005). The osmolarity was measured with a vapor pressure osmometer
(Wescor) and adjusted, if necessary, to ~245 mOsm. Solutions were
bubbled continuously with 100% O,.

To measure replenishment rates, we attained a steady state where the
rate of replenishment balances the rate of release by applying a 7 s train of
depolarizing pulses to the cone (Schneggenburger et al., 1999, 2002). We
used test pulses of =25 ms, which are sufficient to deplete the entire
readily releasable pool (Rabl et al., 2005; Bartoletti et al., 2010). The
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interpulse intervals of 75 or 150 ms are shorter than the time constant for
recovery from paired-pulse depression at cone synapses (=250 ms) (Rabl
et al,, 2006). To assess the amount of glutamate release, we measured the
cumulative charge transfer by integrating EPSCs evoked during the pulse
train. Baseline currents were subtracted before integration to remove leak
currents and synaptic currents arising from neighboring photoreceptor cells.
The rate of replenishment was calculated from the slope of a straight line fit
to the cumulative charge transfer during the final 1-2 s of the train.

Fluorescence measurements and flash photolysis of caged Ca®" . Fluores-
cence measurements of [Ca®"]; were obtained from cones in retinal
slices using a laser confocal scan head (PerkinElmer UltraView LCI)
equipped with a cooled CCD camera (Orca ER) and mounted to a fixed
stage upright microscope (Nikon E600 FN). The single frame duration was
57 ms and pixel values were binned 2 X 2. Excitation and emission were
controlled by a Sutter Lambda 10-2 filter wheel and controller. Images were
acquired and analyzed using UltraView Imaging Suite software.

DM-nitrophen (Kaplan and Ellis-Davies, 1988) was photolyzed by
flashes of UV light derived from a Xenon arc flash lamp (JML-C2 Flash
Lamp System, Rapp OptoElectronic) centered on the cone terminal and
coupled through the epifluorescence port of the microscope. This flash
lamp was also used for photolytic reversal of inhibition of the Ca**
current (I,) by nifedipine (Sanguinetti and Kass, 1984). Photolysis of
DM-nitrophen allows rapid and uniform increases in [Ca**]; through-
out the terminal (Kaplan and Ellis-Davies, 1988; Naraghi et al., 1998).
The pipette solution for Ca®* uncaging experiments consisted of the
following (in mm): 10 DM-nitrophen (Invitrogen), 0.5 Oregon-Green
BAPTA-6F (OGB6-F; Invitrogen), 8 CaCl,, 2 diaminopropanoltetraace-
tic acid (DPTA), 40 Cs-gluconate, 20 Cs-glutamate, 40 HEPES, 10
TEACI, 1 MgCl,, and 0.5 GTP. Intraterminal Ca** was calculated using
the following equation (Lev-Ram et al., 1992):

[Caz+]resl + Kd((AF/F)/(AF/F)max)
2+ —
AlCa™ = 1 — (AF/B)/(AF/F)py,

(1)

AF/F represents the fractional change in OGB-6F fluorescence resulting
from stimulation. (AF/F), ., was determined from the maximal fluores-
cence change produced by application of 500 ms depolarizing steps to
—10 mV. We used the K of 3 um for OGB-6F provided by Invitrogen.
Theresting Ca®" concentration ([Ca**],.,,) was determined ratiometri-
cally from an aliquot of the pipette solution using 0.2 mm Fura-2 as
described previously (Thoreson et al., 2004).

Unless otherwise stated, chemicals were obtained from Sigma-Aldrich.
The criterion for statistical significance was chosen to be p < 0.05 and
evaluated using GraphPad Prism 4.0. Variability is reported as =SEM.

Results

Comparison of replenishment and sustained release

The rate of sustained release in darkness is governed by the rate of
replenishment (Jackman et al., 2009). To test whether replenish-
ment remains rate limiting for sustained release at more hyper-
polarized membrane potentials, we examined the balance
between rates of release and replenishment over a range of poten-
tials spanning the normal physiological voltage range for cones.
For these experiments, we applied lengthy depolarizing steps (8 s)
to a range of test potentials from —65 to —40 mV. At the end of
the 8 s test step, we applied a probe step to —10 mV to stimulate
release of all vesicles remaining in the readily releasable pool. As
illustrated by the example in Figure 1A, application of a lengthy
step from —70 to —65 mV evoked no detectable EPSC, but the
probe step to —10 mV evoked a large EPSC of 210 pA. Increasing
the amplitude of the 8 s test step in 5 mV increments from —60 to
—40 mV caused a progressive increase in the size of the initial
EPSCand a decrease in the EPSC evoked by the probe step to —10
mV. Thus, in this same cell, a test step to —40 mV evoked an
EPSC of 38 pA and the subsequent probe step to —10 mV evoked
an EPSC of 119 pA (Fig. 1 B). Although there was some rundown,
the sum of these two responses (157 pA) is similar to the ampli-
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Figure 1. Replenishment rates match release rates during sustained depolarization in the
physiological voltage range. A, Membrane current recorded from a voltage-clamped horizontal
cellwhile applying a voltage step in the cone to — 65 for 8. This lengthy test step was followed
by a probe step to —10 mV for 100 ms to stimulate release of the remainder of the readily
releasable pool. B, EPSC evoked in the same horizontal cell by an initial 8 s step to —40 mV and
the subsequent probe step to —10 mV. C, Stacked amplitudes of the initial 8 s test step (black
bars, n = 13) and subsequent probe step to —10 mV (white bars). The sum of both responses
remained constant over the range of test steps from —65 to —40 mV (ANOVA, p = 0.90),
consistent with a balance between replenishment and release. The slight decrease in the
summed response is due to response rundown during this extensive series of experiments.

tude of the EPSC evoked by the probe step from —65to —10 mV.
The amplitude of the initial EPSC as a function of test step voltage
is shown by the black bars in Figure 1C. The amplitude of the
EPSC evoked by the probe step to —10 mV is shown by the white
bars. If release rates exceed replenishment rates, then the releas-
able pool should be progressively depleted during the 8 s depo-
larization and the sum of the initial plus final EPSCs should
diminish. If replenishment exceeds release, then the EPSC should
recover during the steady depolarizing step and the sum of the
two EPSCs should increase. Instead, the sum of both responses
remained constant and equal to the size of the EPSC evoked by
the probe step from —65 to —10 mV (Fig. 1C) (ANOVA, p =
0.90). These data indicate that replenishment and release rates
match one another, as expected if replenishment is rate limit-
ing for sustained release.
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Figure2. Measurementofreplenishment rate at the cone synapse using pulse trains. 4, A7
pulse train (13.3 Hz, 25 ms steps to — 10 mV) was applied to the cone while we simultaneously
recorded the EPSC from an OFF bipolar cell. I}, Membrane holding potential. B, Responses to
the first 8 test pulses (dashed square in A). €, Cumulative EPSC charge transfer measured by
integrating the entire EPSCtrace. The replenishment rate was calculated from the linear slope of
cumulative charge transfer during the final 2 s of the train. The dashed gray line shows the
straight line fit to this region.

Postsynaptic receptor saturation and desensitization with
long-lasting stimuli

To measure rates of replenishment at the cone synapse, we re-
corded simultaneously from a cone and postsynaptic OFF bipolar
or horizontal cell. We applied a 7 s train of depolarizing pulses to
the cone to empty the releasable pool and thereby attain a steady
state where the rate of replenishment limits the rate of release
(Schneggenburger et al., 1999, 2002). In the example in Figure 2,
a train of 25 ms test steps from —70 to —10 mV was applied at a
frequency of 13.3 Hz. The EPSC evoked by the first pulse in the
train, which reflects release of the entire readily releasable pool of
~20 vesicles per ribbon (Rabl et al., 2005; Bartoletti et al., 2010),
averaged 110 * 6.4 pA (n = 50). Release diminished dramatically
after the first EPSC with a slight recovery after ~200 ms (Fig. 2 B).
Maintained stimulation empties a reserve pool of ~90 additional
vesicles with a time constant of ~400 ms (Innocenti and Heidel-
berger, 2008; Bartoletti et al., 2010). To assess synaptic release
during the train, we measured the cumulative charge transfer by
integrating the series of EPSCs evoked by the entire train. We
calculated the rate of replenishment from the slope of a straight
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Cone synapses do not exhibit progressively increasing desensitization. 4, EPSC recorded from a voltage-clamped

sum linearly with one another and that
charge transfer measurements provide a
reliable measure of glutamate release
throughout the train.

horizontal cell evoked by a pulse train (13.3 Hz, 25 ms steps to —10 mV) applied to a simultaneously voltage-clamped cone.

Responses to thefirst five pulses are magnified in the inset. B, Simultaneous recording from the same cone/horizontal cell pair after
application of 100 M CTZ. Responses to the first five pulses are shown in the inset. €, EPSC charge transfer from the same
horizontal cell measured in control conditions (black line) and after application of CTZ (red line). The linear fits to the final 2 s are
shown by heavy dashed lines in both conditions. D, EPSC charge transfer in C divided by quantal amplitude in control (20.2 = 1.03
pC, n = 121 events) and (TZ-treated conditions (31.3 = 1.56 pC, n = 100). After normalizing for differences in quantal size, the
rate of quantal release during the final 2 s of the train did not differ greatly in control (black trace, 133 vesicles/s) and CTZ (red trace,

149 vesicles/s).

line fit to the cumulative charge transfer during the final 2 s of the
train when replenishment balances release (Schneggenburger et
al., 1999; Sakaba et al., 2002).

Although receptor saturation and desensitization may
shape the kinetics of individual mEPSCs, mEPSCs exhibit suf-
ficient spatiotemporal independence so that EPSCs evoked in
horizontal or OFF bipolar cells by brief test steps applied to pre-
synaptic cones can be constructed from a linear sum of individual
mEPSCs (Cadetti et al., 2005, 2008). If continued release of glu-
tamate during a pulse train caused a progressive increase in the
amount of receptor saturation or desensitization, then one would
expect to see a progressive decrease in the slope of the charge
transfer relationship. This was not observed, suggesting that de-
sensitization and saturation do not increase during the train.

One key piece of evidence for the ability of quanta to sum
linearly during EPSCs was the finding that blocking glutamate
receptor desensitization caused a comparable broadening of both
quantal mEPSCs and EPSCs evoked by a brief depolarizing test
step (Cadetti et al., 2005, 2008). To test whether EPSC charge
transfer continues to provide an accurate measure of glutamate
release with continued release during the pulse train, we tested
effects of blocking desensitization with cyclothiazide (CTZ) (Pat-
neau et al., 1993; Yamada and Tang, 1993). As expected (Kawai,
1999; Maple et al., 1999; Cadetti et al., 2005), CTZ (100 um)
broadened OFF bipolar cell mEPSCs, increasing the quantal
charge transfer by 38 = 9.6% (1 = 7 cells). If quanta sum linearly,
then the increase in individual mEPSC charge transfer should
cause the same broadening of the overall EPSC (Cadetti et al.,

Voltage dependence of replenishment
To test whether replenishment rates vary
with membrane voltage, we stimulated
cones with a train of pulses to —30 mV
(from —70 mV) and then increased the
pulse amplitude to —10 mV midway
through the pulse train (Fig. 4A). Increas-
ing the pulse amplitude to —10 mV stim-
ulated a significantly (p = 0.0003, paired ¢ test) faster
replenishment rate (slope = 3.26 = 0.48 pC/ms, n = 14) than the
rate measured with pulse trains to —30 mV (slope = 1.71 = 0.27
pC/ms). Similar to the linear relationship between exocytosis and
I, at the photoreceptor synapse (Thoreson et al., 2004; Rabl et
al., 2006), rates of replenishment varied in a nearly linear fashion
with changes in cone I, amplitude (slope = 0.84 * 0.062)
evoked by steps to different test potentials (—40 mV pulse train,
n = 8; —30 mV train, n = 14; —20 mV train, n = 11; —10 mV
train, n = 22).

We also examined replenishment using a longer interpulse
interval of 150 ms (6.7 Hz) (Fig. 4 B). As found with an interval of
75 ms, increasing test pulse amplitude from —30 mV to —10 mV
stimulated a significantly faster replenishment rate (slope =
7.32 = 2.35 pC/ms, n = 8) than the rate measured with the train
to =30 mV (slope = 3.54 = 1.47 pC/ms; p = 0.02, paired ¢ test).
Replenishment rates obtained with trains of test pulses to —10
mV did not differ significantly between the two interpulse inter-
vals (p = 0.46,n = 13).

The rate of replenishment could also be slowed by reducing
test pulse amplitude from —10 mV to —30 mV (Fig. 4C). Using
the 75 ms interpulse interval (13.3 Hz), replenishment rate de-
clined significantly ( p = 0.0045, paired t test) from 5.13 = 1.19
(n=8)t03.68 = 1.17 pC/ms. With the 150 ms interpulse interval
(6.7 Hz), replenishment rate declined significantly ( p = 0.0018,
paired ¢ test) from 5.10 = 0.83 (n = 7) to 2.79 = 1.00 pC/ms.

To test whether voltage-dependent changes in the rate of re-
plenishment represent a direct effect of membrane voltage on
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The rate of replenishment shows a voltage dependence arising from voltage-dependent changesin Ca2™ influx. 4,

EPSCrecorded froma voltage-clamped OFF bipolar cell evoked by a pulse train (13.3 Hz, 25 ms steps from —70to —30mV) applied
to a simultaneously voltage-clamped cone. After 5 s, the test step amplitude was increased to more strongly activate /, and
thereby increase Ca>™ influx (13.3 Hz, 25 ms steps from —70to — 10 mV). Insets show EPSCs evoked by the first five steps at the
beginning of the pulse train and immediately after increasing test step amplitude. Right panel of 4, Cumulative charge transfer of
the OFF bipolar EPSC shown at the left. Dashed line shows the straight line fits used to determine replenishment rates. The steeper
slope indicates that replenishment rate increased after the test step was changed from —30 mV to —10 mV. B, EPSC recorded
froma different cone/OFF bipolar cell pair using a longer interpulse interval (150 ms). After applying a 5 s train of pulses to —30 mV
(6.7 Hz, 25 ms steps), the test step amplitude was increased to —10 mV. Insets show EPSCs evoked at the beginning of the pulse
train and immediately after increasing test step amplitude. Right panel of B, Cumulative charge transfer of the OFF bipolar EPSC
shown at the left. ¢, OFF bipolar cell EPSC evoked by a pulse train beginning with a train of steps to —10 mV (25 ms, 75 ms
interpulse intervals, 13.3 Hz) for 5 s followed by a 2 s train of steps to —30 mV. Insets show EPSCs evoked at the beginning of the
pulse train and immediately after changing test step amplitude. Right panel of C: Cumulative charge transfer of the OFF bipolar
EPSCin Cshows a decline in replenishment when the test pulse amplitude was reduced from — 10 to —30mV. The same cell pair
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proteins involved in replenishment (Mu-
rata et al., 2005) or a voltage-dependent
increase in Ca®" influx through L-type
Ca®" channels (Wilkinson and Barnes,
1996), we tested a train with strongly de-
polarizing steps to +30 mV. Because of
the reduced driving force for Ca’* entry
at positive potentials, steps to +30 mV
stimulated less Ca** influx than steps to
—10mV. Ifreplenishment is Ca** depen-
dent, then the rate should decline with
steps to +30 mV. On the other hand, if
replenishment is purely voltage depen-
dent, then the rate should increase or re-
main the same with use of more strongly
depolarizing test steps. We held the cell at
+70mV, near the Ca®" reversal potential.
We applied a train of 25 ms pulses to —10
mV for the first 5 s and then switched to
+30 mV pulses. As shown in Figure 4C,
changing the pulse amplitude to +30
mV diminished replenishment rates by
64% (slope of —10 train: 2.36 = 0.47
pC/ms, +30 train: 0.85 = 0.12 pC/ms,
n =6, p = 0.0147), suggesting that the
voltage dependence of replenishment is
aresult of voltage-dependent changes in
Ca’" influx.

Lengthening stimulus pulse duration
accelerates replenishment

Asan additional test of the hypothesis that
replenishment is Ca’* dependent, we
lengthened —30 mV test steps to match
the amount of Ca** influx during a 25 ms
step to —10 mV. On average, 65 ms steps
to —30 mV stimulated the same amount
of Ca*™" entry as 25 ms steps to —10 mV
(65.5*3.53ms, n =9) (Fig. 5A,B). Con-
sistent with Ca** dependence of replen-
ishment, use of a 13.3 Hz train consisting
of 65 ms pulses to —30 mV produced
nearly the same rate of replenishment
[3.07 = 0.66 pC/ms; 154.3 = 33.3 vesicles
(v)/s/cone] as a 13.3 Hz train with 25 ms
steps to —10 mV (3.20 = 0.67 pC/ms,
160.9 = 33.7 v/s/cone, p = 0.122; n = 10)
(Fig. 5C,D). Consistent with results of
Figure 4, a train of 25 ms pulses to —30
mV stimulated a significantly slower re-

<«

was used in B. D, EPSC recorded from another OFF bipolar cell
during application of a pulse train (13.3 Hz, 25 ms steps from
+70to —10mV) to a simultaneously voltage-clamped cone.
After 55, the test step amplitude was changed to reduce Ca ™
driving force and thereby reduce Ca™ influx (13.3 Hz, 25 ms
steps from +70to +30mV). Insets show EPSCs evoked at the
beginning of the pulse train and immediately after changing
test step amplitude. Right panel of D, Cumulative charge
transfer of the OFF bipolar EPSC in € shows a decline in
replenishment when the test pulse amplitude was
changed to +30mV.
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Figure5. Matching calcium influx during steps to —30and — 10 mV yields matching replenishment rates. A, I, recorded from

a conein response to a 25 ms step from —70 to — 10 mV. Capacitative and leak currents were subtracted using a P/8 protocol. B,
I, recorded from the same cone in response to 65 ms step from —70 to —30 mV. Although the amplitude differed, the charge
transfer during /, was similar with both stimuli: 6338 pC during the 25 ms step to —10 mV and 6692 pC during the 25 ms step to
—30 mV. , EPSCs recorded from an OFF bipolar cell by application of 13.3 Hz train of pulses (—70 to —30 mV, 25 ms) to a
presynaptic cone. Inset shows the EPSC evoked by the first five pulses. D, EPSCs evoked in the same OFF bipolar cell by application
ofa 13.3 Hz train using stronger pulses (—70to —10 mV, 25 ms) that stimulated greater Ca > influx into the presynaptic cone.
E, EPSCs evoked in the same OFF bipolar cell using a 13.3 Hz train of pulses to —30 mV that were lengthened to 65 ms to match the

2% influx accompanying 25 ms pulses to — 10 mV. F, Plot of cumulative charge transfer during the EPSC for the 3 different pulse
trains from the same cell pair. Data points from 5 to 7 s were fit by linear regression to obtain the slope (replenishment rate) and
Y-intercept (releasable pool size). G, Comparison of mean replenishment rates obtained with the three different pulse train
protocols (n = 10 pairs). H, Comparison of releasable pools measured with the three different pulse train protocols in the same cell

pairs.
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plenishment rate (1.42 % 0.30 pC/ms;
71.1 = 15.1 v/s/cone; p = 0.0017) (Fig.
5E). This indicates that replenishment de-
pends more on the amount of Ca** influx
than on the pure voltage change in the
membrane.

Extrapolating the straight line fit to the
cumulative release function back to time 0
provides the size of the total vesicle pool
that was initially available for release
(Schneggenburger et al., 1999; Sakaba
et al., 2002). We compared the size of
the releasable pool by determining the
Y-intercept of the straight line fit to the
cumulative charge transfer functions ob-
tained with different pulse train proto-
cols. Charge transfer measurements were
converted into quanta using an average
amplitude of mEPSCs measured in 7 OFF
bipolar cells of 19.9 pC/vesicle (n = 325
events). The vesicle pool emptied by a
train of 25 ms steps to —30 mV was
5094 = 1010 pC (256.0 = 50.74 v/cone,
n = 10), ~20% smaller than the pool
emptied by a train of 25 ms steps to —10
mV (6281 = 1102 pC, 315.6 * 554
v/cone, n = 10; p = 0.0001) or a train of 65
ms steps to —30 mV (6386 = 1144 pC,
320.9 £ 57.5v/cone, n = 10, p = 0.0012)
(Fig. 5). Scaled for the average amplitude
of mEPSCs in OFF bipolar cells (6.7 =
0.14 pA, n = 325 events), a single ribbon
would be expected to contribute 54 pA to
the amplitude of the initial EPSC (Barto-
letti et al., 2010). Thus, the amplitude of
EPSCs in this sample of 10 cells (149.7 =
25.7 pA) suggests that each cone con-
tacted each OFF bipolar cell at an average
of 2.8 ribbons. This in turn implies that
trains of 25 ms steps to —10 mV or 65 ms
steps to —30 mV empty a releasable pool
of ~115 vesicles per ribbon, close to the
releasable pool size of ~110 vesicles per
ribbon estimated previously (Bartoletti et
al,, 2010).

Every vesicle that is released at the syn-
apse exits through the readily releasable
pool. Therefore, expanding the size of the
readily releasable pool would be expected
to cause a linear increase in replenishment
by increasing the number of available ex-
its. Consistent with this, replenishment
rates varied nearly linearly with the size of
the readily releasable pool measured in
different cell pairs (slope = 0.82 £ 0.18,

2 = 0.47, n = 26). The reduction in re-
plenishment rate observed with 25 ms
steps to —30 mV can thus be partly ex-
plained by the availability of 20% fewer
release sites. However, a 20% reduction in
pool size accounts for less than half of the
55% observed reduction in replenishment
rate, suggesting that in addition to ex-
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Figure 6. Lengthening a strong depolarizing pulse elevated replenishment rate without

expanding the readily releasable pool. A, EPSCs recorded from a horizontal cell in response to a
pulse train (13.3 Hz, —70to — 10 mV) applied to a simultaneously voltage-clamped cone. Five
seconds into the trial, the pulse duration was lengthened from 25 to 50 ms. Insets show the
EPSCs evoked by the first five steps and when the test pulse was lengthened (arrow). Length-
ening the test pulse did not evoke an appreciably larger EPSC, consistent with results from
Bartolettietal. (2010) thata 25 ms test pulse to — 10 mV empties the readily releasable pool. B,
Cumulative release fit with straight lines at the end of each stimulus condition.

panding the readily releasable pool, Ca** speeds the recruitment
of vesicles to this pool. Consistent with this, replenishment rate
increased when Ca?" influx was enhanced, but the size of the
readily releasable pool did not expand. A train of 25 ms pulses to
—10 mV completely empties the readily releasable pool (Barto-
letti et al., 2010), and lengthening the pulse duration to 50 ms did
not stimulate a larger EPSC, indicating that it did not evoke ad-
ditional release (Fig. 6 A). Although it did not expand the readily
releasable pool, lengthening the pulse duration to 50 ms (256.6 =
40.4 v/ s/cone) caused significantly more rapid replenishment
than the 25 ms pulse train (181.9 % 32.2 v/s/cone, p < 0.0001)
(Fig. 6 B).

Elevation of intraterminal calcium accelerates replenishment
The results presented so far indicate that Ca*>* plays an important
role in recruiting vesicles to the readily releasable pool. To test
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Figure7.  Abruptly unblocking L-type calcium channels increases replenishment ates. 4, Cone

recorded in the presence of 3 umnifedipine and evoked by astep from —70mVto —10mV (150 ms).
(apacitative and leak currents were subtracted using a P/8 protocol. A brief UV light flash applied in
the middle of the step (arrow) abruptly increased /, by photolytically unblocking the antagonistic
effects of nifedipine (Sanguinetti and Kass, 1984). B, EPSCs recorded from an OFF bipolar cell in re-
sponsetoapulsetrain (13.3 Hz, —70to — 10 mV) applied to asimultaneously voltage-clamped cone.
Recording was obtainedin the presence of 3 umnifedipine. A UV flash was applied in the middle of the
pulse train to unblock nifedipine. Inset magnifies a section of the record to show EPSCs shortly before
and after the flash. ¢, Cumulative charge transfer during the EPSC. Dashed gray line shows the straight
line fits used to estimate the replenishment rates.
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Figure 8.  Anexample of calcium uncaging in a cone. 4, Single confocal section showing an
image of a cone in the retinal slice loaded with DM-nitrophen (10 mm) and the Ca* indicator
dye 0GB-6F (0.5 mm) before stimulation (image was obtained at time point A in the graph).
Scale bar is 10 wm. B, Applying a train of pulses (13.3 Hz, —70 mV to —10 mV, 25 ms)
increased fluorescence in the terminal and soma regions of the cone (time point B in the
graph). ¢, [Ca2*]; was rapidly elevated in both the soma and terminal by a flash of UV
light (time point C in the graph). 0S, Outer segment; IS, inner segment; S, soma; T,
terminal. D, [Ca® "] change during the — 10 mV train and the UV flash. Open circles show
the Ca* level of the terminal and solid line shows the [Ca*]; change measured in the
center of the soma.

whether Ca** entry through L-type Ca** channels can accelerate
replenishment, we abruptly increased Ca®" influx into cones
during a pulse train (13.3 Hz, steps to —10 mV for 25 ms) by
taking advantage of the fact that inhibitory effects of nifedipine
on L-type I, can be relieved by a bright UV light flash (Sangui-
netti and Kass, 1984). Figure 7A shows that a brief UV flash
enhanced cone I, recorded in the presence of 3 uM nifedipine
by 30%. This disinhibition persisted beyond the end of the
train (>1 s). Increasing Ca*" influx by unblocking nifedip-
ine’s inhibitory effects significantly accelerated the replenish-
ment rate during a pulse train (Fig. 7) from 67.3 £ 16.5 to
199.5 £ 25.1 v/s/cone (p = 0.0002, n = 13). We did not
observe a larger EPSC immediately after the UV flash (Fig. 7B,
inset), indicating that the Ca**-dependent increase in replen-
ishment is not due to expansion of the readily releasable vesi-
cle pool.

Focusing more directly on the role of Ca*™", we tested effects of
elevating Ca** by flash photolysis of the caged Ca*" compound,
DM-nitrophen. Cones were dialyzed for 2-5 min with DM-
nitrophen and a Ca** indicator dye, OGB6-F, through the patch
pipette. Ca®" was uncaged in the middle of a pulse train (13.3 Hz,
25 ms steps to —10 mV). Figure 8 shows an example of Ca**
changes from a single confocal section of a cone during one such
experiment. Before uncaging, the pulse train stimulated a Ca*™
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Figure9. Intracellular calcium dependence of replenishment. 4, EPSCs recorded from an OFF
bipolar cell in response to a pulse train (13.3 Hz, —70 to — 10 mV) applied to a simultaneously
voltage-clamped cone. Ca 2" was uncaged from DM-nitrophen by application of a UV light flash
5sinto the trial. Insets magnify EPSCs at the start of the stimulus train and at the time of the UV
flash. B, Cumulative charge transfer during the pulse train. Dashed gray line shows the straight
line fits used to determine the replenishment rate. , The relation between the change in
replenishment rate observed after Ca>* uncaging and postflash [Ca**]; measured near
the cone terminal. [Ca 2+]i was determined from 0GB-6F fluorescence changes using
Equation 1. Data were plotted on log/log axes. Solid line shows the straight line fit with a
slope 0f 2.32 = 0.21.

increase in the synaptic terminal region at the base of the cone.
Consistent with the localization of Ca>* channels to cone termi-
nals (Nachman-Clewner et al., 1999; Xu and Slaughter, 2005),
there was a smaller increase in the soma than in the terminal.
Uncaging Ca>" from DM-nitrophen with a short UV flash fur-
ther increased [Ca®" ], to similar levels in the terminal and soma
(Fig. 8C). The slightly higher level attained in the terminal is likely
due to the higher level present in the terminal before the flash. We
acquired images of the cone every 60 ms and measured [Ca*™ ], as
close as possible to the terminal. As shown in Figure 9, abruptly
elevating [Ca*"]; in a cone 5 s into the pulse train by photolytic
uncaging of DM-nitrophen speeded replenishment from 125.2 *
31.6 v/s/cone to 312.2 = 79.64 v/s/cone ( p = 0.0037). Figure 9C
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shows the increase in replenishment from
multiple cells plotted as a function of
[Ca**], The replenishment rate in-
creased when [Ca®"]; was elevated above
~300 nM, and this Ca®"-dependent in-
crease showed a slope of 2.3 when plotted
on log/log axes (Fig. 9C). These properties
are similar to Ca*" dependence of exocy-
tosis from cones, which exhibits a thresh-
old of ~400 nm and power law
relationship of ~2 (Duncan et al., 2010).

Location of Ca**-dependent sites

in replenishment

Replenishment and release exhibit similar
Ca®" dependencies, but do both mecha-
nisms involve the same sites? To address this
question, we compared the locations of
Ca**-dependent sites involved in replen-
ishment and release by using different Ca**
buffers to limit the spread of Ca** from
voltage-gated Ca’* channels. We com-
pared the effects on EPSC charge transfer of
increasing the pulse amplitude from —30
mV (25 ms, 13.3 Hz) to —10 mV (25 ms,
13.3 Hz) when using 1 mm BAPTA, 0.5 mm
EGTA, or 5 mm EGTA in the cone patch
pipette. Figure 10, A and B, illustrates EPSCs
obtained from different cell pairs using 1
mM BAPTA and 0.5 mm EGTA, respec-
tively. Figure 10C shows the cumulative
EPSC charge transfer during the pulse trains
in these same two experiments. Increasing
pulse strength from —30 to —10 mV stim-
ulated a much larger increase in replenish-
ment (steeper slope) when using 0.5 mM
EGTA than with 5 mm BAPTA in the patch
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Figure 10.  Effects of exogenous calcium buffers on the rate of replenishment in cones. 4, EPSC recorded from a voltage-

clamped OFF bipolar cell evoked by a pulse train (13.3 Hz, 25 ms steps from —70 to —30 mV) applied to a simultaneously
voltage-clamped cone. After 5, the test step amplitude was increased to more strongly activate /., and thereby increase Ca**
influx (13.3 Hz, 25 ms steps from —70to — 10 mV). The cone patch pipette in this experiment contained 1 mmBAPTA. Experiments
shown in previous figures used 5 mm EGTA in the cone patch pipette. B, Same stimulus protocol performed in a different cell pair
using 0.5 mm EGTA in the cone pipette solution. Insets in A and B show EPSCs recorded shortly before and after changing the test
pulse amplitude from —30to —10 mV. (, EPSC charge transfer from the two cell pairs shown in A and B. To emphasize the larger
slope change observed with 0.5 mm EGTA, we selected cell pairs that exhibited similar rates during the initial train of pulses
to —30 mV. Dashed gray lines show straight line fits used to estimate replenishment rates. D, Change in replenishment
rate caused by increasing Ca®* influx with use of a stronger test pulse in the three different buffering conditions: 1 mm
BAPTA, 32.9 = 10.0 v/s/cone (n = 11); 5 mm EGTA, 83.7 = 11.3 v/s/cone (n = 15); 0.5 mm EGTA, 129.3 = 20.8 v/s/cone
(n=8); 1 mmBAPTA versus 5 mm EGTA, p = 0.0037; 1 mm BAPTA versus 0.5 mm EGTA, p = 0.0003; 5 mm EGTA versus 0.5
mwm EGTA, p = 0.047.

pipette (Fig. 10C). Figure 4 A showed EPSCs

obtained with the same experimental proto-

col using 5 mM EGTA. A comparison of the slopes of the lines fit to
cumulative EPSC charge transfer in all three buffer conditions shows
that the increase in replenishment rate stimulated by increasing
pulse strength from —30 mV to —10 mV diminished significantly as
Ca®" buffering was increased (Fig. 10D). Buffer space constants
were estimated at 22 nm for 1 mm BAPTA (k,, =6 X 10%Mm ! +s7!)
(Tsien, 1980), 200 nm for 5 mm EGTA (k,, = 1.5 X 10° M~ *+s7 1)
(Adler et al., 1991), and 632 nm for 0.5 mM EGTA (Roberts, 1993).
The finding that replenishment rates differed in all three
buffer conditions suggests that replenishment involves sites
>200 nm from Ca®" channels clustered at the base of the
ribbon. By contrast, the initial fast EPSC was not significantly
diminished by changing the EGTA concentration from 0.5 mm
(n=10) to5mM (n = 18, p = 0.26) or use of 1 mm BAPTA (0.5
mM EGTA vs 1 mm BAPTA, p = 0.07; 5 mM EGTA vs 1 mMm
BAPTA, p = 0.12, n = 11), suggesting that sites of exocytosis are
<200 nm from Ca>" channels and perhaps as close as 20 nm.
Thus, although the Ca®" dependencies are similar, Ca**-
dependent sites of replenishment involve locations that are dis-
tinct from fusion sites.

Discussion
Similar to other neurons, cone photoreceptors possess readily
releasable, reserve, and resting pools of synaptic vesicles. The

readily releasable pool consists of ~20 vesicles per ribbon,
matching the number of vesicles contacting the plasma mem-
brane at base of the ribbon (Bartoletti et al., 2010). With strong
maintained stimulation, a second releasable pool of ~90 vesicles
is depleted with a time constant of ~400 ms (Innocenti and Hei-
delberger, 2008; Bartoletti et al., 2010). This reserve pool matches
the number of vesicles tethered to the remainder of the ribbon.
Consistent with previous results (Bartoletti et al., 2010), the
present study yielded a total (readily releasable plus reserve) pool
of ~115 vesicles per ribbon. After depleting the readily releasable
and reserve pools, the cone synapse can maintain release indefi-
nitely by accessing the resting pool. Our results support the
hypothesis that sustained release evoked by maintained depo-
larization is limited by the rate of vesicle replenishment. We
further show that the replenishment rate, and thus the rate of
sustained release, exhibits a voltage dependence conferred
largely by a Ca*>* dependence of replenishment.

The evidence for Ca®" dependence of replenishment in-
cludes the following results: (1) matching the amount of Ca**
influx during steps to different test voltages yielded similar
replenishment rates, (2) reducing Ca** influx by using a pos-
itive (+30 mV) test step to reduce Ca>* driving force slowed
replenishment, (3) photolytic unblocking of Ca** channels in-
creased replenishment, and (4) release of caged Ca®" increased
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replenishment. One mechanism by which an increase in Ca®"
influx might stimulate replenishment is expansion of the readily
releasable pool of vesicles. Expansion of the readily releasable
pool increases the number of release sites that can be replenished,
and this can cause a linear increase in the rate of replenishment.
We found that the size of the releasable pool increased by 20%
when test pulse amplitude was increased from —30 mV (25 ms)
to —10 mV (25 ms). However, this expansion of the releasable
pool only accounts for a portion of the 55% increase in the rate of
replenishment stimulated by an increase in pulse amplitude from
—30 to —10 mV. The remaining portion reflects more direct
actions of Ca** on mechanisms of replenishment. Consistent
with this, replenishment rates increased with stimuli that en-
hanced Ca** influx but did not expand the readily releasable pool
(Fig. 6).

Regulation of replenishment by intracellular Ca** levels
has been found at other conventional and ribbon synapses
(Mennerick and Matthews, 1996; Dittman and Regehr, 1998;
Stevens and Wesseling, 1998; Wang and Kaczmarek, 1998;
Gomis et al., 1999; Sakaba and Neher, 2001; Kuromi and
Kidokoro, 2002, 2005; Singer and Diamond, 2006; Hosoi et al.,
2007; Johnson et al., 2008; Sakaba, 2008). At the basket cell
synapse in the cerebellum, acceleration of replenishment re-
quired high Ca*" levels matching the high Ca** levels needed
to stimulate exocytosis (Sakaba, 2008). At other synapses, re-
plenishment is accelerated by much lower levels of Ca*" than
needed for release (Dittman and Regehr, 1998; Stevens and
Wesseling, 1998; Wang and Kaczmarek, 1998). At the cone
synapse, replenishment and release exhibit a similar Ca*" de-
pendence to one another, but both are stimulated by very low
Ca’" levels (Rieke and Schwartz, 1996; Thoreson et al., 2004;
Sheng et al., 2007). Similar Ca*" dependencies help these two
processes remain in balance with one another. Along with the
balance between endocytosis and exocytosis (Rieke and
Schwartz, 1996), maintaining a balance between release and
replenishment is essential for cones to maintain release for
hour upon hour in dim light conditions.

Although release and replenishment at the cone synapse ex-
hibit similar Ca?* dependencies, effects of Ca?" buffers indicate
that these two processes involve spatially distinct sites. The find-
ing that cone-driven EPSCs were not significantly diminished by
the inclusion of 1 mm BAPTA in the cone patch pipette suggests
that sites of vesicle release are close (<200 nm) to Ca>" channels.
By contrast, replenishment was significantly diminished by ele-
vating EGTA from 0.5 to 5 mu, indicating that this process in-
volves sites >200 nm from Ca>* channels. In cone terminals, the
synaptic ribbon, which is believed to tether the reserve pool of
vesicles (LoGiudice et al., 2008), extends a few hundred nanome-
ters into the cytoplasm (Sjostrand, 1958; Morgans, 2000). Thus,
the effects of different Ca®" buffers are consistent with the idea
that the actions of on replenishment may involve sites along the
ribbon.

After the initial test pulse had depleted the readily releasable
pool, we often observed a quiescent period of release that per-
sisted for a couple hundred milliseconds. During this quiescent
period, subsequent pulses evoked little or no release (Fig. 2, in-
set). After this time, release recovered slightly, although EPSCs
remained quite small throughout the remainder of the pulse
train. We observed a similar brief quiescent period before the
acceleration of release following elevation of Ca*™ levels by Ca*™
uncaging or photolytic disinhibition of nifedipine (Figs. 7, 9, in-
sets). This brief quiescent period may reflect the ~250 ms delay
exhibited by docked vesicles in bipolar cells before they can fuse
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(Zenisek et al., 2000). Thus, Ca?™" may facilitate replenishment by
accelerating the rate at which releasable vesicles dock at the base
of the ribbon.

The proteins controlling replenishment and release have not
been fully elucidated. At the calyx of Held, the primary Ca**
sensor responsible for accelerating replenishment appears to be
calmodulin (Sakaba and Neher, 2001), but the effects also involve
calmodulin’s interactions with other different proteins. One tar-
get of calmodulin is the GTP-binding protein, rab3A (Kim et
al., 2002), which plays a role in regulating replenishment
(Leenders et al., 2001). This is an appealing candidate for
regulating replenishment at the cone synapse, since rab3A in-
teracts with Rim2 proteins found along the ribbon (Fukuda,
2003; Dulubova et al., 2005; tom Dieck et al., 2005; Deguchi-
Tawarada et al., 2006).

When cones are hyperpolarized in the presence of bright illu-
mination, the readily releasable pool can be fully replenished. The
depolarization of cones at light offset evokes a burst of release that
is closely synchronized with Ca®" channel openings (Rabl et al.,
2005). With sustained release in continued darkness, the readily
releasable pool is soon depleted and release rates become gov-
erned by replenishment (Jackman et al., 2009). The occurrence of
Ca** channel openings in depolarized photoreceptors exhibits a
Poisson distribution (Thoreson et al., 2000). If the sustained re-
lease of vesicles in darkness were tightly coupled to individual
Ca** channel openings, the resulting Poisson release probability
would impair the detection of small responses by the postsynap-
tic bipolar cell (Schein and Ahmad, 2006). One potential advan-
tage of having replenishment control the rate of sustained release
may be to make release more regular. Ca®"-dependent replen-
ishment involves sites situated a few hundred nanometers from
Ca** channels, allowing average Ca>" from multiple channels to
control release. This can reduce the noise from stochastic Ca**
channel openings as well as allowing Ca>* derived from other
sources [e.g., CICR or store-operated channels (Cadetti et al.,
2006; Szikra et al., 2008, 2009; Babai et al., 2010)] to regulate
sustained release.

While Ca®*-dependent mechanisms of replenishment are
common to many synapses, the cone ribbon synapse is unusual in
that replenishment plays a more direct role in controlling sus-
tained release rates (Jackman et al., 2009). At the cone ribbon
synapse, regulation of replenishment by voltage-dependent
changes in Ca*" influx and pool size is thus not simply a way to
maintain release for long periods of time but provides a mecha-
nism for encoding light-evoked changes in membrane potential
into changes in sustained release rates.
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