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Myosin V functions as a vesicle tether at the plasma membrane to control
neurotransmitter release in central synapses
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Figure 1. Inhibition of myosin V impairs the reuse of release sites in hippocampal synapses. (A) Sample spatial distribution of release events within a
single hippocampal bouton evoked by 1 Hz stimulation. Scale bar: 1 um. (B) Effect of myosin V inhibition with Myo1 or PBP on release site reuse was

Figure 1 continued on next page
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Figure 1 continued

evaluated using a paired-pulse protocol as a probability that the same site is reused for two sequential stimuli 1000 ms apart, normalized to the same
measurement in control condition. (C) Effect of myosin V inhibition with Myo1 on the probability that the same site is reused for two stimuli at different
inter-stimulus intervals (in the range of 1 — 10 s) normalized to the same measurement in control conditions and binned for two sequential intervals. (D)
Effect of myosin V inhibition on the average number of clusters/release sites detected in individual boutons plotted as a function of the number of
release events observed (left). Pooled average number of clusters for boutons with 15 to 19 detected events in different conditions indicated (right). (E)
Large-Area Scanning Electron Microscopy (LaSEM) of hippocampal boutons in culture showing that no significant changes in the AZ size were detected
as a result of myosin V inhibition with Myo1. Examples of control and Myo1 treatment are shown (left). Scale bar: 200 nm. (F) Effect of myosin V
inhibition on the distribution of distances of release events to AZ center evoked at 1 Hz. **=P < 0.01, *=P < 0.05, two-sample t-test; ns — not significant.
DOI: https://doi.org/10.7554/eLife.39440.002
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Figure 1—figure supplement 1. DMSO alone has no
effect on release site reuse. Proportion of release sites
that are reused at an inter-stimulus interval of 1000 ms
(experiment in Figure 1B) in the presence of 0.5%
DMSO normalized to the control value.

DOI: https://doi.org/10.7554/eLife.39440.003
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Figure 2. Myosin V controls release site refilling during high-frequency stimulation. (A) Examples of vGlut1-pHluorin responses at single hippocampal
boutons to 20 stimuli trains at 50 Hz for Ctrl (black) and Myo1 (red). (B) Ratio of vGlut1-pHluorin responses in (A) at individual boutons for Myo1 or PBP
normalized to the control. (C) Effect of myosin inhibition with Myo1 on the amplitude of vGlut1-pHluorin responses to 20 stimuli trains at individual
boutons as a function of the train frequency, averaged across all boutons in the movie and normalized to a control at a corresponding frequency. (D-E)
Effect of myosin inhibition with Myo1 (D) or PBP (E) on the distribution of distances of release events to AZ center evoked at 1 Hz vs 10 Hz. (F) Analysis
of data in (D,E) showing a mean distance of release events to the AZ center per bouton at 1 Hz or 10 Hz for Ctrl, Myo1 and PBP, respectively. ***=P <
0.001, **=P < 0.01, *=P < 0.05, two-sample t-test; ns — not significant.

DOI: https://doi.org/10.7554/eLife.39440.005
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Figure 2—figure supplement 1. Controls for vesicle release measurements during high-frequency stimulation. (A) vGlut1-pHluorin responses evoked
by a high-frequency train (experiment in Figure 2A,B) in the presence of 0.5% DMSO normalized to the control value. (B) LaSEM of hippocampal

Figure 2—figure supplement 1 continued on next page
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Figure 2—figure supplement 1 continued

boutons in culture showing that no significant changes in the AZ size were detected as a result of myosin V inhibition with Myo1 (20 min) during a
sustained depolarization with 55 mM KCI (10 min). (C,D,E) Myosin V inhibition does not affect endocytosis dynamics. (C) Sample (grey) and average
(black) bouton fluorescence decay after 20 stimuli at 50 Hz in control conditions. Quantification of the data in (C) shows no significant changes in the
exponential component of fluorescence decay time (t4) between Ctrl, Myo and PBP (D), or in the total fluorescence decay time including the initial
plateau (1) (E). (F, G, H) Analysis of synaptic responses to five consecutive bursts of 20 stimuli at 50 Hz separate by 20 s. Change in synaptic response in
two consecutive bursts, measured for each two consecutive bursts and averaged. No significant differences were observed between Ctrl, Myo1, or PBP
(F). (A) mplitude of synaptic responses to each of five consecutive bursts in the presence of Myo1 (G) or PBP (H) normalized to control.

DOV https://doi.org/10.7554/eLife.39440.006
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Figure 3. Inhibition of myosin V causes a vesicle docking defect during sustained activity. (A) LaSEM of individual hippocampal boutons in cultures
depolarized by KCl application (55 mM) for 10 min in the presence or absence of Myo1 (20 min), immediately followed by fixation. (B-D) Membrane
opposite to the PSD was divided into 0.5 nm sections (B) and the distance from each section to the closest vesicle was determined and plotted as a
cumulative histogram (C). This subset of closest vesicles was subsequently used to estimate the relation between docked and tethered vesicle
populations (D). We considered vesicle as ‘docked’ when the distance from the AZ section to the vesicle center was under 30 nm and ‘tethered’ when
the distance was under 100 nm. Scale bar: 200 nm. ***=P < 0.001; **=P < 0.01; two-sample KS-test (C) or two-sample t-test (D). ns = not significant.
DOI: https://doi.org/10.7554/eLife.39440.007
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Figure 3—figure supplement 1. Ultrastructural analysis of vesicle docking under basal conditions in the absence of KCI. (A) Distribution of distances
from the AZ to the closest vesicles is similar but slightly left-shifted in the presence of Myo1 under basal conditions in the absence of KCI. (B) The ratio
of docked/tethered vesicles is not affected by inhibition of myosin V with Myo1 under basal conditions in the absence of KCI. *=P < 0.05; ns - not
significant; two-sample KS-test (A); two-sample t-test (B).

DOI: https://doi.org/10.7554/eLife.39440.008
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Figure 4. Vesicle disappearance/reappearance events. (A) Sample track of a vesicle that disappeared during observation. Track is color-coded by
instantaneous vesicle speed. (B) Parameters of vesicle image from (A) before and after vesicle disappearance indicated by a dotted line. Amplitude of
the vesicle image (PSF) normalized to image bit-depth 2'-1) (Top), and localization error of vesicle position as a function of time (Bottom). (C) Half-
width of a Gaussian fit to the whole-synapse image (6, Top) and whole-synapse integrated intensity (Bottom) before (Black) and after (Red) vesicle
detection was lost, for the same vesicle as in A. Raw images (insets) of vesicle image at different time points show that vesicle is still present in the
synapse after detection is lost. (D) Sample track of a vesicle that undergoes multiple disappearance/reappearance events. Track is color-coded with
initial track shown in black, the first reappearance in red, the second reappearance in blue. (E) Parameters of vesicle track from (D). Vesicle position over
time plotted as a distance from center of the bouton (Top). Amplitude of the vesicle image (Middle) and localization error of vesicle position (Bottom)
as a function of time. Periods of vesicle disappearance are highlighted in grey. The color coding is the same as in (D).

DOI: https://doi.org/10.7554/eLife.39440.009
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Figure 4—figure supplement 1. Controls for vesicle tracking analyses. (A) Example of a vesicle track that was observed to leave a synapse (Square) to
the axon under normal detection criteria. The part of the track that was observed within the synapse is shown in black, while outside the synapse in red.
(B) Integrated intensity of four different boutons in which a vesicle exiting the bouton was observed under normal detection criteria, similar to an
example in (A). Intensity is normalized by first frame and plotted as a function of time, with T = 0 defined as the time the vesicle is known to leave the
synapse (dashed line). The mean integrated intensity is determined from all four examples (Solid line). (C) Example of a vesicle track that exits a synapse
(Square) at the point when detection is lost. Vesicle was tracked within the synapse using standard PSF width restriction of 1.5 pixels (Black). The same
vesicle can be tracked well beyond the initial point of disappearance and is observed exiting the synapse under less stringent detection criteria (PSF
width restriction of 3 pixels, Red). (D) Representative integrated bouton intensity plotted as a function of time for 30 different boutons in which vesicle
detection was lost. Intensity is normalized to the first frame and plotted as a function of time, where T = 0 is defined as the time vesicle detection was
lost. The vast majority of boutons do not show a significant change in intensity after vesicle detection is lost (black). Only three boutons show a large
decrease after vesicle detection is lost (Red) with reduction in intensity similar to changes observed for the known vesicle exit events (solid black line
from (B). (E, F). Representative examples of vesicle tracks (left example is the same as in Figure 4A, but rotated 90°) that could be tracked well beyond
the initial point of disappearance under less stringent detection criteria (portion of the track before disappearance is shown in black, after

Figure 4—figure supplement 1 continued on next page
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Figure 4—figure supplement 1 continued

disappearance in red). (G) The PSF ¢ as a function of the distance along the Z-axis for 40 nm green fluorescent beads. (H) Relative changes in ¢ values
for a representative subset of 16 disappearing vesicles. 6-values were determined for the last frame just before disappearance, and the first frame just
after re-appearance and normalized to baseline determined as an average c-value for the first 5 frames of vesicle tracks. (I) Comparison of normalized
intensities of the vesicle image amplitude and nearby background to compare the rates of photo bleaching (N = 6 representative samples). The
background (Red) was from a process near each vesicle, but outside the synapse, and normalized to its value in the first frame. The vesicle intensity
(Black) has been background subtracted and normalized to its value in the first frame. *=P < 0.05; two-sample t-Test.

DOI: https://doi.org/10.7554/eLife.39440.010
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Figure 5. Activity- and myosin V- dependent vesicle shuttling between a membrane and an inner pools. (A) Model hypothesis of vesicle exchange
between two pools resulting in observed disappearance and re-appearance. At T = 0 all labeled vesicles are assumed to be in Pool [; vesicles undergo
transition toward Pool Il at rate (8) and re-appear with rate (o). With time (T >> 0) the experimentally observed d-rate is lower because un-labeled
vesicles replace the labeled ones and disappear at the same rate but without being counted. (B) Vesicle disappearance as a function of time plotted as
a fraction of total vesicles observed. Ctrl-No Stim represents vesicle disappearance rate in the absence of activity at any time during observation; other
data show effects of stimulation (+Stim, 20 Hz applied at 10 — 20 s period) without (white) or with (red) myosin-V inhibition (Myo-1), or EGTA-AM (blue).
Computational model is shown as solid lines. Note that the X-axis starts at T = 5 s because all tracks were required to be observed for at least 5 s to be
included in analysis. (C) Mean disappearance rate (3) from exponential-recovery fits to data in (B) at baseline (5-10 s) and during stimulation (10 — 20 s).
Error-bars are mean-residual of fits to data. (D) Same as (B) but for vesicle appearances in different conditions indicated plotted as a fraction of total
vesicles observed. Linear fits to data show constant rates (solid lines). (E) Same as (C) for the mean appearance rate (o) from linear fits to data in (D).
Error-bars are mean-residual of linear fits to data. ***=P < 0.001; two-sample KS-test. ns = not significant.

DOI: https://doi.org/10.7554/eLife.39440.011
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Figure 6. Inhibtion of myosin V does not affect vesicle mobility before disappearance. (A) Spatial analysis of vesicle displacement based on the radius
of a circle encompassing 95% of vesicle trajectory for the first 5 s (50 frames, black circle) and for the last 5 s (red circle) before disappearance. (B)
Cumulative distributions for the spatial analysis in (A) in control with stimulation conditions compared for all disappearing vesicles and fit to exponential
recovery function (solid line). (C) Same as (B) in the presence of Myo-1 and stimulation. (D) The ratio of instantaneous speed during the last 2 s and the
first 2 s of observation. Error-bars are determined from residuals of cumulative fits. (E) The ratio of angular displacement during the last 2 s and the first
2 s of observation. Error-bars are determined from SEM. ***=P < 0.001; *=P < 0.05; two-sample t-test (D) or two-sample KS-test (E).

DOI: https://doi.org/10.7554/eLife.39440.012
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