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ABSTRACT First proposed as a specialized mode of release at sensory neurons possessing ribbon synapses, multivesicular
release has since been described throughout the central nervous system. Many aspects of multivesicular release remain poorly
understood. We explored mechanisms underlying simultaneous multivesicular release at ribbon synapses in salamander
retinal rod photoreceptors. We assessed spontaneous release presynaptically by recording glutamate transporter anion cur-
rents (Iagy) in rods. Spontaneous g events were correlated in amplitude and kinetics with simultaneously measured mini-
ature excitatory postsynaptic currents in horizontal cells. Both measures indicated that a significant fraction of events is
multiquantal, with an analysis of Iagu) revealing that multivesicular release constitutes ~30% of spontaneous release events.
Iagiuy charge transfer increased linearly with event amplitude showing that larger events involve greater glutamate release.
The kinetics of large and small |5y €vents were identical as were rise times of large and small miniature excitatory postsynaptic
currents, indicating that the release of multiple vesicles during large events is highly synchronized. Effects of exogenous Ca®*
buffers suggested that multiquantal, but not uniquantal, release occurs preferentially near Ca®* channels clustered beneath
synaptic ribbons. Photoinactivation of ribbons reduced the frequency of spontaneous multiquantal events without affecting uni-
quantal release frequency, showing that spontaneous multiquantal release requires functional ribbons. Although both occur at
ribbon-style active zones, the absence of cross-depletion indicates that evoked and spontaneous multiquantal release from rib-
bons involve different vesicle pools. Introducing an inhibitory peptide into rods to interfere with the SNARE protein, syntaxin 3B,
selectively reduced multiquantal event frequency. These results support the hypothesis that simultaneous multiquantal release
from rods arises from homotypic fusion among neighboring vesicles on ribbons and involves syntaxin 3B.

SIGNIFICANCE It is now recognized that many neurons and non-neuronal secretory cells can release multiple vesicles
in response to stimulation. Among other properties, multivesicular release can improve the ability to encode the timing of
events at neuronal synapses. Synaptic ribbons are protein structures in sensory neurons that tether vesicles near release
sites and support multivesicular release. We studied mechanisms underlying spontaneous multiquantal release at large
ribbon synapses of rod photoreceptor cells in salamander retina. Recording release events presynaptically in rods using
glutamate transporter-associated anion currents, we found that multiquantal release involves homotypic fusion among
vesicles on synaptic ribbons and believe it shows a novel role for the SNARE protein, syntaxin 3B, in promoting
multiquantal release separate from its role in exocytosis.

INTRODUCTION

Early studies suggested that an action potential triggered

is increasing recognition that many synapses can release
multiple vesicles (1). Synaptic ribbons in sensory neu-
rons—protein structures that tether numerous vesicles

fusion of only a single vesicle at most synapses, but there
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near release sites—are specialized to support multivesicu-
lar release (1,2). Ribbon-bearing hair cells, retinal bipolar
cells, and photoreceptor cells respond to sensory stimula-
tion with graded changes in membrane potential that regu-
late the rate of ongoing vesicle release. While also
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maintaining release almost indefinitely, ribbon synapses
must be able to adjust release rapidly in response to
changes in membrane potential. Release of a vesicle at syn-
aptic ribbons in a number of different cell types, including
rods, requires the opening of only a few nearby Ca®" chan-
nels (3-6). Stimulating the opening of multiple Ca®" chan-
nels with a rapid, strong depolarizing stimulus can thus
trigger rapid fusion of multiple vesicles from the readily
releasable pool docked at the base of a ribbon (3,7,8).
However, even when Ca?" channel openings are few and
far between, one can observe spontaneous postsynaptic
events that vary widely in amplitude. Although the ampli-
tude of vesicle release events may also be shaped by the
kinetics of vesicle pore opening (9,10), this suggests that
even individual spontaneous events may involve the release
of multiple vesicles (8,11-13). Multivesicular release may
help ribbon synapses encode sensory information by regu-
lating event amplitude as well as frequency (14).

A number of mechanisms have been proposed to account
for multivesicular release. One is coincident fusion of indi-
vidual vesicles located at different release sites along the
base of the ribbon (12). One way this might occur is if
Ca”’" ions entering Ca®" channels beneath the ribbon
spread far enough to trigger the fusion of multiple rib-
bon-associated vesicles (15,16). It has also been suggested
that the amplification of Ca®" influx by CICR from intra-
cellular stores may promote multivesicular fusion in rods
(17). Another potential mechanism for multivesicular
release is homotypic fusion, in which neighboring vesicles
fuse with one another either before or after fusion with the
plasma membrane (18-22). Homotypic fusion of exocy-
totic vesicles is prominent in parotid and pancreatic acinar
cells (21), immune cells (22-26), and pancreatic § cells
(20,21,27). Vesicle-vesicle fusion has also been shown to
increase quantal size at conventional neuronal synapses
(28) and may occur at ribbon synapses in the retina
(18,29,30).

Homotypic fusion among secretory vesicles depends on
several SNARE and SNARE-associated proteins, including
muncl8-2 (31,32), muncl13-4 (33,34), SNAP23 (35), and
VAMPS (36,37). In many secretory cells, vesicle-vesicle
fusion involves syntaxin 3 (24,27,38). Similarly, retinal rib-
bon synapses of bipolar and photoreceptor cells use syntaxin
3B rather than the syntaxin 1 isoform used by most neurons
(39,40). Although syntaxin is principally expressed on
target membranes, it can also be found on vesicular mem-
branes (41-43), including those of ribbon synapses (44).
The close proximity of vesicles tethered next to one another
on a synaptic ribbon (45) could potentially facilitate vesicle-
vesicle fusion. It has therefore been hypothesized that syn-
taxin 3B might promote the formation of intervesicular
SNARE complexes and homotypic fusion among neigh-
boring vesicles on a ribbon (18).

We studied the frequency and mechanisms of simulta-
neous multiquantal release at ribbon synapses in rod photo-
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receptor cells of salamander retina. We measured release
presynaptically by recording glutamate transporter anion
currents (Iogy)) from rods. Excitatory amino acid trans-
porters (EAATSs) can be found in neurons and glial cells
where they retrieve glutamate for terminating synaptic
transmission and reuse (46-48). EAATs are electrogenic
antiporters, exchanging glutamate, 3 Na™, and 1 H" for 1
K molecule; however, most of the EAAT current measured
by whole cell voltage clamp is due to an uncoupled anion
conductance (48). Although not directly coupled to gluta-
mate transport, the EAAT anion current is linearly propor-
tional to the number of glutamate ions released (49,50).
The principal glutamate transporters in salamander rods
are SEAAT?2 and 5A,; the latter exhibits a particularly large
anion conductance (47,48). Measuring release presynapti-
cally eliminates synapse-to-synapse variation in the number
of glutamate receptors or differences in electrotonic dis-
tance among synapses that can contribute to quantal vari-
ability in postsynaptic measurement (51).

Our results show that ~30% of spontaneous release
events in rods involve the simultaneous fusion of multiple
vesicles. We found that simultaneous multiquantal fusion
involves vesicles situated close to Ca’" channels, is
impaired by damage to ribbons, and is selectively reduced
by interfering with syntaxin 3B. These results support the
hypothesis that simultaneous multiquantal release at rod
photoreceptor synapses is largely due to homotypic fusion
of vesicles promoted by syntaxin 3B at synaptic ribbons.

METHODS
Retinal slices

Vertical slices were prepared from the retinae of aquatic tiger salamanders
(Ambystoma tigrinum) as previously described (52). Animal husbandry and
experimental procedures were approved by the University of Nebraska
Medical Center’s Institutional Animal Care and Use Committee. Salaman-
ders of both sexes were housed in a water tank (4°C) on a 12:12-h light-dark
cycle. Experiments were typically conducted 1-3 h after the beginning of
subjective night. After brief submersion in 0.25 g/L. MS222, salamanders
were sacrificed by decapitation. After enucleating the eye, the cornea and
iris were removed, and the resultant eyecup was cut into two or three pieces.
One piece was then placed vitreal side down onto a nitrocellulose mem-
brane. Under cold amphibian Ringer’s solution, the retina was carefully iso-
lated by removing the sclera, choroid, and pigment epithelium. A razor
blade tissue slicer (Stoelting, Wood Dale, IL) was used to cut the retina
into 125-um slices. The thin slices of filter paper with attached retina
were rotated 90° and anchored in the recording chamber by two strips of
vacuum grease. Dissections were performed under cold amphibian Ringer’s
solution and room light. Retinal slices were visualized on an upright, fixed-
stage microscope (Nikon E600FN, 60x 1.0 NA long working distance
objective) and continuously superfused (1 mL/min) with an oxygenated
amphibian saline solution containing (in mM) 116 NaCl, 2.5 KCI, 1.8
CaCl,, 0.5 MgCl,, 5 Glucose, and 10 HEPES (pH 7.8; room temperature).

Electrophysiology

Whole cell recordings were obtained from rods and horizontal cells in
retinal slices. Patch-pipettes were crafted on a Narishige (Amityville,



NY) PP-830 vertical puller from borosilicate glass (1.2-mm outer diameter,
0.9-inner diameter with internal filament; World Precision Instruments, Sar-
asota, FL). Each had tip diameters of 1-2 um and resistances of 5—-15 MQ.
Recordings of Iy from rod photoreceptors were obtained with a pipette
solution using SCN™ as the principal anion to enhance Ia(gy (in mM): 90
KSCN, 10 TEA-CI, 3.5 NaCl, 1 MgCl,, 10 HEPES, 10 ATP-Mg, and 0.5
GTP-Na. Except for Ca®" chelator experiments in which we used
0.05 mM EGTA or 10 mM 1,2-bis(o-aminophenoxy)ethane-N,N,N’,N'-tet-
raacetic acid (BAPTA), the solution also contained 5 mM EGTA. We did
not correct for the liquid junction potential (LJP) calculated with PClamp
(Axon Instruments, San Jose, CA) to be —4.5 mV. Recordings from hori-
zontal cells used a pipette solution containing (in mM) the following: 90
CsGluconate, 10 TEA-CI, 3.5 NaCl, 1 MgCl,, 10 HEPES, 5 EGTA, 10
ATP-Mg, and 0.5 GTP-Na (18). The LJP for this solution was —12.2 mV.
Rod recordings showed an average capacitance of 34.5 = 3.0 pF, mem-
brane resistance of 221.6 = 24.8 MQ, and series resistance of 26.5 =+
3.7 MQ (n = 16).

For fluorophore-assisted laser inactivation (FALI) experiments
described below, we included 80 uM fluorescein isothiocyanate (FITC)-
conjugated RIBEYE-binding peptide or a scrambled version of the same
peptide in the KSCN pipette solution, along with 3 mM reduced glutathione
and 3 mM trolox as antioxidants (53). RIBEYE (or CtBP1) is a transcript
variant of CtBP2 containing a ribbon-specific A domain and a B domain
shared with CtBP2 (54). The FITC-conjugated peptide (FITC-Ahx-
EQTVPLDLSKRDR) binds to a PXDLS sequence in CtBP2 (53). As a
control, we used a scrambled version of the same peptide (FITC-Ahx-
RTSPDKLVLDERQ).

To test a role for syntaxin 3B, we introduced 250 uM syntaxin 3B inhib-
itory peptide (stx3pep; RHKDIMRLESSIKELHDMFVDVA) or a scram-
bled version of the same peptide (RIALKDDVIHMRESVDHKSFMEL)
into the pipette solution along with 1 mM reduced glutathione and 1 mM
trolox (40).

Quantal analysis

Spontaneous rod Iae) events were recorded while holding rods at
—70 mV. Trials were typically 180 s in duration. Individual Iy, events
in rods and miniature EPSCs (mEPSCs) in horizontal cells were identified
using the “event detection” function in Clampfit 10.4 with a template
created from an average of 5-15 events from the same cell. During simul-
taneous recordings, rod I g1y and horizontal cell nEPSCs were considered
to be coordinated if the onset of an I, €vent occurred within 10 ms of the
beginning of an mEPSC. Amplitude histograms were constructed and fit
with a multiple Gaussian function. Events within one SD of the mean of
the first peak were considered “uniquantal,” and remaining larger events
were considered “multiquantal.” Quantal content was calculated from
weighted averages of the area under the curves from a multiple Gaussian
fit (GraphPad Prism 4).

FALI

For FALI experiments, we introduced 80 uM FITC-conjugated RIBEYE-
binding peptide or a scrambled version of the same peptide through the
patch pipette into a rod. Immediately after rupture, we applied a 2-ms
voltage step from —70 to —10 mV to evoke ribbon-mediated release and
then recorded spontaneous events for 90 s while holding the rod at
—70 mV. We followed this with a second 2-ms step and another 90-s mea-
surement of spontaneous events. The 488-nm laser from the spinning disk
confocal was then turned on for 60 s to bleach the FITC-conjugated peptide.
After bleaching, we applied a 2-ms step followed by 90 s of recording spon-
taneous events and then a final 2-ms step. We analyzed trials with the
RIBEYE-binding peptide in which discrete bright puncta were observed
showing that the FITC-conjugated peptide had successfully bound to
ribbons.

Multivesicular Release at Rod Synapses

RESULTS
Spontaneous release events in rods

We studied vesicle fusion events in rods by recording pre-
synaptic anion currents activated during glutamate uptake
by EAATS in rod terminals. Iy Was enhanced by using
the permeant SCN ™ as the principal anion in the rod pipette
solution. Although C1™ ions are not directly involved in the
process of glutamate transport, the amplitude of I g1y is lin-
early related to the number of glutamate molecules that are
retrieved (49,50). As illustrated in Fig. 1 A, we observed
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FIGURE 1 Amplitude characteristics of spontaneous I, events are

consistent with multiquantal release. (A) Spontaneous multiquantal events
were observed among many uniquantal events in rods voltage clamped at
—70 mV. (B) Shown is a representative amplitude histogram of spontaneous
rod Ixcgy) events (n = 325) fit with a multiple Gaussian function. The inset
shows a representative segment of the recording from which the histogram
was derived. By assuming that the mean = SD of the initial peak represents
a single quantum, quantal content for this cell was calculated as a weighted
average of the areas under the curve and found to be 1.69. (C) Amplitude of
Iag) events (n = 339) was strongly correlated with event charge transfer
(R = 0.99) with nonzero slope (F-test, p < 0.0001).
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occasional large spontaneous Isu) events interspersed
among more numerous smaller events in recordings from
rods held under voltage-clamp control at —70 mV. Sponta-
neous I events could be blocked with a glutamate trans-
port inhibitor, threo-B-benzyloxyaspartic acid (11). Because
light hyperpolarizes rods, voltage clamping them at
—70 mV is functionally equivalent to strong light adapta-
tion. Baseline noise during recordings of Ia(gyy from rods
voltage clamped at —70 mV could be further reduced by
applying a bright background light to hyperpolarize neigh-
boring rods and cones (data not shown). This suggests that
glutamate released from photoreceptors in darkness can
reach glutamate transporters of neighboring rods. To mini-
mize the possible impact of release from neighbors, record-
ings were performed in strongly light-adapted preparations.
The amplitude distributions of mEPSCs in horizontal cells
did not differ significantly whether measured under scotopic
or photopic conditions (8), suggesting that the relative fre-
quency of multiquantal events is not significantly altered
by light adaptation. Under these experimental conditions,
the amplitude of spontaneous Iy, events in rods voltage
clamped at —70 mV averaged 15.5 = 1.61 pA (n = 16
rods, n = 49-1134 events/cell) with an average rise time
of 13.8 = 1.37 ms, half width of 9.65 + 1.63 ms, and decay
time of 23.2 = 2.18 ms.

Fig. 1 B shows a representative amplitude histogram of
spontaneous I events. The inset shows a small section
of the record from this cell illustrating both small and large
events. Similar to amplitude histograms of mEPSCs
(8,55,56), amplitude histograms of I, were skewed to
the right (Fig. 1 B). And similar to monophasic excitatory
postsynaptic currents (EPSCs) at other synapses (10,57),
event amplitude and charge transfer of I events
increased linearly with one another indicating that larger
amplitude events involve greater glutamate release (Fig. 1
O).

Binomial statistics predict that the distribution of event
amplitudes should be fit by a sum of Gaussian functions
with peaks that are integer multiples of one another
(Fig. 1 B). The individual quantal amplitude obtained by
fitting amplitude histograms with multiple Gaussians aver-
aged 10.7 £ 2.02 pA compared with an overall mean ampli-
tude of 15.5 *= 1.61 pA in the same cells. A multiple
Gaussian function fit amplitude frequency distributions bet-
ter than a single Gaussian (p < 0.001 for 7/8 cells; p = 0.051
for one cell). Quantal content was calculated from a
weighted average of areas under the curves for each peak
in the multiple Gaussian. From these multiple Gaussians,
quantal content was estimated to be 1.53 = 0.11 (n = 10)
from rod Ia(gu). We found a similar quantal content of
1.42 = 0.09 (n = 8) from the amplitude of horizontal cell
mEPSCs. We defined events within one SD of the mean of
the first peak to be “uniquantal” and considered larger
events to be “multiquantal.” Multiquantal release events ac-
counted for 34.1 = 4% of all 15y events (n = 7) and,
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because some events are quite large, made up an even larger
fraction of the total spontaneous glutamate release from rods
(427 = 8%;n =1).

We compared pre- and postsynaptic measurements of
glutamate release at the same synapses by obtaining simul-
taneous whole cell recordings from rods and a postsynaptic
horizontal cell. Both the rod and its postsynaptic partner
horizontal cell were voltage clamped at hyperpolarized po-
tentials as follows: —70 (=75 mV after correcting for LIP)
and —60 mV (=72 mV after LJP correction), respectively.
We confirmed that these neurons were synaptically con-
nected by determining whether an EPSC could be evoked
in the horizontal cell by a strong depolarizing step applied
to the rod. We then recorded a long series of spontaneous
Ia(eiwy events in the rod and mEPSCs in the horizontal cell
(Fig. 2 A). Spontaneous mEPSCs in horizontal cells were
faster than Iy events in rods (Fig. 2 B). mEPSCs aver-
aged 1039 + 0.79 pA (n = 8 cells, n = 451-1715
events/cell) in amplitude with an average rise time of
1.44 + 0.21 ms, half width of 3.52 + 0.71 ms, and decay
time of 4.30 = 0.39 ms.

Occasionally, a presynaptic I, event occurred at the
same time as an mEPSC in the horizontal cell. Most pre-
and postsynaptic events were not correlated because of the
following: 1) many mEPSCs in the horizontal cell arise
from release by photoreceptors other than the voltage-
clamped rod, and 2) only a few of the roughly seven ribbons
per rod contact any individual horizontal cell (6,58). Despite
the low frequency of correlated events, the cross correlation
between long segments of baseline currents recorded
from synaptically coupled rods and horizontal cells (R* =
0.32 + 0.076, n = 8 pairs) was significantly greater than
the cross correlation observed after time shifting the hori-
zontal cell current record by 100 ms (R* = 0.08 = 0.017;
p = 0.025, paired #-test).

We examined individual rod Iy and horizontal cell
mEPSCs in which the peak of the I, €event occurred
10 ms or less after onset of an mEPSC. Among such coinci-
dent events, the amplitude of Iy events and mEPSCs
were linearly correlated (R2 = 0.36, Table 1) and showed
a significant nonzero slope in 6/8 pairs (p < 0.05, Fig. 2
C; Table 1). Because of the high frequency of spontaneous
mEPSCs, a few coincident events can occur by chance.
However, the correlation of amplitudes between coincident
pre- and postsynaptic events was abolished by time shifting
the records (R*> = 0.02), and 0/8 pairs showed slopes that
were significantly nonzero.

Glutamate molecules bind rapidly to EAAT glutamate
transporters, and this binding activates I,). The cycle
time for glutamate transporter is rather slow, ~70 ms (59),
so the increase in In(g, during a pulse of glutamate
effectively integrates presynaptic glutamate release (60).
Differentiating the glutamate transporter current should
therefore provide a measure of the rise in synaptic glutamate
levels. Consistent with this, differentiating the glutamate
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FIGURE 2 Simultaneous recordings of spontaneous I €vents in a
rod and miniature EPSCs (mEPSCs) in a horizontal cell. (A) During this re-
cord, two spontaneous presynaptic I g1,y multiquantal events in rods (upper
gray trace) occurred simultaneously (arrows) with postsynaptic mEPSCs
(lower black trace). (B) Coincident mEPSC (upper black trace) and presyn-
aptic Ia gy (lower black trace) events (A, dashed gray arrow) are shown.
The noise gray trace shows the first derivative of Igu). The close match
between the derivative of Ixe ) and mEPSC time course indicates that
the increase in I (g integrates glutamate release from the rod. (C) The am-
plitudes of coincident pre- and postsynaptic events were linearly correlated
(n =11, R? = 0.9) with a slope that was significantly nonzero (F-test, p <
0.001), demonstrating that I, provides a presynaptic measure of gluta-
mate release.

transporter currents from individual large Iau) events
yielded waveforms with kinetics that closely matched the
kinetics of simultaneously recorded mEPSCs that reflect
glutamate binding to a-amino-3-hydroxy-5-methyl-4-isoxa-
zolepropionic acid receptors on horizontal cells (Fig. 2 B).
In these recordings, the latency to the peak of mEPSCs
was attained at 3.13 = 0.19 ms, and the peak of the differ-
entiated Iy occurred 2.0 = 0.38 ms later (n = 8 events).

Multivesicular Release at Rod Synapses

Assuming a diffusion coefficient for glutamate of 0.33 um/s
(61), a total latency of 5.1 ms places an upper limit to the
average distance between release sites and glutamate trans-
porters of 3.37 um. The correlated amplitude and kinetic
properties of coincident pre- and postsynaptic events in
paired recordings indicates that I, provides a depend-
able presynaptic measure of glutamate release.

The kinetics of large, multiquantal I, events matched
those of small events. Fig. 3 A shows the average of small
(n = 97) and large (n = 20) I5(g1u) events from a single rod
(selected by a template with defined amplitude parameters).
After scaling the average small uniquantal event to match the
large multiquantal average, the time courses of the two
closely matched one another (red trace, Fig. 3 A). The
10-90% rise time did not differ significantly between uni-
quantal and multiquantal events (p = 0.72; Mann-Whitney
test), and the rise time was not correlated with event ampli-
tude (Fig. 3 B). The variance among 10-90% rise times
was greater for small events because baseline noise more
often hindered the accurate detection of start and stop times
with smaller events. These data suggest that large and small
events result from kinetically similar mechanisms.

We also compared the kinetics of large and small mEPSCs.
Fig. 3 C shows an example of average large and small
mEPSCs from the same horizontal cell. After scaling the
small event to match the amplitude of the large event (red
trace, Fig. 3 C), the rise times of the two waveforms closely
matched one another. Uniquantal and multiquantal EPSC
10-90% rise times were 1.42 = 0.01 vs. 1.43 = 0.03 ms,
respectively, and did not differ significantly (p = 0.25,
n =9 cells). In this example, the average large event decayed
more slowly than the average uniquantal event, consistent
with a greater persistence of glutamate in the cleft after the
release of multiple vesicles. However, because of variability
among half-width measurements, the overall difference in
half widths between uniquantal and multiquantal mEPSCs
was not statistically significant across the entire sample
(p = 0.18, n = 9 cells). The similar rise times for large and
small events suggests that large events arise from the closely
synchronized release of multiple vesicles.

Comparing evoked and spontaneous release

We compared the amplitude of spontaneous Iy, events to
IA(e1n) €voked by 2-ms depolarizing pulses to —25 mV. For
these experiments, we alternated recordings of spontaneous
and evoked events, waiting at least 45 s between test pulses
for replenishment of the releasable pool of vesicles. Evoked
release ran down during our recordings, and so for this anal-
ysis, we only included recordings in which evoked release
persisted long enough for us to measure at least 10 trials.
We constructed amplitude histograms for both spontaneous
and evoked events. The example in Fig. 4 shows a recording
in which the evoked amplitude appears quantized. When
fit with multiple Gaussians, the average fundamental
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TABLE 1 Descriptions of Coincident Pre- and Postsynaptic Events, Including the Number of Coincident Events (n) from Paired Rod
and Horizontal Cell Recordings

Pair n Slope R? p (F-test) Rod QA (pA) Rod CV HC QA (pA) HC CV
1 39 0.47 = 0.08 0.49 <0.0001 5.5 0.09 8.6 + 1.7 0.20
2 43 1.40 = 0.35 0.28 0.0003 5.7 0.11 9.5 = 2.1 0.22
3 34 2.10 = 0.60 0.28 0.0014 6.9 0.12 76 £ 1.3 0.17
4 24 2.12 = 0.90 0.19 0.03 7.8 0.09 152 = 0.6 0.04
5 34 0.14 = 0.16 0.02 0.39 6.3 0.10 3.6 =03 0.08
6 12 047 = 0.21 0.33 0.05 7.8 0.04 157 £ 1.3 0.08
7 35 0.62 = 0.13 0.4 <0.0001 10.8 0.08 153 £ 0.5 0.03
8 11 0.66 = 0.07 0.9 <0.0001 12.4 0.14 16.5 = 0.9 0.05
mean 29 1.00 0.36 0.09 79 0.09 11.5 0.1
4 12.1 0.77 0.26 0.17 2.5 - - -

Regression statistics are reported from amplitudes of coincident events plotted against one another. Events were considered coincident if the start of the rod
event occurred within 10 ms of the peak of horizontal cell (HC) mEPSC. Six out of eight pairs show a slope that deviated significantly from zero (F-test). Rod
and HC quantal amplitudes (QA) are reported, along with a coefficient of variance (CV).

amplitude did not differ between evoked and spontaneous
events (p = 0.29; n = 4, paired #-test), consistent with the
hypothesis that the first peak in the amplitude histogram re-
flects the release of a single vesicle, and subsequent peaks
reflect release of multiple vesicles (Fig. 4 B).

Spontaneous and evoked release appear to access
different vesicle pools. In some trials, we tested release us-
ing a short, strong test pulse (2 ms, —70 to —10 mV) to
maximally activate Ic, but avoid stimulating Ca>*-activated
CI™ currents. In these experiments, we alternated 3-min re-
cordings of spontaneous activity with 2-ms test pulses to
—10 mV. This depolarizing stimulus depletes a large frac-
tion of the readily releasable pool of available vesicles.
The readily releasable pool in rods averages 25 vesicles/rib-
bon, matching the number of vesicles that contact the
plasma membrane at the base of a rod ribbon (62), and there
are an average of seven ribbons per salamander rod
(6,55,58), suggesting a total readily releasable pool of
~175 vesicles/rod. Rod ribbons are typically separated
from one another by 1 um or more (55,58,63), so it is un-
likely that vesicles at neighboring ribbons would spontane-
ously fuse together. Although spontaneous events
presumably arise from individual ribbons, whereas evoked
responses reflect release from all of the functional ribbons,
spontaneous events often exceeded evoked responses in
the same cell. In 12/18 rods, at least one spontaneous event
exceeded the amplitude of the largest evoked response in
that cell. An example of large spontaneous events recorded
before and after a smaller evoked response are shown in
Fig. 5 A. The largest evoked response averaged 73.7 =+
12.3 pA (n = 18 rods), whereas the largest spontaneous
event recorded in the same cells averaged 92.9 =+
13.2 pA. If the entire readily releasable pool of 25 vesi-
cles/ribbon were available for release from all of the ribbons
in a rod, then we should have seen much larger evoked re-
sponses. This suggests that there was considerable rundown
of the evoked response even before the first test pulse was
applied (at least 3 min after patch rupture), but nevertheless,
rods remained capable of large spontaneous responses.
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We saw no evidence for cross-depletion between sponta-
neous and evoked release. In Fig. 5 B, we plot the ratio of the
amplitude of spontaneous multiquantal events relative to the
amplitude of the evoked response as a function of time
before (open circles) or after (filled circles) a test pulse
applied at time 0. For this analysis, we only included events
in which both spontaneous and evoked events were at least
30 pA in amplitude. The amplitude of spontaneous events
relative to evoked events did not vary in any systematic
way with time of occurrence relative to the evoked response.
Consistent with this, the slope of linear regressions fit to the
data for spontaneous events occurring before or after the test
pulse did not differ significantly from zero (p = 0.58 after
test pulse; p = 0.77 before test pulse). These data suggest
that the amplitude of a prior evoked response did not signif-
icantly influence the amplitude of a subsequent spontaneous
event and vice versa (Fig. 5 B).

For the analysis in Fig. 5 B, we required that both evoked
and spontaneous responses exceed 30 pA. However, as illus-
trated in Fig. 5 C, we often saw cases in which the depola-
rizing test pulse failed to evoke any release whatsoever, but
a large spontaneous event was nevertheless observed in the
same cell. By showing that spontaneous multiquantal
release does not require that evoked release from ribbons
remain intact, this illustrates an extreme case of the absence
of cross-depletion. The rapid rundown of evoked release and
the absence of cross-depletion suggest that spontaneous
multivesicular and evoked release involve different vesicle
pools.

Multiquantal release involves release sites close
to Ca®* channels

To determine the dependence of multiquantal Iy, events
on intracellular Ca®", we varied the Ca>" buffering capacity
of the intracellular solution introduced into rods through the
whole cell recording pipette. To localize Ca*" signaling
events relative to the source of Ca*", we exploited differ-
ences in the kinetics with which EGTA and BAPTA chelate



A r2
0 -0
2
= 2 £
3 101 =
< --4 3
204 20 ms -6
B
’_\22—
g 204 .
= 18- .
Oo\o 16“ Y e
S 144
2 124 .
o 104 R * oo
= 8‘ .__--.!-—"""-'5..
267 TTUTTTLRL e M
O 44 Po °
£ o]
|_
0 T T T T 1
-50 -40 -30 -20 -10 0
IA(glu) (pA)
(o3
0+ - -0
. L2
< 27 T
2 %
&) S
%) ©
o 107 =z
- -6
15+ 5ms
L.g

FIGURE 3 Large and small spontaneous release events show similar ki-
netics. (A) Average uniquantal (small black trace; n = 97) and multiquantal
Iacen events (large black trace; n = 20) from a single rod are shown. There
were no kinetic differences between the two after scaling the average uni-
quantal event (red trace, right axis) to match the amplitude of the average
multiquantal event. (B) Graph of individual I, €vent amplitudes plotted
against 10-90% time to rise. The slope of the linear regression (dotted line)
did not differ significantly from zero (F-test; p = 0.28). (C) Average uni-
quantal mEPSC (small black trace, n = 38) and multiquantal mEPSC
(n = 16) from a single horizontal cell are shown. Scaling the uniquantal
event (red trace, right axis) to match the amplitude of the larger event re-
vealed that rise times of the two events were equivalent.

Ca”". Although both chelators have the same affinity, the
slower buffer EGTA will have less of an effect on Ca®"
levels near the source than the faster buffer BAPTA. The
graph in Fig. 6 A plots Ca®" levels as a function of distance
from an open Ca®" channel as predicted by an Excel-based
macro, “Pore” (64). The graph predicts that Ca®>" levels will
decline to 100 nM within 100 nm of an open Ca®" channel
when the patch pipette solution is buffered with 10 mM
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FIGURE 4 Comparisons of evoked and spontaneous Iy €vents sup-
port the interpretation that the first peak in the amplitude histogram of spon-
taneous release events reflects the release of a single vesicle, and
subsequent peaks reflect the release of multiple vesicles. (A) A series of
41 overlaid Igu) responses evoked by 2-ms steps to —25 mV in a rod
are shown. Peak amplitudes of these evoked responses are plotted in the
amplitude histogram in (B) (solid line). The amplitudes of spontaneous I
ol events from the same rod were also plotted in (B) (dashed line),
revealing a similar fundamental uniquantal amplitude (n = 289 events).
The inset in (B) shows an example of spontaneous events from this same
cell.

BAPTA. With 5 mM EGTA, Ca®" levels are predicted to
stay above 1 uM for 390 nm from a channel. Lowering
Ca*" buffering to 0.05 mM, which approximates endoge-
nous buffering in salamander rods (65), allows Ca’" to
remain above 1 uM for almost 780 nm from an open
channel.

The frequency of uniquantal events was reduced by
limiting the spread of Ca*" with 5 mM EGTA compared
with 0.05 mM EGTA and further reduced by using
10 mM BAPTA as the chelator (Fig. 6 B, p < 0.0001;
one-way analysis of variance (ANOVA)/Tukey’s multiple
comparisons). This suggests that some uniquantal events
occur well outside of Ca*" nanodomains generated by
Ca”*" sources, consistent with imaging results showing
that many spontaneous release events in rods occur at
nonribbon release sites (11). By contrast, the frequency
of multiquantal events did not differ between 5 and
0.05 mM EGTA and was only reduced by 10 mM BAPTA
(Fig. 6 C). This suggests that multiquantal release in-
volves vesicles within a few hundred nanometers of
Ca’" channels that are in turn situated just beneath rib-
bons (66-69).
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A previous study suggested that the activation of Ca®*-
induced Ca®" release (CICR) in rods can increase coordi-
nated vesicle release (17). We tested contributions of
CICR during spontaneous release by bath applying a ryano-
dine receptor inhibitor, dantrolene (10 uM), but did not see
any significant change in the frequency of spontaneous
multiquantal release when compared with vehicle control
(p = 0.98; two-way ANOVA).

Multiquantal events originate on the ribbon

The Ca®" chelator results suggest that multiquantal release
involves release sites close to Ca>" channels beneath synap-
tic ribbons. As a more direct test of whether multiquantal
release involves ribbon release sites, we damaged the ribbon
by FALI with a FITC-RIBEYE-binding peptide. As a con-
trol, we used a FITC-conjugated scrambled version of the
same peptide. We introduced the peptides through a patch
pipette. As illustrated in Fig. 7 A, the FITC-RIBEYE-bind-
ing peptide binds selectively to ribbons, yielding bright
spots (arrow) in the synaptic terminal when imaged with a
confocal microscope. The pipette solutions included the an-
tioxidants trolox (3 mM) and reduced glutathione (3 mM) to
limit nonspecific oxidative damage. We waited 5 min to
allow time for the peptide to enter the cell and then turned
on a 488-nm laser for 60 s to bleach the dye. Bleaching of
FITC by FALI releases singlet oxygen that causes damage
localized to within 50 A of the FITC moiety (70).

Fast synchronous, evoked release from rods is largely rib-
bon dependent (6,71,72), and so, a short depolarizing step
should evoke release almost exclusively from ribbon-associ-
ated vesicles. Consistent with this, 154 €voked by a 2-ms
depolarizing step to —10 mV was nearly abolished after
damaging the ribbon by FALI (filled squares and insets,
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-70 mV

Fig. 7 B). When using the scrambled peptide, evoked release
ran down over time but was not abolished acutely by the
laser (open squares, Fig. 7 B). Laser inactivation with
FITC-RIBEYE also reduced the frequency of spontaneous
multiquantal events (filled squares, Fig. 7 C) compared
with control (open squares, p = 0.03) but did not signifi-
cantly affect the frequency of uniquantal events (Fig. 7 D,
p = 0.97). The few multiquantal events that remain after
FALI may reflect incomplete damage to the ribbon as found
earlier with this same peptide concentration (73). These re-
sults extend those seen with Ca®" buffering by revealing
that multiquantal release depends on the presence of func-
tional synaptic ribbons.

Multiquantal release involves syntaxin 3B

Studies at ribbon synapses and in non-neuronal secretory
cells have both suggested a role for syntaxin 3 in supporting
intervesicular SNARE complexes and vesicle-vesicle fusion
(23,27). To test whether syntaxin 3B is involved in multi-
quantal release from rods, we introduced a short peptide
based upon the N-terminal region of the SNARE domain
of syntaxin 3B (stx3pep) or a scrambled version of this pep-
tide (control) into rods through a patch pipette. The stx3pep
has been shown to inhibit the formation of SNARE com-
plexes in retinal ribbon synapses (18). The frequency of
all events, tallied in 3-min bins, ran down over time during
recordings with both peptides, but the stx3pep inhibitory
peptide caused a significantly greater reduction in the fre-
quency of multiquantal events over time compared with
the control peptide (Fig. 8, p < 0.007, two-way ANOVA).
By contrast, there was no change in the frequency of uni-
quantal events with stx3pep compared with the scrambled
control peptide after 15 min (Fig. 8, p = 0.94, unpaired
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tion. The frequency of uniquantal events was reduced significantly when
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Data points show mean = SEM.
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t-test). These results suggest that multiquantal events are
SNARE mediated and are preferentially affected by acute
perturbation of syntaxin 3B function.

DISCUSSION

Our results show that multiquantal release occurs frequently
in rods, constituting ~30% of spontaneous release events
and 40% of the total spontaneous glutamate release. The
identical rise times for large versus small I, €vents in
rods and for large versus small horizontal cell mEPSCs sug-
gest that spontaneous multiquantal release involves syn-
chronous, not sequential, fusion of vesicles. Experiments
with exogenous Ca?" buffers showed that synchronous
multiquantal release occurs at sites within a few hundred
nanometers of Ca>" channels that are in turn close to rib-
bons in rod terminals. Selectively damaging ribbons by
FALI and interfering with syntaxin 3B by the use of an
inhibitory peptide both reduced multiquantal but not uni-
quantal events. Together, these results are consistent with
the hypothesis that simultaneous multiquantal release from
rods arises from homotypic fusion among neighboring ves-
icles on a ribbon and involves the SNARE protein, syntaxin
3B (18). We consider this hypothesis further below.

In hair cells, there is evidence that the spread of Ca’t
entering Ca>" channels beneath the ribbon can reach multi-
ple vesicles and thereby facilitate simultaneous multivesic-
ular release (15). By contrast, measurements of release
from rods found that a single Ca>" channel opening triggers
an average of only 0.17 = 0.12 (SD) vesicle fusion events—
far fewer than needed to account for the frequency of spon-
taneous multiquantal events observed in rods (6). In rods, it
has also been suggested that the amplification of Ca>" influx
by CICR might facilitate coordinated multivesicular release
(17). We did not observe a significant effect of the CICR
blocker dantrolene on spontaneous multiquantal release,
although CICR may play a bigger role in amplifying release
during evoked release at more depolarized potentials (17).
Still, consistent with an earlier study on spontaneous release
from rods (11), our results with BAPTA show that the fre-
quency of multiquantal events depends strongly on available
[Ca®"];. This is similar to the finding at ribbon synapses of
bullfrog hair cells that 10 mM BAPTA almost completely
abolishes release events (2). The most likely source for
Ca”" ions to support spontaneous release is the stochastic
opening of L-type Ca®" channels clustered beneath ribbons.
Consistent with this, deletion of RIM1/2 or RIM-binding
proteins from ribbon synapses caused a reduction in Ca>"
influx through L-type Ca®" channels along with a reduction
in spontaneous release (74,75). By contrast to the apparent
Ca”" dependence of spontaneous release at ribbon synapses,
spontaneous release at many conventional excitatory synap-
ses depends less on Ca”" entry from voltage-gated channels
than does spontaneous release at inhibitory synapses
(76-81). It is hypothesized that these differences in
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spontaneous release at conventional excitatory and inhibi-
tory synapses arise from differences in the protein isoforms
used by those synapses (77). Similarly, the greater depen-
dence of spontaneous glutamate release on voltage-gated
Ca*" channels at ribbon synapses may reflect a reliance
on particular protein isoforms. For example, as we consider
below, the Ca*" dependence in multiquantal release might
involve actions of Ca?* or Ca®/calmodulin-dependent pro-
tein kinase II (CaMKII) on syntaxin 3B, a target SNARE
protein specific to retinal ribbon synapses, that occur before
final fusion.

Could the heterogeneous amplitudes of Iy be due to a
variable dilation of fusion pores rather than multiquantal
release, as proposed for inner hair cells (10)? We found
that large and small events showed matching kinetics, as
found in bullfrog hair cells (2), and rarely saw multiphasic
events that are commonly seen in inner hair cells from
rats. Multiphasic events at rat hair cell synapses are thought
to reflect fusion pore flickering and thus show similar charge
transfer for both large and small events (10). However, we
found that event amplitude and charge transfer increased
in parallel with one another, indicating that larger events
result from a greater release of glutamate (10,57). This sug-
gests that the variability in amplitude of release events in
rods is unlikely to arise from flickering openings of the
fusion pore.

Our results show a role for both ribbons and syntaxin 3B
in facilitating synchronous multiquantal release. Consistent
with these results, genetic deletion of syntaxin 3 reduced
multiquantal but not uniquantal release frequency in perito-
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Trial number

isons) or scrambled control peptide (p = 0.84;
2-way ANOVA/Tukey’s multiple comparisons).
Data points show mean = SEM.

neal mast cells (24). One way in which syntaxin 3B might
facilitate multivesicular release would be to promote homo-
typic fusion among vesicles. Consistent with the ability of
vesicles to fuse with one another on the ribbon, repetitive
stimulation led to an enlargement of ribbon-attached
cisternae in retinal bipolar cells (29). Although most syn-
taxin 3B is located on the plasma membrane, it can also
be found on vesicular membranes at ribbon synapses, in
which it could potentially form SNARE complexes with
vesicle SNAREs on neighboring vesicles (44). The prox-
imity of neighboring vesicles on the ribbon and their situa-
tion near Ca®" channels would facilitate vesicle-vesicle
interactions (18).

We observed that spontaneous multiquantal release could
occur in rods that are no longer capable of evoked release
because of rundown. The ability for spontaneous release
to occur in the absence of evoked release is consistent
with evidence from rods and other neurons that spontaneous
and evoked pools show functional and molecular differences
(11,82,83). Although they involve different pools, FALI ex-
periments showed that evoked and spontaneous multiquan-
tal release both occur at ribbons. The differing capabilities
for Ca*"-dependent and -independent release may reflect
differences in the composition of the SNARE complexes
among different ribbon-associated vesicles (83).

The rundown of evoked release is not due to rundown of
Ica, which remains stable for long periods of recording from
salamander rods (data not shown). Instead, the loss of
evoked release is likely due to impairment of the Ca®*-
dependent fusion apparatus. This interpretation is in line
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with previous evidence indicating that the final fusion step
for spontaneous multiquantal release in rods does not neces-
sarily require Ca®" (11) and thus should be less affected, as
observed. That spontaneous multivesicular release can
occur without being triggered by stimulus-evoked Ca”" en-
try also argues against the idea that the spontaneous release
of multiple vesicles is coordinated by the spread of Ca*t
beneath the ribbon or by sequential Ca®>"-dependent fusion
of vesicles further up the ribbon. A more likely explanation
for spontaneous multivesicular release is prior homotypic
fusion among vesicles.

Although the final fusion step during spontaneous multi-
quantal release can occur in a Ca?*-independent manner,
our results also showed a dependence of multiquantal
release on Ca®" levels near the ribbon. This may reflect

Multivesicular Release at Rod Synapses

the actions of Ca®" during the delivery and priming of ves-
icles on the ribbon. CaMKII is located on ribbons (84.85),
and the activation of this enzyme facilitates the open config-
uration of syntaxin 3B, enhancing its interactions with
SNAP-25 (44) Prior elevation of cytoplasmic Ca*" acting
on CaMKII localized to ribbons could thus promote homo-
typic fusion between neighboring vesicles on the ribbon, ex-
plaining the preferential reduction of ribbon-mediated
multiquantal fusion events by the inhibitory peptide,
stx3pep.

The functional role of multiquantal release at this synapse
is not entirely clear. Although variability in the amplitude of
spontaneous release events might be expected to impair
detection of small light-evoked changes in release, the abil-
ity to coordinate fusion of multiple vesicles during evoked
release could improve the coding for contrast changes, espe-
cially when photoreceptors depolarize in response to light
decrements. Multiquantal release might provide a threshold-
ing mechanism at the rod synapse for selectively transmit-
ting large events. Such a mechanism can reduce the
impact of noise, although in salamander retina, this type
of nonlinearity is thought to be more prominent at bipolar
cell synapses (86). A recent study concluded that multive-
sicular release at bipolar cell ribbon synapses improves tem-
poral precision for detecting contrast changes and showed
that a single vesicle provides more information about the
preceding stimulus change during multivesicular release
than during univesicular release (14).
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