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Sub-quantal release is not dominant during prolonged
depolarization in adrenal chromaffin cells
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ABSTRACT Exocytosis, which mediates important functions like synaptic transmission and stress responses, has been
postulated to release all transmitter molecules in the vesicle in the “all-or-none” quantal hypothesis. Challenging this hypoth-
esis, amperometric current recordings of catecholamine release propose that sub-quantal or partial transmitter release is
dominant in various cell types, particularly chromaffin cells. The sub-quantal hypothesis predicts that fusion pore closure
(kiss-and-run fusion), the cause of sub-quantal release, is dominant, and blocking pore closure increases quantal size. We
tested these predictions by imaging fusion pore closure and amperometric recording of catecholamine release in chromaffin
cells during high potassium application, the most-used stimulation protocol for sub-quantal release study. We found that
fusion pore closure is not predominant, and inhibition of the fusion pore closure does not increase the quantal size calcu-
lated from the amperometric current charge when a sufficiently long integration time is used. These results suggest that
sub-quantal release is not prevalent during high potassium application in adrenal chromaffin cells.

WHY IT MATTERS Challenging the “all-or-none” quantal hypothesis established in the 1950s, recent studies suggest
that sub-quantal release, the release of a fraction of transmitter molecules in a vesicle, is prevalent in secretory cells,
particularly neuroendocrine cells. However, the release is estimated by integrating amperometric currents reflecting

catecholamine release for only ~50 ms, which may underestimate prolonged releases. Here, we re-examined this sub-
quantal release proposal in adrenal chromaffin cells by integrating amperometric current charge for 500 ms and by

determining whether fusion pore closure, the kiss-and-run fusion that may cause partial release, is dominant. We found
that sub-quantal release is not predominant during prolonged depolarization induced by high-potassium stimulation.

More direct evidence is still needed to establish sub-quantal release as a major fusion mode in the future.

INTRODUCTION

Vesicle fusion from secretory cells releases neuro-
transmitters, peptides, and hormones to mediate
many important functions, such as synaptic transmis-
sion essential for brain functions, stress responses, im-
mune responses, and regulation of the blood glucose
level (1-4). Vesicle fusion has been thought to release
the entire vesicular content ever since Katz and his col-
leagues proposed the “all-or-none” quantal theory in
the 1950s (3,5—7). Early amperometric recordings of
vesicular catecholamine release in adrenal chromaffin
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or PC12 cells reveals small and slow amperometric cur-
rents (often called stand-alone foot signals) in a minor
fraction of fusion events, raising the possibility of sub-
quantal or partial release, the release of only a fraction
of transmitter molecules in a vesicle (8—12). Consis-
tently, imaging in chromaffin cells and PC12 cells sug-
gests that large vesicular lumen proteins, such as
neuropeptide Y attached with a fluorescent protein,
may not be released upon fusion pore opening, albeit
at a low frequency (13,14). Fusion pore conductance
measurement of endocrine dense-core vesicles and
synaptic clear-core vesicles revealed a small fusion
pore that might limit transmitter release in a small frac-
tion of fusion events, consistent with the sub-quantal
release as an infrequent fusion mode (7,11,15).

In the last decade, electrochemical cytometry tech-
niques have been developed to estimate the tra-
nsmitter amount of a vesicle when the vesicle is
absorbed and ruptured at the microelectrode in PC12
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cells and adrenal chromaffin cells (16—18). Such an
estimate is ~70%—150% larger than the amount of
released catecholamine during high potassium appli-
cation, leading to the proposal that sub-quantal or par-
tial release is predominant (18,19). Since the estimate
is from two different conditions (vesicle rupture at the
electrode versus vesicle fusion), it remains unclear
whether the efficiency of electrochemical cytometry
in capturing all released catecholamine molecules is
the same. An estimate of '3C-labeled dopamine with
nano secondary ion mass spectrometry showed
reduced vesicular dopamine after exocytosis, in line
with the sub-quantal release hypothesis (20).

Many studies of dynamin, which is localized in the
release site to constrict the fusion pore (14,21), use car-
bon electrodes to detect amperometric currents that
reflect catecholamine release (22-24). Application of
dynamin inhibitors, antibodies, or knockout of dynamin
1 increased the amperometric current charge by ~50%—
100% during high-potassium stimulation or repetitive
firing, leading to the proposal that sub-quantal release
is predominant during prolonged depolarization (22—
24). However, in these studies, the amperometric cur-
rent charge was calculated by integrating currents for
only 50 ms or an unspecified time. Such an integration
may miss the slow release. Indeed, many typical amper-
ometric current traces published last longer than 50 ms
(9,11,12,22—-24), suggesting that a longer integration
time is needed for accurate estimate of slow release.

Although many studies proposed the sub-quantal
release as the predominant release mode during high
potassium application, the key evidence for establish-
ing this hypothesis, the kiss and run (fusion pore
closure), the presumed cause of sub-quantal release,
as the predominant fusion mode is missing. The hypoth-
esis that sub-quantal release is predominant predicts
that 1) kiss and run is predominant, and 2) inhibition
of dynamin, which mediates fusion pore closure
(14,21,25,26), should enhance the amperometric current
charge even with a longer integration time. Here, we
tested these predictions during high potassium applica-
tion, the most-used stimulation condition to study sub-
quantal release (13,17,18,20,23,24,27), in adrenal
chromaffin cells. We used the imaging methods
(14,21,25,26) to detect kiss and run and a microchip
amperometric method (27-29) to detect catecholamine
release. Our results suggest that sub-quantal release is
not prevalent during prolonged depolarization.

MATERIALS AND METHODS

Bovine chromaffin cell culture

Chromaffin cells were isolated from bovine adrenal glands as previ-
ously reported (30). Briefly, after fat tissue was removed, adrenal
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glands were washed with Locke's solution (145 mM NacCl, 5.4 mM
KCI, 2.2 mM NayHPO,4 0.9 mM NaH,PO,4 5.6 mM glucose, and
10 mM HEPES, pH 7.3, adjusted with NaOH) and then digested
with an enzyme mix that contains 1.5 mg/mL collagenase P,
0.325 mg/mL trypsin inhibitor, and 5 mg/mL bovine albumin serum
dissolved in Locke's solution at 37°C for 20 min. After digestion,
glands were cut longitudinally to expose soft digested medulla.
Then, medulla was collected and minced in Locke's solution into
small pieces to release chromaffin cells. Next, cell suspension
was filtered through 80- to 100-um nylon mesh and centrifuged at
520 rpm to collect the chromaffin cells pellet. Chromaffin cells
were resuspended in pre-warmed DMEM low-glucose medium
(GIBCO) supplemented with 10% fetal bovine serum (GIBCO) for ex-
periments.

Buffer solution, plasmid and fluorescent dyes

Chromaffin cells were incubated in bath solution for amperometric
recording or confocal imaging. Bath solution contains 150 mM
NaCl, 5 mM KCI, 5 mM CaCl,, 2 mM MgCl,, 10 mM glucose, and
10 mM HEPES (pH 7.2). Exocytosis was induced by applying a
high-potassium solution containing 85 mM NaCl, 70 mM KCl,
5 mM CaCl,, 2 mM MgCl,, 10 mM HEPES, and 10 mM glucose. Un-
less specified otherwise, all reagents were obtained from Sigma.
Imaging of fusion pore closure involves using mNeonGreen
attached to phospholipase C sPH domain (PHg, overexpressed,
binds to PI(4,5)P,) to label the plasma membrane, and Atto 655
(A655, Sigma) to fill the fusing vesicle cavity (26). PHg was created
from PH-EGFP (from Dr. Tamas Balla) by replacing EGFP with
mNeonGreen (Allele Biotechnology). FFN 511 (Abcam, Cambridge,
United Kingdom) was loaded at 5—-10 xM at 37°C for 10 min, and im-
ages were performed after washing out FFN 511 in the bath. A655
was included in the bath solution at 30 uM. Dynasore (80 xM, bath,
20-30 min) was from Millipore Sigma.

Electroporation and plating

PHg was transfected via electroporation using Basic Primary Neu-
rons Nucleofector Kit (Lonza) following the manufacturer's protocol
and then plated onto poly-L-lysine and laminin-coated glass cover-
slips. Cells were incubated at 37°C with 9% CO, for 2—3 days before
use.

Confocal imaging and analysis

Confocal imaging of PHg, A655, and FFN511 was performed with a
Leica TCS SP8 inverted confocal microscope (Leica, Germany)
equipped with a 100x 1.4 NA HC PL APO CS2 oil-immersion objec-
tive. PHg, A655, and FFN511 were excited by a tunable white light
laser at 505 nm (laser power ~1-4 mW), 633 nm (laser power
~12-15 mW), and 442 nm (laser power ~2—4 mW), respectively,
and their fluorescence signals were collected with Leica HyD detec-
tors at 515-575, 650—740, and 465—-510 nm, respectively. Confocal
imaging was performed at the xy plane with a fixed z-axis focal
plane ~100-200 nm above the cell-bottom membrane; images
were collected every 40-120 ms at 40—60 nm per pixel. Detection
of fusion pore closure and fusion modes are described in the
results section.

Amperometric recording and analysis

The methods were described previously (27-29). Cultured chro-
maffin cells were detached from 30-mm dishes by vigorous
washing with bath solution. After centrifuging twice at 120 rpm
for 2 min and discarding the supernatant, the cells were



resuspended in 1T mL of bath solution resulting in a typical cell den-
sity of ~2 x 10° cells/mL. 100 pL of cell solution was loaded into
the microchip device and gently shaken several times to help the
cells settle into the SU-8 microwells under gravity. After waiting
for 15—20 min to allow the cell to settle, the device was washed
with bath solution twice to remove unattached cells. Exocytosis
was induced by applying a high-potassium solution.

The microchip devices with accompanying potentiostats and
data-collection software were from ExoCytronics (27—-29). These
consist of a glass coverslip patterned with the transparent elec-
trode material indium tin oxide (31). Inactive areas of indium tin ox-
ide are insulated with a 14-um-thick film of SU8. Working electrodes
are defined as photolithographically patterned openings in the SU8
that are 20 um in diameter. These microwells serve to trap a single
cell in each well-electrode and enable recording of amperometric
currents reflecting exocytosis from vesicles on the bottom surface
of the cell. Each microchip device contained 16 or 32 electrodes
and was connected to a custom 16-channel potentiostat. After an
Ag|AgCI reference electrode was inserted into the bath and con-
nected to the ground, power was supplied to the chip along with
the clock signals. Initially, the potentiostat outputs were saturated
due to the capacitive currents charging the electrode capacitance
to 600 mV, followed by a slow decay to a minimal stable baseline
current within 1 min (27-29). Amperometric recordings were
sampled at 5-kHz sampling frequency and low-pass filtered at
500 Hz. All experiments were performed at room temperature un-
less otherwise indicated. IGOR PRO software (Wavemetrics) was
used for offline data analysis, including spike amplitude, halfwidth,
and charges. The data were first digitally low-pass filtered by 5-s
binomial smoothing in IGOR PRO and then manually inspected,
and overlapping or anomalous spikes (rise time more than 50 ms)
were discarded.

Statistical tests

Data were expressed as mean + SE. The statistical test is the un-
paired t-test, and ANOVA and Games-Howell post hoc test was
used for multiple group comparison (32,33).

RESULTS

Fusion pore closure is infrequent during prolonged
depolarization

If sub-quantal release is dominant, the kiss and run
should be prevalent. We tested this prediction by the
imaging technique we developed to resolve fusion
pore closure (14,21,25,26). This technique involves us-
ing mNeonGreen attached to phospholipase C 5PH
domain (PHg, overexpressed, binds to PI(4,5)P,) to la-
bel the plasma membrane and Atto 655 (A655, in bath)
to fill the fusing vesicle cavity (Fig. 1 A) (26). At the
confocal xy plane ~100—200 nm above the cell-bottom
plasma membrane (Fig. 1 A, dotted line: z-axis focal
plane), fusion spots were detected as a sudden
appearance of PHg spots or rings together with A655
spots at the same location (Figs. 1 B and S1), due to
the diffusion of PHg and A655 from the plasma mem-
brane and the bath, respectively, to the fusion-gener-
ated Q-profiles (Fig. 1 B—E). Diffusion of these two
fluorescent labels was directly observed with stimu-

lated emission depletion (STED) imaging at the xz
plane (14,21,26). When the vesicle lumen was loaded
with fluorescent neuropeptide Y or a fluorescent false
neurotransmitter FFN511, the sudden appearance of
PHg/A655 spots evoked by 1-s depolarization was
accompanied by the release of neuropeptide Y or
FFN511 at the same spot, confirming vesicle fusion
in generating PHg/A655 spots (14,26,34). This obser-
vation was verified during depolarization induced by
70 mM KCI (4 cells; Fig. S2 A and B).

With strong excitation of A655, imaging of the
fusion-generated PHg/A655 spots revealed three
fusion modes: 1) close fusion (kiss and run), fusion-
generated Q-profile pore closure was detected as
A655 fluorescence (Fess, strongly excited) dimming
due to pore closure that prevented bath fluorescent
A655 from exchanging with bleached A655, whereas
PH¢ fluorescence (Fpy, weakly excited) sustained or
decayed with a delay (Fig. 1 C) (14,21,25,26); 2) stay
fusion, a sustained fusion-generated Q profile was de-
tected as persistent PHg/A655 spots with sustained
Fess and Fpy (Fig. 1 D); and 3) shrink-fusion, fusion-
generated Q-profile shrinking was detected as parallel
decreases of Fgs5 and Fpy accompanied by the spot-
size decrease (Fig. 1 E) (14,25,35). These fusion
modes were directly observed and thus verified with
STED imaging at the xz-plane, at which the vesicular
Q-shape can be clearly resolved (14,35). For the close
fusion detected with PHg/A655 imaging, bath applica-
tion of an acid solution cannot quench the pH-sensi-
tive VAMP2-EGFP or VAMP2-pHIuorin overexpressed
at the same fusion spot, confirming that the detected
fusion pore closure is impermeable to H" or OH™, the
smallest molecules, and thus is functionally closed
(21,25,26). Furthermore, the PHg/A655-imaging-de-
tected close fusion was blocked by dynamin inhibitor
Dynasore, dynamin dominant-negative mutant dyna-
min 1-K44A, or dynamin 1/2 knockdown, suggesting
that fusion pore closure is mediated by dynamin
(21,25,26,36). These various dynamin-inhibition ap-
proaches blocked close fusion and thus converted
close fusion into stay and shrink fusion (21,25,26).
Although the above results regarding dynamin-medi-
ated fusion pore closure were obtained with 1-s depo-
larization, dynamin is expected to mediate fusion pore
closure during prolonged depolarization induced by
high potassium application.

During 70 mM KCI application, 5% + 2% of fusion
events (total fusion events, 335 from 14 cells) was
close fusion, whereas the remaining overwhelming
majority was either stay- (77% = 5% of fusion events)
or shrink-fusion (18% + 4% of fusion events) events
(Fig. T F). This observation indicates that close fus-
ion or kiss and run, the presumed cause for sub-
quantal release, is rather infrequent during prolonged
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Fusion pore closure is infrequent during high potassium application. (4) Setup drawing: the cell plasma membrane is labeled

with PHg (green, overexpressed), and the bath solution includes A655 (red) for the detection of fusion spots. The microscopic x, y, and z
axes are also labeled. The dotted line indicates the z-axis focal plane. (B) Sampled PHg and A655 images for four fusion events before
and after fusion during high potassium application. The time interval between these two images is 14.4 s. (C—E) Fluorescence, F, of PHg
(Fph, green) and A655 (Fgss, red), and sampled confocal images showing close fusion (C), stay fusion (D), or shrink-fusion (E) recorded during
high-potassium (70 mM) application. Fp,; and Fess are normalized to the baseline before fusion. (F) The percentage (mean + SE) of close and
nonclose (stay- and shrink-fusion) fusion events during high potassium application (335 fusion events from 14 cells).

depolarization, questioning the hypothesis that sub-
quantal release is the predominant fusion mode.

Dynasore increases the amperometric current
amplitude, but is not charge integrated for 500 ms
during prolonged depolarization

We tested whether inhibition of dynamin, which
mediates fusion pore closure in chromaffin cells
(14,21,25,26), enhances the amperometric current
charge, a prediction if the sub-quantal release is pre-
dominant. Primary cultured bovine adrenal chro-
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maffin cells were isolated from culture dishes and
loaded into a microchip device for cells to settle into
the microwells equipped with well-electrode micro-
chips that oxidize catecholamine, generating amp-
erometric currents to reflect catecholamine release
(27-29). A solution containing 70 mM KCl was
applied to cells to induce depolarization and catechol-
amine secretion (Fig. 2 A-D). Catecholamine release
from single-vesicle fusion was detected as ampero-
metric spikes from the microchip (Fig. 2 A and B). In
control, the spike amplitude ranged from 0.4 to
109.0 pA, and the spike halfwidth time (the interval
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grated for 500 ms. (A) Sampled amperometric recordings during application of a high-potassium (70 mM) solution in the control condition
without Dynasore treatment. (B) Five amperometric spikes taken from (A) (I-V) are enlarged. (C and D) Similar to (A) and (B), respectively,
except that the cell was pre-incubated with 80 M Dynasore in the bath solution for ~30 min. (E) The amperometric spike amplitude (mean +
SE) during high potassium application in the absence (control, 48 cells) or presence (37 cells) of 80 M Dynasore. ***p < 0.001, unpaired t-
test. (F) Cumulative amperometric spike number plotted versus the spike halfwidth in the absence (control, 48 cells) or presence (37 cells) of
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where the current exceeds 50% of the peak value)
ranged from 5 to 626 ms (Fig. 2 A, B, E, and F). These
values were in the same order as previous reports
(27-29). The spike halfwidth histogram could be
fitted with two Gaussian functions, centered at 20
ms (halfwidth = 44 ms, height = 0.16) and 120 ms
(halfwidth = 200 ms, height = 0.03; Fig. S3 A), consis-
tent with two populations of vesicles with different
synaptotagmin isoforms and release kinetics (fast
and slow) (37).

To determine whether inhibition of dynamin in-
creases the quantal size during high potassium appli-
cation as recently proposed (24), we used Dynasore,
a dynamin inhibitor, to inhibit fusion pore constric-
tion and closure. Dynasore inhibits dynamin specif-
ically in chromaffin cells because, in this cell type,
a series of studies repeatedly showed that, similar
to dynamin 1/2 knockdown or overexpression of dy-
namin 1 K44A mutant, Dynasore inhibits fusion
pore constriction and closure that antagonizes pore
expansion, resulting in the speeding up of fusion
pore expansion and block of fusion pore closure
(14,21,25). In the presence of Dynasore (Fig. 2 C
and D), the spike amplitude was substantially
(~78%) larger than the control (Figs. 2 E and S4 A
and B); spike halfwidth distribution, including the
two components identified in control, was signifi-
cantly shifted to the left (Figs. 2 F and S3). These re-
sults are consistent with the reported increase of the
amperometric spike amplitude in the absence of dy-
namin 1 (24) and the reported speeding up of fusion
pore expansion as well as the block of fusion pore
closure by Dynasore, dynamin 1/2 knockdown, or dy-
namin 1 K44A overexpression (14,21,25).

When the quantal size was quantified by integrating
the amperometric spike for 50 ms as previously done
(Fig. 2 G) (24), Dynasore substantially increased the
quantal size by ~88% (Fig. 2 H), consistent with the
previous report that dynamin 1 knockout increased
the spike amplitude by ~50% (24). However, a sub-
stantial fraction of spikes showed spike halfwidth of
more than 50 ms (Figs. 2 F and G), indicating that
50-ms integration is insufficient to account for these
slow releases. Indeed, when the integration time
was increased to 100 and 500 ms, the resulting
charge was increased substantially (Fig. 2 H). With
100-ms integration time, Dynasore still increased the
charge but to a smaller extent (~31%; Fig. 2 H); with
500-ms integration time, Dynasore did not signifi-
cantly increase the quantal size (Figs. 2 H and S4 C

and D). These results suggest that inhibition of dyna-
min speeds up the release time course but does not
affect the quantal size when slow release is taken
into account with a longer integration time. Together
with the PHg/A655 confocal imaging, our data argue
against sub-quantal release as the predominant
fusion mode.

Dynasore has been shown to inhibit fluid-phase
endocytosis in fibroblasts deficient of dynamin 1, 2,
and 3 (38). For two reasons, this nonspecific effect
is unlikely to account for our observation that Dyna-
sore increased the spike amplitude but shortened
the halfwidth. First, to our knowledge, the fluid-phase
endocytosis is not related to the fusion pore dy-
namics studied here. Second, numerous studies
showed that Dynasore mimics dynamin (isoform 1
and 2) knockdown or overexpression of dynamin 1
K44A (dominant negative) in inhibiting fusion and
fission pore constriction and closure and diverse en-
docytic modes, including slow, fast, ultrafast, and
overshoot endocytosis in chromaffin cells, suggest-
ing that Dynasore inhibits dynamin-mediated fusion
pore constriction and closure (14,21,25,36). Given
that dynamin-mediated fusion pore constriction/
closure competes with fusion pore expansion to
determine the fusion pore dynamics in chromaffin
cells (14), inhibition of dynamin-mediated fusion
pore constriction/closure by Dynasore allows for
faster fusion pore expansion and thus faster release,
explaining Dynasore’s effect in shortening the spike
halfwidth but increasing the spike amplitude.

DISCUSSION

In bovine adrenal chromaffin cells, we established an
xy-plane imaging technique to resolve fusion pore
closure by using PHg/A655 dyes combined with
confocal and STED microscopy. In the current study,
we applied high potassium to stimulate the vesicular
fusion in chromaffin cells to measure the fusion pore
closure. Contrary to previous reports that demon-
strate sub-quantal release is predominant during
high potassium application, we revealed only ~5%
close fusion (or kiss and run) (Fig. 1), the presumed
cause of sub-quantal release, which is too small to
support sub-quantal release as the predominant
fusion mode (18,24). Besides, not all kiss-and-run
events can produce sub-quantal release, because
kiss-and-run fusions may release vesicular contents

80 M Dynasore (maximal spike number is normalized to 1). (G) A sampled amperometric spike with the charge integrated for 50, 100, and
500 ms shown in different colors to show different quantal sizes resulting from the use of different integration times. (H) The amperometric
spike charge (mean + SE) integrated for 50, 100, and 500 ms in the absence (control, 48 cells) or presence (37 cells) of 80 M Dynasore. *p <
0.05; ***p < 0.007; N.S, p = 0.36 (ANOVA and Games-Howell post hoc test for multiple group comparison).
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as fast as the non-kiss-and-run fusions in chromaffin
cells (14) and may have fusion pores as large as non-
kiss-and-run fusion as synapses (15). Further, we re-
corded amperometric spikes reflecting single-vesicle
fusions evoked by prolonged depolarization during
high potassium application (Fig. 2). We found that Dy-
nasore, which has been shown to inhibit dynamin
functions in chromaffin cells (14,21,25), increased
the amperometric spike amplitude and reduced the
spike halfwidth (Fig. 2). These results suggest that
Dynasore accelerates the release time course, consis-
tent with Dynasore's effect in blocking fusion pore
constriction that antagonizes pore expansion, there-
fore resulting in faster fusion pore expansion (14,21).

Dynasore increased not only the amperometric
spike amplitude but also the charge integrated for
50 ms (Fig. 2). This result is consistent with a recent
study (24) that proposed prevalent sub-quantal
release based on the observed increase of ampero-
metric spike amplitude and charge integrated for
50 ms by dynamin 1 knockout. However, a substantial
fraction of amperometric spikes' halfwidth was longer
than 50 ms (Fig. 2), suggesting that integration of
only 50 ms may significantly underestimate catechol-
amine release. Consistent with our observation, many
sample amperometric current recordings in many
published papers showed amperometric currents last-
ing longer than 50 ms (9,11,12,22-24). With an inte-
gration time of 500 ms, the charge was much larger,
and Dynasore no longer increased the charge that
takes slow release into account (Fig. 2), suggesting
that sub-quantal release is not prevalent during
high-potassium prolonged depolarization.

Although nonspecific effects of Dynasore have
been reported (38), it should not affect our conclusion
that the block of the fusion pore closure by Dynasore
does not increase the quantal size in the present
work. Furthermore, in chromaffin cells, Dynasore
mimics dynamin 1/2 knockdown or overexpression
of dynamin K44A (dominant-negative mutant) in
blocking fusion pore closure, inhibiting preformed
Q-profiles’ pore closure, and facilitating fusion pore
expansion (14,21,25,26). These effects readily explain
the effect of Dynasore in shortening the spike half-
width and increasing the spike amplitude as observed
in the present work (Fig. 2).

Although our results challenge the hypothesis that
sub-quantal release is predominant, our data do not
exclude the possibility that sub-quantal release of
catecholamine exists but in a minority of events
below our detection level. Our conclusion is limited
to the prolonged depolarization during high potas-
sium application, in which the prevalent sub-quantal
release hypothesis was proposed in most recording
conditions (13,17,18,20,23,24,27).
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