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SUMMARY

Clearance of synaptic vesicle proteins from active zones may be rate limiting for sustained neurotrans-
mission. Issues of clearance are critical at ribbon synapses, which continually release neurotransmit-
ters for prolonged periods of time. We used synaptophysin-pHluorin (SypHy) to visualize protein
clearance from active zones in retinal bipolar cell ribbon synapses. Depolarizing voltage steps gave
rise to small step-like changes in fluorescence likely indicating release of single SypHy molecules
from fused synaptic vesicles near active zones. Temporal and spatial fluorescence profiles of individual
responses were highly variable, but ensemble averages were well fit by clearance via free diffusion
using Monte Carlo simulations. The rate of fluorescence decay of ensemble averages varied with
the time and location of the fusion event, with clearance being most rapid at the onset of a stimulus
when release rate is the highest.

INTRODUCTION

Ribbon synapses of sensory neurons support continuous exocytosis in response to sustained depolariza-
tion (Matthews and Fuchs, 2010). To support the continuous release of neurotransmitters, rapid replenish-
ment of release-ready synaptic vesicles at presynaptic active zones is required. At conventional, non-rib-
bon-type synapses, clearance of fused synaptic vesicle proteins from the release site is an important
determinant of recovery from short-term synaptic depression, and the clearance and availability of release
sites has been suggested to be rate limiting during sustained synaptic release (Hosoi et al., 2009; Hua et al.,
2013; Neher, 2010; Rajappa et al., 2016; Wu et al., 2009). Furthermore, at rod ribbon synapses, maintenance
of endocytosis, which is an important mechanism to clear synaptic vesicle proteins, is required to maintain
release even at moderate frequencies (Wen et al., 2018). Therefore, clearance of release sites may be of
great importance during sustained release at ribbon synapses.

To study protein clearance following exocytosis, we took advantage of a line of zebrafish, which weakly ex-
press the exocytosis reporter, SypHy (synaptophysin-pHluorin fusion protein), a transgene driven by the
HSP70 promoter (Vaithianathan et al., 2016). Increase in SypHy fluorescence in response to stimulation re-
ports exocytosis, when the interior of the vesicle connects with the external medium (Sankaranarayanan
et al., 2000). By using a weakly expressing line, we can monitor the fate of individual molecules following
exocytosis with high spatial and temporal precision. To localize fusion of single vesicles and trafficking
of synaptophysin after fusion, we imaged vesicle trafficking at the active zone of bipolar cell ribbon synap-
ses at high spatial resolution (Vaithianathan et al., 2016). In this study, imaging of single SypHy molecules
using rapid confocal line scans reveals a decay in fluorescence, largely reflecting lateral movement of syn-
aptophysin molecules out of the imaging locale. In addition, our results indicate that when and where a
fusion event occurs correlates with the amount of time the synaptophysin molecule resides in the imaging
region, with clearance being accelerated at times when exocytosis rates are the highest.

RESULTS

To track the dynamics of a fused vesicle protein, we used transgenic zebrafish expressing SypHy under con-
trol of a heat shock promoter (Vaithianathan et al., 2016). SypHy is essentially nonfluorescent when the flu-
orophore is contained within the acidic environment of a synaptic vesicle (Balaji and Ryan, 2007; Granseth
etal., 2006; Sankaranarayanan et al., 2000; Voglmaier et al., 2006; Wu et al., 2009), but rapidly becomes fluo-
rescent upon exocytosis as it deprotonates. Hence, SypHy is a reliable marker of plasma-membrane syn-
aptophysin localization following exocytosis. We specifically chose low-expressing SypHy transgenic ze-
brafish for the following reasons: (1) low-expressing cells are less prone to overexpression artifacts, such
as saturation of membrane retrieval mechanisms, and thus may more reliably report endogenous protein
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behavior and (2) overexpression may lead to excess surface expression (Royle et al., 2008), reducing the
likelihood of detecting individual molecules at high spatial and temporal resolution.

Retinal bipolar cells contain vesicle-binding scaffolds, known as synaptic ribbons, which localize vesicles to
active zones. Synaptic ribbons are made up largely of the protein Ribeye. In this study, synaptic ribbons
were labeled with a fluorescent peptide that binds to Ribeye (CF-633-RBP) (Vaithianathan et al., 2016; Zen-
isek et al., 2004) delivered via a patch pipette placed directly on a bipolar terminal (Figure 1A, left). SypHy
fluorescence was monitored by line scan confocal imaging along the length of the synaptic ribbon in a di-
rection perpendicular to the plasma membrane (Figure 1A, right). To evoke exocytosis, the membrane po-
tential was stepped to —10 mV for 1 s from a resting potential of —60 mV (Figure 1B, red line), where we
measured both membrane current (Figure 1B) and capacitance (not shown). From these line scans, we
derived the spatial (Vaithianathan and Matthews, 2014) (Figure 1C) and temporal (Figure 1D) aspects of
SypHy fluorescence relative to the synaptic ribbon and plasma membrane.

Spatial Aspects of SypHy Fluorescence Report Locus of Synaptic Vesicle Fusion Relative to a
Single Ribbon Active Zone and the Plasma Membrane

To determine the locus of vesicle fusion, we analyzed the x axis profiles of SypHy fluorescence relative to a
synaptic ribbon and the plasma membrane (Figure 1C) (Vaithianathan et al., 2016). For consistency, we
display line scans such that the outside of the cell is to the right. Although SypHy fluorescence was detect-
able in individual scan lines, the low signal relative to noise precluded accurate localization. We therefore
averaged line scans over 2 pixels in the x axis and 5-8 lines in the t-axis (Figure S1 and Methods). The fluo-
rescence intensity profile of SypHy events perpendicular to the membrane was then analyzed to determine
the position of SypHy events relative to the ribbon and the plasma membrane (Figure 1C). A histogram of
the x axis position of 81 SypHy events (Figure S2) indicates that as reported previously (Vaithianathan et al.,
2016) they were broadly spread across the ribbon and were not confined to positions near the plasma
membrane.

Characterization of Individual pHluorin Events

Depolarization of bipolar cells occasionally gave rise to events, characterized by rapid increases in fluores-
cence above baseline followed by a slower decay that we took to represent the exocytosis of a single
vesicle (see below). To track the dynamics of such SypHy fusion events, we analyzed SypHy fluorescence
in time relative to the stimulating voltage step (Figure 1D). SypHy signals appeared abruptly as expected
for the nearly instantaneous loss of vesicle protons upon fusion and persisted for some time before
declining to baseline fluorescence (Figure 1D, lower panel) indicating movement of the SypHy molecule
out of the x-t line scan, endocytosis followed by reacidification, or photobleaching.

x-t line scans were obtained from 1,453 ribbons during sustained depolarization (Figure 2). We identified
SypHy events in 81 of these recordings and characterized their amplitude (e.g., Figure 2A) (see Methods).
The majority of line scans (1,372) exhibited no detectable events (e.g., Figure 2B), which we refer to as “null”
events. It is possible that there are errors in the distinction between SypHy and null events, but we think
these errors are minimal for several reasons: first, we characterized the baseline or imaging noise in the
absence of a stimulus (Figure 2C, inset). This distribution was well fit by a Gaussian (red line) with an
average amplitude of —0.4 a.u. and an SD of 4.9 (N = 36). The average amplitude of presumed SypHy events
(27.1 £ 1.2 a.u,, N = 81) (Figure 2C, green bars) far exceeds this noise level with the bulk of the events
having amplitudes >1.5 SD. Second, to characterize the amplitude of presumed null recordings, we
randomly selected 203 recordings without detectable events and measured the amplitude right after
the voltage step (Figure 2C, gray bars). These amplitudes were well fit by a Gaussian function with param-
eters (average amplitude of —0.6 a.u., SD of 4.0, N = 203) comparable to the imaging noise, consistent with
these nulls arising from noise. Third, to test for whether there could be hidden SypHy events in the noise of
presumed null events, we averaged the 203 randomly selected events by aligning them to the start of the
depolarization, when exocytic rate is the highest (Figure 2B, inset). If we are consistently missing events
beneath the noise floor, signal averaging across many traces would reduce the noise and reveal this signal.
However, no dramatic changes in fluorescence occurred from baseline, arguing against a significant contri-
bution from hidden SypHy events. Finally, we also compared events of low and high amplitudes to see if
they behave similarly or not (Figure S4), with the idea that multiple simultaneous events, which would
most likely occur with the brighter events, would behave differently. However, we saw no difference
(Figure S4), arguing against any fundamental difference between small and large events.

iScience 17, 10-23, July 26, 2019 1



iIScience

A B
x-tline scan
| 50 mv
100 pA
2 um
c x-axis fluorescence profile D t-axis fluorescence profile
(spatial info) (temporal info)
200 nm
E ?l
8 8 s
-~ 5
S &
©
~ 1200 Q
o 280 2
Q o
qc) 1000 — [
8 F260 @
B 800 >
5 240 3
=] _ i
o 600 -
o 220 T
m 400 4 %
a4 T T T T T @ T T T T
0 400 800 0 500 1000 1500
x position (nm) Time (ms)

Figure 1. High-Resolution Imaging of SypHy Fluorescence Reports Spatiotemporal Aspects of Synaptic Vesicle
Fusion at a Single Ribbon Active Zone

(A) Overview of experimental procedure. (Left) 2D projection from a series of confocal optical sections through a zebrafish
bipolar cell synaptic terminal. A synaptic terminal was voltage clamped using a whole-cell pipette with an internal solution
containing deep-red-fluorescent RBP (CF633-RBP) to label synaptic ribbons. RBP fluorescence was concentrated at
ribbons and also filled the entire terminal, which allowed visualization of the terminal border. Experiments were carried
out on ribbons that could be distinguished from adjacent ribbons (e.g., white asterisks). (Right) Close-up view of a single
synaptic ribbon. The outside of the cell is to the right, which is the standard orientation adopted for all images. x-t scan
lines (broken line) were positioned perpendicular to the plasma membrane, extending from the intracellular side of the
ribbon to the extracellular space. These x-t raster plots were used to measure the fluorescence intensity profiles of RBP
(red) and SypHy (green) shown in (C and D).

(B) Voltage-clamp recording of a bipolar cell terminal. Terminals were held at —60 mV and stepped to —10 mV (to) for

1 s (red) to evoke a sustained Ca®" current (black). Logic pulses exchanged between patch-clamp and imaging
computers synchronized acquisition of x-t line-scan and imaging data. A typical experiment begins with voltage
command (Vi = =60 mV); a transistor-transistor logic (TTL) pulse generated from Patch Master triggers image acquisition.
to is the time of depolarization (see Methods).

(C) lllustration of the approach to obtain the spatial location of SypHy fluorescence with respect to the ribbon. (Top)
Example of an x-t raster plot oriented to illustrate x axis intensity profiles of RBP (red) and SypHy (green) fluorescence
during sustained depolarization. (Bottom) Fluorescence intensity profiles along the x axis for RBP (red) and SypHy (green)
were fit with a sigmoid Gaussian function (see Methods) (Vaithianathan et al., 2016). The centroid (x axis position) of RBP
and SypHy was taken as the peak of the Gaussian fit (xo, shown by dotted green line for SypHy). The parameter x4/, (dotted
red line) from the sigmoid fit to the RBP fluorescence (red trace) was used to estimate the location of the plasma
membrane.

(D) (Top) x-t raster plot, same recording as in (C) but reoriented to demonstrate t axis intensity profiles of RBP (red) and
SypHy (green) fluorescence during sustained depolarization. Scans were averaged over 5 pixels. (Bottom) Raw (light
green) or averaged (black line) temporal intensity profile of the SypHy fluorescence over a region of interest (see also
Figure S1).

See also Figures S1 and S2.
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Figure 2. SypHy Fluorescence Reports Single Fusion
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Three observations suggest that SypHy fluorescence events predominantly represent the dequenching of a
single pHIuorin molecule following exocytosis. First, SypHy events occurred infrequently, only in 5.6% of all
trials (81 SypHy events in 1,453 line scans). If one assumes a random distribution of SypHy molecules across
all ribbons in this study, then the likelihood of two molecules being liberated during a single voltage step
would be 0.3% (.056?). In 1,453 trials, we expect that this would happen about five times. Second, of the 81
SypHy events, six occurred before (one event) or long after (five events) the voltage step at a time when
fusion events are rare (e.g., Figures S3A and 3C) and thus likely reflect a single vesicle. The average
amplitude of evoked SypHy events (27.1 £ 1.2, N = 75) is indistinguishable from that for these rare events
(25.2 £ 4.9, N = 6) (Figure S3B). Third, the point-spread function (PSF), quantified by the full width at half
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A Figure 3. SypHy Events Report Two Components of

Vesicle Fusion

(A) Examples of SypHy events occurring at different times
following depolarization. Event onset (dashed lines, t1) was
the time when the SypHy fluorescence reached 10% of the
event amplitude. (Upper trace) SypHy event onset (1-2 ms)
just after the start of depolarization. (Lower trace) SypHy
event onset occurred around 1,220 ms after the start of
depolarization. The voltage protocol shown at the top (red)
is for both recordings.

(B) Cumulative distribution of SypHy event onsets (green)
up to 5 s after the start of depolarization (N = 75). The
red line is a double exponential fitted to time constants
of the fast to slow component of capacitance

Fluorescence (a.u.)

measurements for zebrafish retinal bipolar cells,

Trast = 2.3 Ms and 740 = 162 ms (Mennerick and Matthews,

1996; Vaithianathan and Matthews, 2014; von Gersdorff

and Matthews, 1994). The resulting ratio of the fast to slow

component of capacitance measurements (1:6) is similar to

that obtained for zebrafish bipolar cells (1:5). (Inset)

Histogram of the event onset of the 81 SypHy events.

80 l_l_’_,_- (C) x axis position of SypHy events with respect to ribbon
PSF (Figure S2) plotted against their event onset. The

0 2000 4000 6000 8000
Time (ms)

location of plasma membrane (gray shading) and centroid

(x axis) position of SypHy was estimated using sigmoid-

60
Gauss function (see Methods; Figure 1C).

N
=]

Early events, those occurring within 30 ms of depolarization
(red shading), occurred both proximal and distal to the

o

407 plasma membrane (Vaithianathan et al., 2016). SypHy

events that occurred up to 4 s after the end of the voltage

Number of Observations
(4]

step (shown in green) were defined as evoked events,

20 whereas SypHy events that occurred before the stimulus or

No. of Observsations
>

o

0 2 4 6 8 10 more than 4 s after the end of voltage step are classified as
t

Event onset (s) rare (show in red, N = 6).
5

T T
2 3 4 6

o

Event onset, (s)

(]

400

-200-

200

x position of SypHy events (nm)
o
L

400

1 1 1 1 1 LI | 1
0 1 2 3 4 56 8 10
Event onset (s)

maximum (FWHM), of a diffraction-limited 27-nm fluorescence bead (Figure S3C) matches the FWHM of
SypHy fluorescence obtained in line scans imaged under the same imaging parameters (Figure S3D).

Because we relate the rate of decline detected in temporal aspects of SypHy fluorescence (Figure 1D,
lower panel) to movement of the SypHy molecule from fusion sites, one concern could be stability in
tracking the SypHy fluorescence due to drift and photobleaching. However, bleaching rate was minimal
during the time course of a typical experiment and accounts for less than 17% with a time constant of
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1.8 £ 0.2 s (N = 3) evaluated from line scans obtained from immobilized GFP under the same imaging
parameters (data not shown). On average ribeye-binding peptide (RBP) fluorescence was stable over
time during an imaging session (data not shown).

Rate of SypHy Events Occurrence Correlates to Kinetic Components of Bipolar Cell Ribbon
Synapses’ Exocytosis

Bipolar cell ribbon synapses exhibit two kinetically distinct components of transmitter release in response
to step depolarizations: a phasic component that consists of a limited pool of vesicles that can be tapped
rapidly but is also rapidly exhausted, generating a transient spike of release, and a tonic component that
comprises a much larger pool of more slowly released vesicles (Mennerick and Matthews, 1996; Vaithiana-
than and Matthews, 2014; von Gersdorff and Matthews, 1994).

The majority of SypHy events occurred soon after the start of membrane depolarization (Figure 3A, upper
trace), whereas other events occurred after a delay (Figure 3A, lower trace). To test whether the timing of
SypHy events agreed with the known time course of bipolar ribbon synapse transmitter release, we deter-
mined the time of onset of SypHy events, relative to the start of membrane depolarization, and plotted
them as a cumulative distribution (Figure 3B) and frequency histogram (Figure 3B, inset). We fit the
cumulative histogram of event onsets with known kinetic components of release from capacitance mea-
surements for zebrafish and goldfish retinal bipolar cells, it = 2.3 ms and 740y, = 162 ms (Mennerick
and Matthews, 1996; Vaithianathan and Matthews, 2014; von Gersdorff and Matthews, 1994). The resulting
amplitude-ratio of the fast to slow component of capacitance measurements (1:6) is comparable with
measurements obtained for bipolar cells (1:5). These results are consistent with individual SypHy events
representing fusion of single vesicles.

We next compared the time of vesicle fusion relative to its location on the ribbon (Figure 3C). Our results
show that during the burst phase of vesicle fusion that occurs within 30 ms after the onset of stimulation
(Figure 3C, red shading) most events were in the half of the ribbon that was proximal to the plasma mem-
brane (Figure 3C, gray shading). However, there were events also localized distal to the plasma mem-
brane (Figure 3C, negative values). Similarly, SypHy events that occurred after 500 ms of onset of stim-
ulation also had fusion events both proximal and distal to the plasma membrane. These results infer that
during sustained stimulation there is no obvious relationship between the timing of events and their
location.

Dynamics of SypHy Fusion Events at a Single Ribbon

SypHy signals increased abruptly but remained elevated for some time before returning to baseline (Fig-
ure 4). To quantify this SypHy dwell time or event duration, we measured from event onset (red arrow) to
when fluorescence decayed to 16 (68.3%) of the event amplitude (shaded green, Figure 4A) (see Methods).
Dwell times were approximately exponentially distributed (Figure 4B) with a time constant of 340 ms. The
fluorescence decay of individual SypHy events varied considerably, as expected for the behavior of individ-
ual molecules acting stochastically. To analyze the properties of SypHy clearance from the line scan, we
averaged SypHy events (N = 81) aligned to the start of event onset (Figure 5A) (see Methods). The decay
phase of the averaged SypHy events was roughly exponential with 1 = 470.7 + 99.2 ms. The decay in fluo-
rescence may represent diffusion out of the line scan, photobleaching, or internalization and reacidifica-
tion. However, the contribution of photobleaching (1.8 + 0.2 's; 17%) is 5-fold slower than the decay rate
(see Methods).

To estimate the possible contribution of endocytosis and reacidification of SypHy molecules to the decay
of the signal, we looked at SypHy fluorescence across the entire synaptic terminal with a maximally
expanded pinhole to assay fluorescence throughout the terminal (Figure 5B). For these experiments
we used a highly expressing SypHy fish (see Methods). By visualizing the entire surface-exposed pool,
diffusion should not contribute to the decay in fluorescence, but instead reflects a combination of inter-
nalization, acidification, and photobleaching. The decay in the SypHy signals was well fit by a single
exponential (Figure 5B, red line). Experiments done on individual ribbons showed a decay time of
15.0 + 3.5 s (N = 27 SypHy) (Figure 5B, inset). Given that this is much slower than the line scan decay
time (about 470 ms) (Figure 5A), this suggests that the fluorescent decay of the individual SypHy events
predominantly reflects diffusion out of the small line scan region rather than internalization or photo-
bleaching. Hence, we interpret the individual events as exocytosis liberating single SypHy molecules,
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Figure 4. SypHy Fluorescence Persists at the Active Zone after Fusion

(A) Examples of x-t scans of SypHy events illustrating variations in the duration of SypHy fluorescence. In some instances,
SypHy events were brief (e.g., upper recording), whereas in other instances they persisted longer (e.g., lower recording).
To quantify SypHy dwell time or event duration, we measured from event onset (red arrow) to when fluorescence decayed
to 10 (68.3%) of the event amplitude (green shades) (see Methods). Temporal intensity profile is the same as in Figure 1D.
We assume the event duration reflects how long the SypHy molecule lingers within the line scan.

(B) Histogram of event durations (N = 81 SypHy events) is approximately exponentially distributed, with a time constant of
340 ms.

followed by diffusion of the fluorescent molecule out of the line scan, where it gradually becomes less
fluorescent as it moves away.

Dynamics of SypHy Clearance

To begin to address the dynamics of clearance from ribbon synapse active zones, we initially considered
timing of fusion events. Bipolar terminals show two kinetically distinct components, a fast-transient phase
at the beginning of depolarization and a slow-sustained phase occurring at later times. Vesicle clearance
during these phases might be quite different owing to the near-simultaneous insertion of significant
amounts of vesicle membrane into a confined space, which could either push membrane out of the synaptic
region or crowd the active zone plasma membrane with vesicle components.

To define the impact of timing on vesicle clearance, we compared time courses for ensemble averages of

SypHy events occurring within 30 ms or 0.5 s after onset of depolarization (Figure 6) (see Methods). We refer
to these components as burst (30 ms) or sustained-phase (0.5 s after) events. We found that the dwell time
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Figure 5. High-Resolution Imaging of a Single SypHy Molecule Reports a Fast Decay Component Attributed to
Lateral Movement of Fused Vesicle Protein

(A) Ensemble SypHy events (N = 81) from x-t line scans. x-t scans sampled at different rates were interpolated to a
common time base (10-ms sample interval) using the interpolation function in Igor. Scans were aligned to event onset and
normalized to their event amplitude.

The decay phase of the average SypHy event was well fit with an exponential function with r = 470.7 £ 99.2 ms (N = 81).
(B) Example of SypHy fluorescence from an x-y scan taken from a bipolar terminal from highly expressing SypHy fish with a
maximally expanded pinhole to assay fluorescence throughout the terminal. Voltage step is shown above. The recovery
phase, which presumably reflects the time for internalization, acidification, and photobleaching, was exponential with
7=14.3s.In x-y scans (inset) of a square region of interest of 1 X 1 um centered over a single terminal, recovery of SypHy
florescence occurs with a median of 15.0 + 3.5 s (N = 27 recordings from 12 different terminals).

of the ensemble averages was briefer for burst events compared with sustained-phase events (Figures 6A
and 6B, green shading) (300 ms versus 700 ms).

To test whether diffusion could explain the decay rate for ensemble SypHy events, we used a Monte Carlo
model (see Methods). Briefly, we simulated individual molecules undergoing a random walk in two dimen-
sions, both perpendicular to the axis of the ribbon, one in the z axis and one in the y axis. The fluorescence
intensity of the molecule was determined by its distance from the center of the axis of the line scan
convolved by the PSF of the microscope, measured with a sub-diffraction limited bead, taking into account
the differences in PSF in the z plane and the x/y plane. The only free parameter in the simulation was the
diffusion coefficient of the simulated molecules (i.e., step size), which was allowed to vary to best fit the
data. For each condition, 84 single molecules were simulated. The diffusion coefficient was varied to obtain
a best fit to the data (green lines, Figures 6C and 6D). Burst events were best fit by a diffusion coefficient of
41.8 nm?/ms, whereas sustained events were best fit with a diffusion coefficient of 9.6 nm?/ms. Thus, during
burst events SypHy molecules diffuse out of the active zone more rapidly than during periods of sustained
release, an effect possibly related to the total amount of membrane added.
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Figure 6. Kinetics of SypHy Events Occurring Early or Late Following the Onset of Depolarization

(A and B) Ensemble of SypHy events occurring within 30 ms (A, N = 16, referred to as “burst” events) or after 0.5s (B, N =
57, referred to as “sustained” events) after the onset of depolarization. SypHy events occurring early in the depolarization
or burst events (A) appeared abruptly, remained at a constant level (~300 ms, green shading), and then declined. SypHy
events occurring late in depolarization or sustained events (B) persist longer compared with burst events (~700 ms, green
shading), before decaying. For comparison, fluorescence was normalized to the peak for the individual record (see
Methods).

(C and D) Decay of ensemble SypHy fluorescence for burst (black, C) or sustained (gray, D) events. We performed Monte
Carlo simulations (2D random walk) of diffusional clearance of SypHy from the active zone to compare clearance rates for
burst or sustained events (see Methods). The diffusion coefficient was varied to obtain a best fit to the data (green lines).
Burst events were best fit by a diffusion coefficient of 41.8 nm?/ms, whereas sustained events were best fit with a diffusion
coefficient of 9.6 nm?/ms.

Clearance of SypHy Molecules Depends upon the Location of Fusion

Vesicle fusion occurred at different locations relative to the plasma membrane (Figure 7). To test whether
the location of the fusion event influenced the rate of clearance from the active zone, we grouped SypHy
events based on the location relative to the center of the ribbon in the x dimension (xg defined above);
SypHy events that occurred at xg > 50 nm and xg < —50 nm were classified as membrane proximal and distal
events, respectively. Proximal SypHy events show faster kinetics compared with distal events, where dwell
times of proximal events were twice faster than those of the distal events (Figures 7A and 7B) (~300 ms
versus > 700 ms) and the apparent diffusion coefficient estimated with best-fit Monte Carlo simulation re-
sulted in a diffusion coefficient of 49 nm?/ms for proximal events and 16.1 nm?/ms for distal events.

SypHy Diffusion at Extrasynaptic Locations

The experiments above addressed movement of recently released SypHy molecules in the restricted area
of the synapse. A key question is whether SypHy mobility is different in this restricted environment than in
the rest of the synaptic terminal. To address this question, we performed fluorescence recovery after
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Figure 7. Kinetics of SypHy Events Occurring at Membrane Proximal or Distal Locations

(A and B) Ensemble of SypHy events occurring near the membrane, i.e., the x axis position of SypHy events occurring with
respect to ribbon PSF < +50 nm (A, N = 25, referred to as “proximal” events) or PSF > —50 nm (B, N = 22, referred to as
"distal” events). SypHy events occurring at proximal locations (A) appeared abruptly, remained at a constant level
(~300 ms, green shading), and then declined. SypHy events occurring at distal locations (B) persisted longer compared
with burst events (~700 ms, green shading), before decaying. For comparison, fluorescence was normalized to the peak
for the individual record (See Methods).

(C and D) Decay of ensemble SypHy fluorescence for proximal (red) or distal (blue) events. Green line indicates best-
fit Monte Carlo simulation with a diffusion coefficient of 49 nm?/ms for proximal events (C) and 16.1 nm?/ms for distal
events (D).

See also Figure S5.

photobleaching (FRAP) experiments in zebrafish bipolar cells that express higher levels of SypHy in retinal
bipolar cells (Odermatt et al., 2012). To do so, we measured recovery from photobleachingina 1 X 1-um
region on the surface of bipolar cell terminals. Photobleaching resulted in a rapid drop in fluorescence, with
arecovery that returned to baseline fluorescence over minutes. To extract diffusion coefficient information,
we fit to the previously derived equation for 2D diffusion (Axelrod et al., 1976; Feder et al., 1996) (Figure S5):

F(t) = [Fo + (R(F° - Fo)+Fo)t/n))/(1 + t/7)
where Rrepresents the fraction of the mobile pool, tis the half-time of recovery, FOis the fluorescence before
bleaching, and Fgis the fluorescence immediately after bleaching, and obtained best-fitvalues of R = .95 and

7= 5578 ms. The diffusion coefficient is determined from the equation (Gomez-Varela et al., 2010):

D = Area of bleach/4r

yielding an estimate of 44 nm?/ms for D. As the vast majority of the terminal is outside the limited active
zone, this primarily represents diffusion in extrasynaptic regions of the terminal.
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DISCUSSION

Clearance of synaptic vesicle components following exocytosis from release sites is an important determi-
nant of recovery from short-term synaptic depression, and the clearance and availability of release sites has
been suggested to be rate limiting during sustained synaptic release (Hosoi et al., 2009; Hua et al., 2013,
Wenetal., 2018; Wu et al., 2009). At the rod ribbon synapse, pharmacological blockage of dynamin-depen-
dent endocytosis strongly reduces subsequent exocytosis without changing vesicle docking rates, suggest-
ing that release site clearance is necessary to maintain release at these synapses (Wen et al., 2018). Never-
theless, little information has been available about the dynamics of newly fused vesicle proteins at the active
zone. In the present study, we directly addressed this question using single-molecule imaging at the active
zone of a living neuron and derived real-time information about the clearance of individual synaptic vesicle
proteins following exocytosis. To study these processes, we monitored the fate of synaptophysin molecules
following exocytosis from zebrafish bipolar cell ribbon synapses. Our results demonstrate that the clearance
of synaptophysin from the synapse is influenced by the time and location of vesicle fusion and suggest a
model that supports clearance of massive amount of membrane added at the beginning of a voltage step.

Synaptophysin is a synaptic vesicle protein that regulates endocytosis of synaptic vesicles during and after
sustained transmission (Kwon and Chapman, 2011). Synaptophysin has also been suggested to act as a
release site clearance factor, preventing synaptobrevin 2 forming cis-SNARE complexes from obstructing
release sites (Rajappa et al., 2016). To track newly released synaptophysin, we capitalized on our ability to
localize active zones using a ribbon-binding peptide (Zenisek et al., 2004). Our results differ from previous
measurements of mobility of membrane proteins using single particle tracking, fluorescence recovery after
photobleaching, and fluorescence correlation spectroscopy in that our approach is able to distinguish
newly released protein following exocytosis. Protein diffusion is influenced by interplay of protein-to-lipid
ratios (Ramadurai et al., 2009), curvature of the membrane (Leitenberger et al., 2008), membrane tension
(Quemeneur et al., 2014), lipid packing (Javanainen et al., 2013), and protein shape. To our knowledge,
only Gimber et al. (2015) have combined tracking newly exocytosed synaptic vesicle proteins with localizing
active zone in neurons, and then only in sequentially acquired images separated by some time, which
were intended to test whether observed newly exocytosed pHluorin coincided with active zone marker,
Munc 13-1. By using two-color laser scanning confocal microscopy, we were able to detect the locus of
fusion and track individual SypHy molecules following exocytosis during sustained depolarization using
live cell imaging in voltage-clamped synaptic terminals.

Our results demonstrate that the rate of fluorescence decline and thus SypHy clearance is influenced by the
timing and location of vesicle fusion at bipolar cell ribbon synapses. Our results indicate a faster apparent
diffusion coefficient for burst events (41.8 nm?/ms) compared with late events (9.6 nm?/ms). It should be
noted that this difference may be an underestimate, because longer dwell times would be expected to
be contaminated to a greater degree by photobleaching. These results suggest that the burst phase of
exocytosis enhances clearance from the synapse. To account for this difference, we suggest a model in
which the massive amount of membrane added at the beginning of a voltage step may act to push synap-
tophysin and other synaptic vesicle components from the synapse. The transient component of zebrafish
bipolar cells measured by 