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In secretory cells, several exocytosis-coupled forms of
endocytosis have been proposed including clathrin-mediated
endocytosis, kiss-and-run endocytosis, cavicapture, and bulk
endocytosis. These forms of endocytosis can be induced
under different conditions, but their detailed molecular
mechanisms and functions are largely unknown. We studied
exocytosis and endocytosis in mast cells with both perforated-
patch and whole-cell configurations of the patch clamp tech-
nique using cell capacitance measurements in combination with
amperometric serotonin detection. We found that intact mast
cells exhibit an early endocytosis that follows exocytosis
induced by compound 48/80. Direct observation of individual
exocytic and endocytic events showed a higher percentage of
capacitance flickers (27.3%) and off-steps (11.4%) in intact mast
cells than in dialyzed cells (5.4% and 2.9%, respectively). More-
over, we observed a type of endocytosis of large pieces of mem-
brane that were likely formed by cumulative fusion of several
secretory granules with the cell membrane. We also identified
“large-capacitance flickers” that occur after large endocytosis
events. Pore conductance analysis indicated that these transient
events may represent “compound cavicapture,” most likely due
to the flickering of a dilated fusion pore. Using fluorescence
imaging of individual exocytic and endocytic events we observed
that granules can fuse to granules already fused with the plasma
membrane, and then the membranes and dense cores of fused
granules are internalized. Altogether, our results suggest that
stimulated exocytosis in intact mast cells is followed by several
forms of compensatory endocytosis, including kiss-and-run
endocytosis and a mechanism for efficient retrieval of the com-
pound membrane of several secretory granules through a single
membrane fission event.
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During exocytosis, the membrane surrounding a cytosolic
vesicle fuses with the plasma membrane, and the contents of
the vesicle are released into the extracellular space. After exo-
cytosis, the membrane must be retrieved by endocytosis to
maintain a constant cell surface area and allow the secretory
vesicle to recycle (1, 2). Therefore, efficient endocytosis is cru-
cial for preventing the complete exhaustion of secretory vesi-
cles and also to help maintain normal cell morphology by
retrieving excess membrane. Three forms of endocytosis have
been identified: clathrin-mediated slow endocytosis, kiss-and-
run endocytosis, and bulk endocytosis. During clathrin-medi-
ated endocytosis, clathrin-coated invaginations of the surface
membrane are internalized, and the clathrin coat is removed
before the next round of exocytosis (3—5). The kiss-and-run
model proposes that vesicles do not fully collapse into the sur-
face membrane but recycle rapidly after closure of a fusion pore
that allows escape of the transmitter (6, 7). A related mecha-
nism referred to as granule cavity recapture (cavicapture) or
granule recapture posits that the fusion pore dilation allows the
loss of cargo and some membrane components while the omega
shape of the fusing granule is preserved (8 —10). Bulk endocy-
tosis, a phenomenon in which a large piece of the plasma mem-
brane is retrieved, has also been frequently observed in several
model cells, including the frog neuromuscular junction (11), rat
hippocampal neurons (12), and goldfish bipolar cells (13). The
mechanisms by which exocytosis and endocytosis are function-
ally coupled are the subject of much controversy, possibly
because of the multiple kinetic components that are involved,
each with different underlying mechanisms.

At present, two types of electrophysiological recordings are
commonly used to monitor exocytosis at the single-cell level.
Capacitance measurements of the membrane surface area are
effectively used to follow vesicle exocytosis and endocytosis (14,
15). When vesicles fuse with the plasma membrane, the surface
area of the plasma membrane increases, thereby increasing
membrane capacitance. Therefore, an increase in capacitance
indicates exocytosis, whereas a decrease indicates endocytosis
(16, 17). Changes in fusion pore conductance are also used as
criteria when distinguishing between the kiss-and-run and full-
collapse models. A rapid opening and closing of the fusion pore
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indicates kiss-and-run fusion, whereas fusion pore opening fol-
lowed by expansion indicates full-collapse fusion. An alterna-
tive method of measuring secretion is by monitoring the release
of oxidizable secretory products, observed as brief current
spikes, by placing a carbon fiber microelectrode in close prox-
imity to an isolated cell (18). Combined amperometric and
capacitance measurements have shown that the detection of a
single amperometric spike corresponds to the fusion of a single
granule with the plasma membrane (7, 19, 20). One advantage
of this method of secretion measurement is that it monitors
only the release of secretory products into the extracellular
milieu and, therefore, is not complicated by many of the factors
affecting capacitance measurements.

Pioneering information supporting kiss-and-run endocyto-
sis was obtained from membrane capacitance assays performed
in mast cells and chromaffin cells (7, 21). Most of the capaci-
tance studies so far have been performed in the whole-cell
recording mode with patch pipettes. In this configuration,
small molecules can diffuse freely between the cell and the
recording pipette, potentially depleting or “washing out”
important regulatory components, such as second messengers
and small soluble proteins. The perforated-patch technique
avoids this problem (22). The aim of the present work was to
determine whether cytosolic factors are required for exocytic-
endocytic coupling and to investigate the mechanisms that
maintain a balance between exocytosis and endocytosis, allow-
ing tight control of the membrane surface area. We have stud-
ied exocytosis and endocytosis in mouse peritoneal mast cells at
the single-vesicle level using perforated-patch capacitance
measurements and amperometry together with fluorescence
imaging. Our results suggest the existence of two modes of
rapid compensatory endocytosis: kiss-and-run endocytosis,
where a single vesicle fuses transiently with the plasma mem-
brane through a narrow fusion pore to release the transmitters
that it contains, and “compound endocytosis,” where a granule
aggregate formed by cumulative fusion is disconnected from
the plasma membrane through a fission pore.

EXPERIMENTAL PROCEDURES

Cell Preparation, Reagents, and Solutions—Peritoneal mouse
mast cells were obtained from 2-3-month-old animals as
described previously (23). Mice were euthanized according to
ethical procedures and exsanguinated. Extraction solution (3
ml) was injected into the peritoneal cavity. After 2 min of gentle
abdominal massage, the peritoneal cavity was surgically
exposed, and 1-2 ml of fluid was recovered. Subsequently, the
cell suspension was centrifuged at 200 g for 2 min. The pellet
was resuspended in 1 ml of extraction solution. Cells were
plated on coverslips and incubated at 37 °C in an atmosphere of
5% CO, and 95% air until use (between 1 and 6 h after culture).
All experiments were carried out at 22-25°C. The external
medium comprised the following components: 140 mm NaCl,
10 mm HEPES, 3 mm KOH, 2 mm Cl,Mg, and 1 mm Cl,Ca.
Glucose was added to adjust the osmolarity to 310
mOsmol-kg ™.

For the perforated-patch configuration, we used compound
48/80 as a secretagogue. Patched cells that exhibited sufficient
access conductance and a low level of leakage were stimulated
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by pressure ejection (PDES-02DX, npi electronic GmbH, Sci-
entifica) for 5 s with compound 48/80 solution from a puffer
pipette positioned near the cell under study.

Electrophysiological Recordings—Electrophysiological re-
cordings in this study were performed in the whole-cell and
perforated-patch configurations. The whole-cell pipette solu-
tion contained the following components: 140 mm potassium
glutamate, 10 mm HEPES, 7 mm MgCl,, 3 mm KOH, 0.2 mm
Mg-ATP,7.5mm Ca®"-EGTA, and 2.5 mMm K,-EGTA. The final
Ca** concentration was 320 nm. We added 1 um GTPyS? to the
pipette solution to induce degranulation. Degranulation occurs
spontaneously and reproducibly if Mg-ATP and the GTP ana-
log GTP+S are present in the pipette-filling solution (15). The
perforated-patch pipette solution contained 135 mm Cs-gluta-
mate, 10 mm HEPES, 9.5 mm NaCl, 0.5 mM tetraethylammo-
nium chloride, and 0.5 mm amphotericin B; the solution was
adjusted to pH 7.2 with CsOH. All chemicals were obtained
from Sigma with the exception of amphotericin B (Calbi-
ochem-Novabiochem). An amphotericin B stock solution was
prepared daily at a concentration of 50 mg/ml in dimethyl sulf-
oxide and kept protected from light. The final concentration of
amphotericin B was prepared by ultrasonicating in the darkness
10 wl of stock amphotericin B in 1 ml of Cs-glutamate internal
solution. Pipettes were tip-dipped in amphotericin-free solu-
tion for several seconds and back-filled with freshly mixed
amphotericin intracellular solution. Pipettes of 2—5-megohm
resistance were pulled from borosilicate glass capillary tubes,
fire-polished, and partially coated with wax. Patched cells were
allowed to perforate to less than 30-megohm series resistance
prior to recording.

Whole-cell and perforated-patch capacitance were mea-
sured with a lock-in amplifier (SR-830; Stanford Research
Instruments). The C-slow and G-series potentiometers of an
EPC-7 patch clamp amplifier (Heka Electronics) were used to
cancel out the incoming membrane current to resolve small-
capacitance changes. We obtained a calibration signal by unbal-
ancing the C-slow potentiometer by 100 fF, which corresponds
to a change of 10 um? (assuming a specific membrane capaci-
tance of 1 wF-cm™ ?). We set the phase manually at the begin-
ning of each recording. The V-command was a 50-mV sine
wave (root mean square, 1 kHz). The data acquisition was per-
formed with a 16-bit A/D converter (6052-E; National Instru-
ments) with locally written software in Igor Pro (Wavemetrics,
Inc.). One data point was obtained every millisecond.

Electrochemistry— Amperometric detection of serotonin was
monitored with a carbon fiber microelectrode with a tip diam-
eter of 12 um, fabricated as described elsewhere (24). Elec-
trodes were backfilled with a 3 m KCI solution. The holding
voltage applied to the electrode was 650 mV, and the redox
current was monitored with an EPC-8 patch clamp amplifier
(Heka Electronics). Carbon fiber was cut fresh prior to each
recording and placed in close proximity to the cell.

Imaging—Imaging experiments were done with a system
comprising an Axiovert 200 inverted microscope, a

2 The abbreviations used are: GTPyS, guanosine 5'-O-(y-thio)triphosphate; F,
farads (fF, pF); G, pore conductance; Im, imaginary; Re, real; S, siemens; C,
coulomb (pQ).
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FIGURE 1. Exocytosis is measured as an increase in the cell membrane capacitance caused by the addition of the secretory granule membrane. A and
B, time courses of capacitance of the cellmembrane during degranulation, recorded in the whole-cell configuration (the patch pipette contained the standard
internal solution plus 1 um GTP%S) (A) and during compound 48/80-mediated degranulation, recorded in the perforated-patch configuration (B). C, overall
starting capacitance in mast cells before stimulation of exocytosis with GTPvS (whole-cell) and compound 48/80 (perforated-patch). D, overall final exocytosis
in mast cells after stimulation of exocytosis with GTP-yS (whole-cell) and compound 48/80 (perforated-patch). Error bars, S.E.

Hamamatsu ORCA-R2 camera (6.45 X 6.45 wm physical pixels,
giving 102 nm/image pixel with a 63X oil immersion objective)
and a HCImage software (Hamamatsu Photonics). Fluores-
cence images of FM1-43-stained cells were obtained with a
standard filter set (XF115-2; Omega Optical). Exposures lasted
0.2 s, and images were acquired at ~1 Hz. External solutions
were exchanged by a fast superfusion device consisting of a
multibarreled pipette, the common outlet of which was posi-
tioned 50-100 wm from the cell. Standard and FM1-43 solu-
tions were changed using a pinch valve controller system (War-
ner Instruments) manipulated by a manual switch. The flow
rate (0.5-1 ml'min~ ') was regulated by gravity to achieve a
complete replacement of cell surroundings in <2 s. All experi-
ments were performed at room temperature (22—-24 °C). Quan-
titative analyses were performed on raw images. Fluorescence
images were analyzed using HCImage (Hamamatsu Photonics)
and Igor Pro (Wavemetrics, Inc.). The spots for fluorescence
analysis were selected by the threshold brightness (usually 80%
of the difference between the brightness and dimmest pixels).
Exceeding this threshold, most of fluorescent spots were
detected. Isolated mast cells were bathed in solution containing
4 um FM1-43 and stimulated with a solution containing com-
pound 48/80 (100 pg/ml) and 4 um FM1-43 for 10 s, which
induces a massive vesicular fusion to the plasma membrane.
Once the degranulation stopped (~3-4 min), extracellular
FM1-43 was washed out with standard solution for at least 4
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min. Some experiments were conducted in the presence of
Advasep-7 to decrease the FM1-43 background.

Data Analysis—Data analysis was performed using macros
for Igor (Wavemetrics, Inc.). We analyzed the steps from each
exocytic and endocytic event. Each step reflects the area of a
retrieved or fused vesicle. Vesicle radii were calculated assum-
ing that a vesicle is spherical and that the specific membrane
capacitance of the vesicle is 1 wF-cm ™2 Pore conductance (G,)
was calculated from the real (Re) and imaginary (Im) parts of
the admittance after base-line subtraction: G, = (Re* + Im?)/
Re. G, was used to estimate the fission pore diameter (25, 26):
D, = (4pL/m)®* G,°°. For analysis of the quantal charge of
amperometric spikes, only those events that were not overlap-
ping were included. Statistical significance was tested using
SPSS Statistics 20.0 software with a two-tailed nonparametric
Mann-Whitney test (samples were considered significantly dif-
ferent when p = 0.05). All data are expressed as the means =
S.E.

RESULTS

Rapid Endocytosis following Exocytosis in Intact Mast Cells—
The increase in cell surface area that occurs when secretory
granules fuse with the plasma membrane can be observed as an
increase in membrane capacitance with the patch clamp tech-
nique. Fig. 1A shows the time courses of the membrane capac-
itance changes caused by the fusion of several hundred secre-
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tory granules (23) in mouse peritoneal mast cells. The cells were
stimulated by 1 um GTP+S contained in the pipette solution.
The recordings show the cell membrane capacitance as a func-
tion of time starting when the cell perfusion was initiated. In
each cell, the membrane area begins to expand after a lag
period, and degranulation proceeds to a similar shape and
extent, consistent with previous reports (15, 27, 28). However,
it has been shown that dialyzed cells fail to respond to external
stimuli such as compound 48/80 or antigens, whereas intact
cells degranulate within several minutes (29), suggesting that
essential cytoplasmic components have been washed out. To
determine whether cytosolic factors affect the properties of
membrane fusion and fission, we performed experiments in the
perforated-patch recording mode, in which the patch under the
pipette tip is not disrupted but instead permeabilized, prevent-
ing the diffusion of small molecules out of the cell. In this con-
figuration, 34 of 56 cells showed changes in membrane capaci-
tance several seconds after the application of compound 48/80
with a puffer pipette; 15 cells were silent, and 7 cells showed
spontaneous responses before drug application. Fig. 1B shows
various time courses of changes in the cell membrane capaci-
tance following stimulation with compound 48/80. Initially, an
abrupt increase in capacitance, indicating exocytosis, was
observed; this increase was followed by a variable decrease in
capacitance, indicating endocytosis. In some recordings, exo-
cytosis was tightly compensated by endocytosis, maintaining
the initial membrane surface area, even the capacitance may
have overshot the base line. If we express our individual exper-
iment values as percentages of the initial whole-cell capaci-
tance, 30.8% of cells were able to return to basal capacitance
values, 38.5% of cells increased their final capacitance between
the 3 and 9%, and 30.8% increased their final capacitance above
10% of the basal. We next quantified and compared the overall
capacitance changes that were triggered by GTPyS and com-
pound 48/80. Cells exhibited a similar overall initial capaci-
tance in the whole-cell configuration (3.38 = 0.2 pF; n = 22
cells) and the perforated-patch mode (2.71 = 0.14 pF; n = 26
cells) (Fig. 1C). Notably, however, the final capacitance differed
between the recording modes (9.86 = 0.6 pF in the whole-cell
mode; 3.29 = 0.16 pF in the perforated-patch mode) (Fig. 1D).
The extents of degranulation, expressed as the ratio of the final
and initial capacitance (C,/C,) were 2.91 (GTPvS) and 1.21
(compound 48/80). The response obtained with GTPyS was
similar to that obtained previously under similar conditions
(28, 30, 31). The results observed with compound 48/80 in
intact mast cells evidence mechanisms of early endocytosis fol-
lowing exocytosis which assist in maintaining a suitable mem-
brane area surface.

Amperometry provides another powerful real-time method,
complementary to capacitance measurements, that allows the
electrochemical detection of oxidizable secretory products
(18). The release of the secretory granule contents results in the
generation of brief current spikes as the secretory products are
oxidized on the surface of the carbon fiber (18). Serotonin is the
main secretory product detected in peritoneal mast cells by
amperometry (7). Fig. 2 shows combined membrane capaci-
tance (blue traces) and amperometry (red traces) measure-
ments of exocytosis induced by compound 48/80 (perforated-
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FIGURE 2. A and B, simultaneous cell membrane capacitance (blue trace) and
amperometric (red trace) measurements of exo-endocytosis in mast cells
under the perforated-patch (A) and whole-cell (B) configurations. The time
integrals of the amperometric traces are shown as a dotted line superimposed
on the cell membrane capacitance traces and represent the total amount of
serotonin detected by the carbon fiber during the secretory response. Secre-
tion was stimulated by a puff (5 s) of compound 48/80 (100 wg/ml) (arrow) in
intact mast cells and by adding 1 um GTPS to the patch pipette solution in
the whole-cell experiments. C, average cumulative charge of serotonin
in whole-cell and perforated-patch recordings. Error bars, S.E.

patch) (Fig. 24) and GTP+S (whole-cell) (Fig. 2B). Despite a null
net increase in membrane capacitance in the cell shown in Fig.
2A, a burst of amperometric spikes was observed during the
initial phase of response. This fact is better observed by inte-
grating the amperometric recording over the duration of the
membrane capacitance recording. The time integral of the
amperometric trace is a measure of the total amount of secre-
tory products released by a cell after its stimulation and, there-
fore, allows a direct comparison of the events measured by
amperometry with those measured by capacitance (19, 20, 32).
In response to a GTPvS stimulus, the integral of the ampero-
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FIGURE 3. Secretory responses in an intact mast cell. A, the cell membrane capacitance (blue trace) was measured simultaneously with the ampero-
metric current (red trace). B, perforated-patch recordings and simultaneously recorded amperometric signals from mast cells showed spontaneous
single-vesicle capacitance steps and amperometric spikes. C-E, percentage of irreversible on-steps (C), reversible steps (D), and irreversible off-steps (E)
were significantly different in whole-cell and perforated-patch recordings (***, p = 0.00005; **, p = 0.001; *, p = 0.035). F, the size of the capacitance
steps induced by exocytosis of individual granules was similar for cells under the whole-cell and perforated-patch configurations (p > 0.05). Error bars,

S.E.

metric current recording followed a sigmoidal time course sim-
ilar to that of the capacitance measurement (dotted red line, Fig.
2B). The secretory response elicited by external stimulation in
intact mast cells showed that the initial increase in the capaci-
tance trace was closely correlated with the time integral of the
amperometric current trace (dotted red line, Fig. 2A). During
the phase of membrane retrieval, however, significant secretion
from the cell was not evident from the amperometric recording.
Interestingly, the integrated amperometric charge was compa-
rable under both recording modes (439 * 117 pC, n = 10 cells
in whole-cell; 331 = 78, n = 13 cells in perforated-patch; Fig.
2C). These results suggest that following a robust exocytosis in
intact cells, compound 48/80 elicited a rapid reuptake of plasma
membrane.

High Incidence of Capacitance Flickers and Endocytosis in
Intact Mast Cells—Measurements of changes in cell membrane
capacitance caused by the fusion or the fission of a granule
make it possible to obtain time-resolved recordings of exocyto-
sis and endocytosis at the level of single granules. In addition,
the size of the granules can be determined by capacitance mea-
surements in mast cells because of the large size of the granules
secreted by these cells. A drawback of the abrupt response in
cell membrane capacitance measured in intact mast cells under
stimulation with compound 48/80 is that individual fusion and
fission events are not clearly resolved because there are many
overlapping events. Fig. 3A shows the changes in cell mem-
brane capacitance and serotonin release measured in an intact
mast cell in which exocytosis occurred spontaneously and the
rate of fusion was sufficiently low for the capacitance changes to
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occur in discrete steps. Fig. 3B shows two types of fusion events:
irreversible step increases in membrane capacitance correlated
with amperometric spikes and transient increases in capaci-
tance (flickers) that are also correlated with small amperomet-
ric spikes. The first type of event represents the abrupt and
irreversible opening of the fusion pore, and the latter event
represents the opening and subsequent closure of the fusion
pore. Inspection of capacitance traces in the perforated-patch
configuration, both from spontaneous experiments and from
experiments where compound 48/80 produced a lower rate of
degranulation, indicated that there may be an increase in the
frequency of capacitance flickers (transient fusion events) and
endocytosis compared with that observed during the initial
phase of the degranulation in cells stimulated by GTP+yS under
the whole-cell configuration (Fig. 3, C-E). The percentage of
transient fusion events measured in intact mast cells was ~5
times larger than in dialyzed cells (27.3 = 4.3 and 5.4 * 1.9,
respectively) (Fig. 3D). The percentage of fission events
(irreversible off-steps) was also ~4 times larger in intact
(11.4 = 2.8) than in dialyzed mast cells (2.9 = 1) (Fig. 3E).
The average size of the individual capacitance steps was sim-
ilarin intact (17.6 = 0.62 fF; n = 642) and dialyzed mast cells
(16.1 = 0.45 fF; n = 318) (Fig. 3F). Therefore, the decrease in
the overall capacitance change in intact mast cells after stim-
ulation with compound 48/80 may be explained by the ten-
dency to undergo more frequent fusion reversals and irre-
versible fission events after exocytosis but not by the fusion
of smaller secretory granules.
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TABLE 1
Properties of small and large flickers in intact mast cells
Small Large
Property flickers flickers
Frequency (%) 27.3 Occasional
Step size (fF) 149+ 05 72.3 = 3.7
Duration (s) 1.5+ 0.1 7.8 28
Pore conductance (nS) 0.39 = 0.03 2.91 £ 0.39
Pore diameter (nm) 24+ 0.7 6*+1
Charge (pC) 1.5+02

Two Phenotypes of Granule Recapture in Perforated-patch
Experiments—We further analyzed capacitance flickers in
intact mast cells. As mentioned, we observed a large increase in
the incidence of capacitance flickers in which the capacitance
increase was rapidly reversed but still associated with an
amperometric signal (Figs. 3B and 4, A and B, arrows). Our
capacitance recordings showed capacitance flickers with sizes
in the on-step range (Fig. 4C) (14.9 = 0.54 fF; n = 251). The on-
and off-steps within each capacitance flicker were closely cor-
related in size, with linear regression slopes close to one
(slope = 0.94) (Fig. 4E, lined red circles). This mechanism of
compensatory endocytosis, which suggests the retrieval of sin-
gle granules, was proposed decades ago for mast cells (7, 15) and
is referred to as a kiss-and-run event (33). Moreover, we occa-
sionally observed “large-capacitance flickers” immediately after
an irreversible off-step of similar size without any associated
amperometric response (Fig. 4, A and B, asterisks). These large
flickers showed step sizes in the range of irreversible off-steps
(Fig. 4D). Two populations of endocytic events have been pro-
posed to exist in mast cells (34). The first population of endo-
cytic events is similar in size to the exocytic events (<60 fF);
therefore, it is most likely caused by the retrieval of single gran-
ules. A second population of events (>60 fF) is too large to be
accommodated by the retrieval of individual granules. Large-
capacitance flickers are within the size range of large off-step
events (72.4 £ 3.7 fF; n = 15). Although the on- and off-steps
within each large-capacitance flicker were closely correlated in
size (Fig. 4E, filled red circles), several of the on- and off-steps
clearly differed from each other in size (Fig. 4B). Amperometry
allows us to determine the quantal release of serotonin associ-
ated with these events (Fig. 4F). The mean * S.E. spike charge
was 2.2 = 0.2 pC (n = 105) in the full-fusion events and 1.5 =
0.2 pC (n = 45) in the small-capacitance flickers. However, no
serotonin release was detected in association with the large
flickers. Fig. 4G plots the relationship between the amplitude of
capacitance increases and the amplitude of the amperometric
spikes. The black dots represent full-fusion events, and the lined
red dots show the same relationship for transient fusion events
(small flickers). Note that the charge of the spikes for which the
change in capacitance was reversible was smaller, on average,
than that of spikes where an irreversible capacitance change
was observed. The amount of serotonin released during kiss-
and-run events was significantly smaller than in full-fusion
events, further indicating partial release of the vesicle contents
through a small fusion pore. We plotted the frequency distri-
bution of flickers lifetime (Fig. 4H). The distribution followed
an approximately exponential distribution with a time constant
of 5.6 = 0.06 s. The properties of small and large flickers in
intact mast cells are shown in Table 1.
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Changes in fusion pore conductance can be used as criteria
when distinguishing between the kiss-and-run and full-collapse
models. During capacitance flickers, simultaneous changes can
be observed in both the imaginary (Im, blue traces in Fig. 5) and
real (Re, green traces) signals of the lock-in amplifier, and these
signals can be used to calculate the fusion pore conductance
(G,) (see “Experimental Procedures”).

In the typical exocytic event shown in Fig. 54, the fusion pore
had an initial conductance of 600 pS (yellow, bottom trace),
which increased to ~1.5 nS in the next 500 ms and then
increased steeply to a conductance exceeding 7 nS. During
most of the flickers shown in Fig. 5, B and C, the fusion pore
conductance remained at ~600 pS. The fusion pore diameter
can be estimated from the conductances associated with these
exocytic and flicker events (see “Experimental Procedures”).
The initial pore diameter from the exocytic events (2.4 * 0.4
nm; 7 = 30) was similar to the mean pore diameter obtained
from the flicker events (2.4 £ 0.7; n = 13) (Fig. 5D). Next, we
plotted the frequency distribution of G, values measured dur-
ing fusion pore expansion in exocytic (Fig. 5E) and flicker
events (Fig. 5F). The frequency distribution of G, values of full-
fusion events shows that the pore conductances exceeded 2 nS,
indicating a complete pore collapse. However, during transient
fusion events, the distribution of G, was shifted to smaller con-
ductance values (<2 nS). As previously published, we conclude
that these flickers are characterized by the partial and transient
opening of fusion pores from secretory granules (7).

Off-steps that were not preceded by on-steps presumably
reflect endocytosis that is not coupled to exocytosis, and during
these transitions, we occasionally detected fission pores. For
large events such as that shown in Fig. 64, closing of the fission
pore could be analyzed. This example shows a closure that
occurred from a conductance of 7 nS and lasted ~800 ms. Anal-
ysis of the G, revealed that the time course could be better fitted
to a double-exponential function (data not shown), reflect-
ing that the decrease in G, occurred in phases. In the initial
phase, the conductance decreases rapidly from 7 to 3 nS for
~50 ms. This phase is followed by a slower decrease with an
overall slope of 6 pS/ms, and in the final phase, G, decreases
more steeply. These dynamics have been proposed to be gener-
ated as a result of a constriction and lengthening of the fission
pore (34). The capacitance recordings also contained large-ca-
pacitance flickers preceded by off-steps. Both the on- and off-
steps were accompanied by transient changes in conductance
indicating the formation of fusion and fission pores (Fig. 6B).
The conductance of the fusion pore was 600 pS when opened
and subsequently grew to nearly 8 nS. Clearly, the pore conduc-
tances reached during large-capacitance flickers are much
greater than typical conductance values observed for transient
pores. Later (~800 ms), a slow closure occurred from a con-
ductance of 8 nS and proceeded at a similar rate as it developed
in typical endocytic fission pores, indicating that during large-
capacitance flickers, a fusion pore can dilate and close again
completely. A frequency histogram of the pore conductance
values observed during these capacitance flickers, from 12 dif-
ferent events similar to those in Fig. 6B, is shown in Fig. 6D and
is quite similar to the conductance histogram of irreversible
fission events (Fig. 6C). Consistent with this observation, the
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calculated from the change in capacitance. Black dots represent step changes in capacitance; lined red dots represent the capacitance increase during small-
capacitance flickers. H, lifetime distribution of small-capacitance flickers with 7 of 5.6 s. Error bars, S.E.

average pore conductance during the fission of reversible
events was 2.9 = 0.39 nS; this value is comparable with the pore
conductance observed during typical endocytosis (2.2 * 0.17
nS; n = 33). Furthermore, the lifetimes of fusion and fission
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pores in reversible and irreversible events were similar (irre-
versible on-step, 140 * 5.4 ms; reversible on-step, 199 = 53 ms;
irreversible off-step, 1056 = 53 ms; reversible off-step, 947 *
308 ms) (Fig. 6E). Therefore, the fusion and fission pore time
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starts. Panels 3-5, degranulation progresses; some spots abruptly can grow in size (white arrow), and others, after reaching a maximal fluorescence, start to
decrease both in brightness and size (red arrow). Panel 6, after washout, the remaining fluorescence is the result of FM1-43 trapped in the fraction of membrane
internalized by endocytosis and/or the FM1-43-stained dense cores retrieved by endocytosis. Scale bar, 1 um. B, time series showing an enlarged portion of an
isolated mast cell bathed in solution with 4 um FM1-43 and stimulated with compound 48/80, as in A. One spot abruptly doubles its size after stimulation (white
arrows), indicating that one granule fused to the plasma membrane, and another granule fused with that granule. After washing out the external fluorophore,
the spot persisted whereas the rest of spots almost disappeared (t = 521 s). C, traces showing the fluorescence area over the time (during degranulation) of six
individual spots from a single cell stimulated with compound 48/80. In this example, three spots reduced both its area and brightness below the detection
threshold, suggesting release of dense cores from the fused granules, whereas three other spots were each several times bigger than the other three. The spots
increased its area twice (red line), three times (blue line), or even more (green line). D, histogram of maximal area levels of 181 spots from 24 cells after stimulation
with compound 48/80. The distribution is fit to multiple Gaussians (smooth line) with peaks at 0.3, 1.4, 3.1, and 5.8. As many of the spots overlapped during the
onset of the degranulation, it was often impossible to discriminate when a spot grew or overlapped spacially with other different spots, so that, likely the
maximal fluorescence area from each spot could be underestimated. The insets show histograms of areas corresponding to on- and off-steps events during
capacitance measurements in intact mast cells stimulated with compound 48/80. The off-step histogram was fit by a set of Gaussians with peaks at 1.1, 2.4,5.5,
and 11.

courses of these capacitance flickers were indistinguishable
from the pores that resulted from irreversible exocytosis and
endocytosis events.

Exocytosis and Endocytosis Can Be Observed in Intact Mast
Cells Using the Fluorescent Dye FM1-43—In resting mast cells
exposed to FM1-43, only the surface membrane was stained
with dye (Fig. 7A). Stimulation with compound 48/80 caused
discrete fluorescent spots, each about the size of a secretory
granule (Fig. 7, A and B, and supplemental Videos 1 and 2).
Most fluorescent spots appeared quickly, and some spots
showed abrupt doublings or triplings in size during the time
course of recording (Fig. 7C), indicating compound exocytosis
(17). Exocytosis started in the most peripherally located gran-
ules, and the spots were initially distributed randomly around
the equator of the cell; then, the fluorescence areas were
spreading progressively toward the cell interior and sideward.
FM dyes typically stain only membranes; but in pituitary lac-
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totroph, the entire dense core secretory granule stains with
FM1-43 (35). Surely, this property is also present in mast cells.
The total fluorescence increase of mast cells greatly exceeded
the rise in membrane capacitance recorded with the patch
pipette. Capacitance increased an average of 24% in intact cells
stimulated with compound 48/80, yet integrated fluorescence
in these cells increased 11.6-fold more, by an average of 280%.

The secretory granule size expressed in fluorescence spots
area can be compared directly with the area of capacitance steps
(Fig. 7D). The histogram of maximal fluorescence areas shows
clear spaced peaks at 0.3, 1.4, 3.1, 4.1, and 5.8 um?. Estimates of
the amount of the area from each capacitance on-step (assum-
ing a specific membrane capacitance of 10 fFum ™2 of mem-
brane) provide a distribution of secretory granule area that is
well fit to a Gaussian, whose peak, centered at 1.03 wm?, we
attribute to the area of a single vesicle. This value is close to the
second peak of the fluorescence distribution (1.40 uwm?). Inter-
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estingly, the following peaks seem to correspond to multiples of
1.4, suggesting that spots were quantal in their distribution of
fluorescence areas, and thus higher order peaks largely corre-
spond to the fusion of multiple vesicles. Approximately 30% of
spots have a fluorescence area that corresponds to the first peak
in the distribution. This includes a very small area (0.3 wm?) to
be detected by capacitance measurements (resolution >0.5
wm?). These fluorescent events might represent transient
fusion events. Alternatively, they may represent a different pop-
ulation of granules with a relatively less electron dense core.

Most of the fluorescent spots were decreasing in size and
brightness for the duration of the experiment, even with
FM1-43 still present in the bathing fluid (Fig. 7, A and C), sug-
gesting that the dense cores of secretory granules are suscepti-
ble to dissolution and release after exocytosis. When FM1-43
was washed from the chamber, many of spots destained,
although some fluorescence signals persisted associated to the
same location of the previous spots. Fig. 7B shows a fluores-
cence spot that doubled its size in a time later suggesting com-
pound exocytosis occurs via fusion of one granule to a granule
that is already fused with the plasma membrane. When FM1-43
was removed, the dye could not be washed out from this 2-fold-
size spot, suggesting that the two granules already fused
sequentially, and their cores had been endocytosed as a single
unit. On the other hand, if cores were released one would
expect fluorescence appeared after endocytosis as rings, not
solid objects, corresponding to the endocytosed secretory
membranes and not dense cores, and this could also be
observed (supplemental Fig. 1S). The distribution of endosome
areas, estimated from the amount of area from each capaci-
tance off-step, is also fit by a set of Gaussians with different
areas (Fig. 7D). Although the distribution does not provide a
perfect one-to-one correspondence with the fluorescence area
peaks, the comparison indicates that endosome areas likely cor-
respond to multiple of a discrete size. Together, these results
suggest that after compound exocytosis, the compound mem-
brane of fused granules may be endocytosed.

DISCUSSION

Exocytosis must be followed by endocytosis, lest the cell sur-
face grow indefinitely. In specialized secretory cells, including
neurons and non-neuronal cells, exocytosis and compensatory
endocytosis are tightly coupled membrane processes (36 —38).
In our experiments, the plasma membrane was often observed
to be retrieved rapidly following exocytosis in intact mast cells,
whereas endocytosis was barely observed in dialyzed cells (Fig.
1). A controversial question remains. What mechanism guar-
antees that the correct amount of membrane is retrieved after
exocytosis? In neuroendocrine cells, secretion can occur
through different modes: the kiss-and-run mechanism, by
which hormones are released through a narrow fusion pore
while larger neuropeptides are retained in the granule core, and
the full-collapse mechanism, in which the fusion pore dilation
allows the additional release of neuropeptides (39, 40). Experi-
ments performed with whole-cell membrane capacitance
assays also support the kiss-and-run mechanism in mast cells
(7, 15). Under our experimental conditions, the proportion of
capacitance flickers was five times higher in intact than in dia-
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lyzed mast cells (Fig. 3D); however, in the literature, the
reported frequency of flickers is quite variable under the whole-
cell configuration (26, 30, 31). In contrast, following degranu-
lation with GTP+S, the near absence of endocytosis and the
growth of the plasma membrane area, up to three times the size,
are highly recurrent (28, 31). These facts suggest that the tran-
sient fusion mode alone is not an efficient endocytic mecha-
nism to restore normal cell size after exocytosis. Regardless,
kiss-and-run fusion may serve as a mechanism to selectively or
differentially release secretory granule constituents in mast
cells. By amperometry, we observed serotonin release in spike-
like form during small-capacitance flickers. These spikes are of
lesser quantal charge than those from irreversible on-steps
(full-fusion events), supporting the idea of a reduced outflow of
transmitters through a narrow and transient fusion pore in
these cells (7) as shown in chromaffin cells (41, 42).

If kiss-and-run events cannot solely explain the rapid and
tight balance frequently observed between exocytosis and
endocytosis in intact mast cells, allowing the rapid retrieval of
excess membrane generated by the full fusion of secretory gran-
ules, which other endocytic mechanism can restore the resting
plasma membrane area levels so quickly? Large-capacitance
flickers provide a clue. The recording in Fig. 8 shows that after
the consecutive fusion of several distinct secretory granules
(steps 2, 3, 4, and 5) that increased the cell membrane capaci-
tance by a total of 57 fF, an off-step in capacitance of 57 fF was
observed (step 6). This off-step in capacitance matched, exactly,
the sum of the four fusion events (the first event was a transient
fusion). A similar example is shown in Fig. 4A4. These types of
recordings are not new. The phenomena of compound exocy-
tosis and cumulative fusion have been reported previously in
mast cells (43), eosinophils (17), pancreatic acini (44), and
human neutrophils (45). The proposed explanation is based
merely on the ability of secretory granules to form transient
(kiss-and-run) connections with the plasma membrane: a
peripheral granule undergoes a transient fusion with the
plasma membrane and serves as a target for the sequential
fusion of granules that are located within deeper layers of the
cell. If, at this point, the peripheral granule ends its flicker and is
separated from the plasma membrane, a larger structure may
be formed, composed of several aggregated granules (43). Our
events, however, could be slightly different; large amperometric
spikes were observed that were associated with the on-steps,
suggesting that full fusion instead of transient fusion occurs.
Furthermore, pore conductance analysis indicates that typical
fission pores are formed during large off-steps after sequential
exocytosis (data not shown). As a consequence, the mechanism
that reseals the cavity that is formed by the cumulative fusion of
secretory granules is unlikely to be the molecular reverse of
fusion. An alternative explanation may be provided by the cavi-
capture mechanism, where the granule membrane is main-
tained in an () shape yet completely merges with the plasma
membrane. In pancreatic acini cells, zymogen granules fused by
cumulative fusion maintain their {)-shaped profile for an aver-
age of 220 s (44). Retrieving intact secretory granule cavities, as
in kiss-and-run endocytosis, is thought to be advantageous to
cells because it saves the effort of retrieving vesicle membrane
components by molecular sorting (8). Curiously, large-capaci-
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FIGURE 8. Capacitance and amperometric recordings show that granule exocytosis is followed by compensatory endocytosis. A possible explanation
may be provided by compound cavicapture, a mechanism involving the transient fusion of a large piece of membrane formed by the cumulative fusion of
several secretory granules with the cell membrane. Secretory granules can form aggregates of granules through cavicapture. The capacitance trace (blue)
shows a small-capacitance flicker (kiss-and-run endocytosis) at 7, followed by four on-steps (steps 2-5), reflecting four secretory granules fusing sequentially
with the plasma membrane and releasing their serotonin contents. A first resealing of the entire cavity is observed at step 6 as a large off-step. Later, a larger
on-step (step 7) may be interpreted as a new fusion of the granule chain including an additional vesicle (perhaps the first vesicle that fused transiently by the
kiss-and-run mechanism). The granule aggregate fused transiently by cavicapture up to three times (steps 7-12) until its final disconnection from the plasma
membrane. The cavity tends to increase (steps 11 and 12) or decrease (steps 7 and 8) by membrane flow to or from the cell surface (53). In addition, the second

granule of the chain may close instead the first one, leaving the first granule bound to the plasma membrane (step 8).

tance flickers always follow off-steps, even when they occur
repeatedly. This type of event suggests that the granules are
recaptured as intact units of a chain. From analysis of large-
capacitance flickers, we infer that the fusion pore can increase
its diameter severalfold and then close again completely. Fusion
and fission pores formed during large-capacitance flickers
show properties similar to those exhibited by the fusion and
fission pores formed during irreversible fusion and fission
events (Fig. 6). To our knowledge, these events are the first
direct demonstration, by admittance analysis, of the cavicap-
ture mechanism that was proposed by Henkel and Almers (8)
and later confirmed by image analysis to occur in insulin-se-
creting cells (46) and PC12 cells (10). Because these transient
events likely correspond to the recapture of the compound cav-
ity formed by several fused granules, we called this type of
resealing “compound cavicapture” and the irreversible endocy-
tosis of this organelle compound endocytosis, in analogy to the
reverse process of compound exocytosis. Although it seems
more likely for large flickers and large off-steps to be formed by
the internalization of the aggregated granules generated by
sequential exocytosis, large endosomes newly formed could
also explain these events. Anyway, live imaging studies of exo-
cytosis and endocytosis with FM1-43 captured morphological
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manifestations of compound exocytosis and endocytosis, con-
firming the functional results obtained by capacitance mea-
surements (Fig. 7). A similar endocytic mechanism has been
proposed to occur at synapses. By cell-attached recordings,
large off-steps in capacitance were observed to occur later than
on-steps of similar size at release sites of the calyx of Held. In
this model, compound fusion occurs among small, regular ves-
icles to form large vesicles. These large vesicles have an
increased quantal size and undergo later fusion with the plasma
membrane, thereby increasing synaptic strength. These large
vesicles are then retrieved by bulk endocytosis (47). In our
model, these large structures correspond to granule aggregates
formed by the cumulative fusion of single secretory granules
instead of by multigranular exocytosis.

Another interesting question is as follows: why do these
granule chains flicker before the final internalization? It has
been proposed that the sequential mechanism of exocytosis
may operate generally in cells in which secretory vesicles are
densely packed into multiple layers and in which efficient secre-
tion is necessary. Cumulative fusion has been suggested to
reduce the need for the transport of the granule to the plasma
membrane and might serve to target the release focally (44).
However, an unfavorable consequence is the additional delay
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that is required for the granule contents to be extruded. Follow-
ing exocytosis in mast cells, granule-associated mediators, such
as histamine and serotonin, that are linked with proteoglycans,
become soluble immediately and are released, whereas most of
structure remains in an insoluble, particulate form (48). Under
sequential exocytosis, the extracellular output of soluble medi-
ators from granules that are located more internally may be
delayed (note the longer delay between the capacitance on-step
and the amperometric spike of the last granule; step 5 in Fig. 8).
Likely, the indissoluble core matrix of proteoglycan is retained
in the long cavity. Opening and closing of the fusion pore of this
compound cavity may be required to expel the larger material
of proteoglycans (750-1000 kDa) and associated proteins
(undetected by amperometry) at a later time, after the initial
fusion and serotonin release.

Cumulative fusion appears to be the major mechanism of
secretion in mast cells stimulated with compound 48/80 (49),
bee venom (50), or antigens in sensitized cells (51). Under the
whole-cell configuration, the mechanism of compound cavi-
capture has not been observed. Granules retrieved by cavicap-
ture have been associated with dynamin, and this recapture was
inhibited by GTPvS and peptides that block dynamin function
(52). Because GTP+S is the stimulus for inducing degranulation
under the whole-cell mode that is commonly used for studying
exocytosis by capacitance measurement in mast cells, it is not
surprising that off-steps and large-capacitance flickers were
rarely observed.

Our results have shown that exocytosis induced by 48/80 in
intact mast cells is followed by an endocytic mechanism that
can retrieve the exocytosed membrane within seconds. This
mechanism is most likely compound endocytosis (and com-
pound cavicapture), whereby the compound cavity, formed by
the cumulative fusion of many secretory granules, is retrieved in
a single membrane fission event. Compound endocytosis may
be a novel mechanism for efficiently compensating for the
membrane excess caused by full-fusion exocytosis.
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