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In chromaffin cells, exocytosis of single granules and
properties of the fusion pore [0 the first connection
between vesicular lumen and extracellular space! 0 can
be studied by cell-attached patch amperometry?3, which
couples patch-clamp capacitance measurements*’ with
simultaneous amperometric recordings of transmitter
release®®. Here we have studied exocytosis of single chro-
maffin granules and endocytosis of single vesicles in cell-
free inside-out membrane patches by patch capacitance
measurements and patch amperometry. We excised
patches from chromaffin cells by using methods devel-
oped for studying properties of single ion channels!®. With
low calcium concentrations in the pipette and bath, the
patches showed no spontaneous exocytosis, but exocyto-
sis could be induced in some patches by applying calcium
to the cytoplasmic side of the patch. Exocytosis was also
stimulated by calcium entry through the patch membrane.
Initial conductances of the fusion pore were undistinguish-
able in cell-attached and excised patch recordings, but the
subsequent pore expansion was slower in excised patches.
The properties of exocytotic fusion pores in chromaffin
cells are very similar to those observed in mast cells and
granulocytes. Excised patches provide a tool with which
to study the mechanisms of fusion pore formation and
endocytosis in vitro.

expansion of fusion pores are still not understood. Exocytosis

in chromaffin cells is mediated by SNARE (soluble NSF
attachment protein (SNAP) receptor) proteins, as is exocytosis of
synaptic vesicles (reviewed in ref. 11). In chromaffin cells, exocyto-
sis of single granules and properties of the fusion pore can be stud-
ied by cell-attached patch amperometry>’. With this method,
fusion pore openings can be characterized by cell-attached patch-
clamp capacitance measurements while transmitter release is
recorded simultaneously by an amperometric carbon fibre elec-
trode inserted into the patch pipette. To determine whether cytoso-
lic factors affect the properties of the fusion event, we have done
experiments on excised patches.

Excised inside-out patches were formed in sodium glutamate or
potassium glutamate solutions containing either no calcium and
100 uM EGTA or a calcium EGTA buffer that resulted in a free cal-
cium concentration of 150 nM in the bath. The patch pipette was
positioned close to a puffer pipette filled with stimulation buffer
containing 2 mM calcium (Fig. 1a). The experiment of Fig. 1 shows
two capacitance steps. One occurred during the application of pres-
sure to the puffer pipette (0.7 fF), the other (2.5 fF) occurred 4.5 s
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after the pressure had been released. No other capacitance steps
occurred during this recording. The capacitance steps correspond-
ed to vesicles of 160 nm and 300 nm diameter, sizes that are expect-
ed for bovine chromaffin granules*!2.

The second step is shown on an expanded scale in Fig. 1c. The
imaginary part of the admittance change (imaginary trace, top),
which usually indicates the capacitance change, shows that the rise
occurred in several phases until the final value of 2.5 fF was
attained, suggestive of the gradual expansion of a narrow fusion
pore"?. The initial conductance of the fusion pore was 210 pS and
remained constant during the next 25 ms (initial slope s =0 nS s7;
Fig, 1c, middle). Subsequently, the pore expanded slowly to a con-
ductance of 400 pS. After 80 ms the pore conductance rose steeply,
exceeding a value of 900 pS in the next 10 ms (delay At = 90 ms).

Without application of a calcium puff to the cytoplasmic face,
exocytosis occurred spontaneously in inside-out patches when
the patch pipette contained free calcium at physiological concen-
trations (0.5-2 mM calcium). With 100 UM EGTA and no added
calcium in the bath, 15 of 46 (31%) inside-out patches showed
exocytotic events (Fig. 2a), with an average of 9 + 1 events per
active patch (Fig. 2b). This activity was similar to that found in
the cell-attached configuration under similar conditions (Fig. 2e,
f). Both cell-attached and inside-out patches showed no sponta-
neous activity when the calcium concentrations in both the bath
and the pipette were buffered with 10 mM EGTA at 150 nM cal-
cium. Thus, calcium entering through the patch membrane stim-
ulated exocytosis in both cell-attached and excised patches. In the
cell-attached configuration, patches often showed action currents
(data not shown), suggesting that patch formation depolarized
the cell and stimulated calcium entry. Thus, depolarizing pulses
of voltage in the cell-attached configuration do not normally
increase exocytotic activity.

The mean * s.e.m. capacitance step size in excised patches
(1.8 £ 0.1 fF; n=161) was indistinguishable from that in cell-
attached (1.9 £ 0.1 fF; n = 280) patches and the step size distribu-
tions were also very similar (Fig. 2g, h). Using patch amperometry,
we determined the quantal release of catecholamine associated with
these events in inside-out patches (Fig. 3). The mean * s.e.m. spike
charge was 3.2+ 0.6 pC (n=94) in excised patches and
4.0 £ 0.4 pC (n=184) in cell-attached patches, corresponding to
about 107 molecules per vesicle. The mean + s.e.m. vesicular con-
centration was 1.3+ 0.4M (n=94) in excised patches and
1.3+£0.5M (n = 184) in cell-attached patches. Thus, there are no
significant differences between the properties of the exocytosed
vesicles in cell-attached and inside-out patches. The events
observed in excised inside-out patches correspond to the exocyto-
sis of single chromaffin granules.
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Figure 1 Capacitance steps evoked by applying calcium to an inside-out
patch. a, A solution containing 2 mM calcium was applied from the pipette on the
left after excising the patch with the pipette on the right. b, Capacitance recording
was started in the cell-attached configuration and was continued until 90 s after
pressure application. The grey bar indicates time of pressure application to the
puffer pipette. Two exocytotic events were stimulated (arrows). The recording was
invalid during the 23 s required to excise the patch and readjust capacitance com-
pensation. Interruptions in the traces reflect deletions containing continuous
changes owing to the application and release of pressure but no capacitance steps.
With this set up, the calcium concentration decreases slowly after pressure is
released. Using dye ejection from a pipette, a time constant of about 18 s was esti-
mated for the concentration decrease near the tip. Thus, at the time of the second
step, the calcium concentration was still elevated at about 1.6 mM. ¢, Expanded

In the exocytotic event shown in Fig. 3a, the fusion pore had an
initial conductance of 310 pS (cyan, bottom trace), which increased
to ~600 pS in the next 40 ms and then increased steeply to a con-
ductance exceeding 1 nS. In the low-conductance phase of the
fusion pore, the amperometric trace showed the familiar foot sig-
nal"!, followed by a spike coincident with the steep increase in
fusion pore conductance. In the inside-out configuration, 90% (72
of 80) of exocytotic events with sufficiently low noise showed a
transient in the real trace, indicative of a narrow fusion pore. In the
cell-attached configuration, such a transient increase in the real
trace was observed in 72% (94 of 130) of the low-noise events. In
excised patches, either the initial fusion pore conductance tended to
be smaller, or the time between fusion pore opening and expansion
tended to be longer than in cell-attached patches. The initial fusion
pore conductance, however, was indistinguishable in inside-out
(330 £ 25 pS; n=31) and cell-attached (328 31 pS; n=34)
patches (Fig. 3b).

The dynamics of fusion pore expansion was characterized both
by the delay, At, between initial formation of the fusion pore and
the rapid increase to a conductance of more than 1 nS, and by the
initial rate of fusion pore expansion, determined from the slope, s,
of the fusion pore conductance trace during the first 25 ms after its
formation (Fig.3a). The mean * s.e.m. delay (Fig.3c) was
30.4 £ 5.6 ms (n=_80) in inside-out patches and 21.2 + 2.9 ms
(n 130) in cell-attached patches (#-test, P=0.11). The
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view of the second step. The imaginary part (red) increases gradually before reach-
ing full vesicle capacitance, whereas the real part (blue) shows a transient increase.
The fusion pore conductance (cyan) was calculated from the imaginary trace alone
(Methods). The expansion of the fusion pore is expected to be accompanied by a
transient increase in the real trace (blue trace, black circles). The measured real
part of the admittance (blue trace, blue circles) and the expected transient increase
superimpose perfectly until 15 ms after the final capacitance is reached (right verti-
cal broken line). Thereafter the real trace decreases below baseline, indicating a
decrease in conductance that is not related to the fusion pore dynamics. This
decrease is about the size of the increase induced by pressure application to the
puffer pipette. These phenomena presumably reflect a slight increase in seal con-
ductance induced by pressure application, followed by resealing that might be facili-
tated by the addition of extra membrane owing to the exocytotic fusion event.

+

mean * s.e.m. rate of fusion pore expansion (Fig.3d) was
7.4 £ 23 nSs™ (n =25) in excised patches and 14.6 + 2.3 nSs™
(n=27) in cell-attached patches (P = 0.03).

Some capacitance flickers indicative of fast ‘kiss-and-run’
events® occurred in excised patches. During most of the flickers
shown in Fig. 3e, the fusion pore conductance remained at about
400 pS and was associated with an amperometric foot signal. At the
end of the flicker, the pore expanded briefly, allowing rapid release,
as indicated by the amperometric spike. In inside-out patches, 13%
of the events (20 of 158) were flickers (pipette, 0.5-2 mM calcium).
When exocytosis was stimulated by a calcium puff, however, exocy-
totic events were always (n =26) permanent (capacitance steps)
instead of transient (flickers).

Downward steps that were not preceded by upward steps
(Fig. 4a), which presumably reflected endocytosis not coupled to
exocytosis, were observed in 39% of excised (21 of 53) and in 32% of
cell-attached (36 of 112) patches. Active patches showed an average
of six events per patch in both excised and cell-attached patches. In
excised and cell-attached patches, the mean + s.e.m. step size was
-1.0 £0.1fF (n=124) and —-0.8 +0.1 fF (n=245), and the
mean * s.e.m. vesicle diameter 170 + 6.4 nm (n=124) and
141 + 5.8 nm (n = 245), respectively. Endocytotic events were not
correlated with exocytotic activity and occurred up to 17 min after
inside-out patch formation. The event shown in Fig. 4a was record-
ed after 17 min. Soluble proteins should be completely washed out
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Figure 2 Statistical analysis of exocytotic activity. a-d, In excised inside-out
patches, the calcium concentration was varied separately on the extracellular
(pipette) and intracellular (bath) side of the patch membrane. e, f, In cell-attached
patches, the calcium concentration was varied separately on the extracellular side

from the patch within less than a minute'®; thus, cytosol is not a
requirement for endocytosis. In excised patches, however, endocy-
tosis occurred through larger vesicles (Fig. 4b). For large events
such as that shown in Fig. 4a, closing of the fission pore could be
analysed. The example shows rapid closure occurring from a con-
ductance of 220 pS. It seems that closing of the fission pore behaves
like time-reversed opening of the fusion pore, suggesting that fis-
sion and fusion pores may be structurally similar.

We have shown that calcium-dependent exocytosis of chromaf-
fin granules and endocytosis of small and large vesicles can be
observed in excised inside-out patches from bovine chromaffin
cells. In previous cell-attached recordings with high calcium con-
centrations in the pipette, most exocytotic events were kiss-and-run
events and it was suggested that a higher elevation of intracellular
calcium concentration may cause this altered mode of exocytosis®.
With the calcium puff a very high concentration of calcium was
applied to the cytosolic face of the inside-out membrane patches,
and this always (n=26) stimulated full fusion (steps) instead of
kiss-and-run (flickers) events. This suggests that high extracellular
calcium may be required for fast kiss and run to occur. Presumably,
the release of catecholamine leads to ion exchange such that the
released catecholamine is replaced by cations entering from extra-
cellular saline. In mast cells, histamine release leads to granule
matrix swelling when the main extracellular cation is sodium, but
not when it is calcium™. If sodium and calcium have similar effects

Step size (fF)

of the patch (pipette) and the extracellular side of the remaining part of the plasma
membrane (bath). Numbers in parentheses represent the total number of patches
(e) and the number of active patches (f). g, h, Distribution of capacitance step size
in exocytotic events in excised inside-out (g) and cell-attached (h) patches.

on the chromaffin granule matrix, we expect that calcium may pre-
vent swelling and fast kiss and run is possible. But other factors may
be involved in kiss-and-run fusion. The pre-exposure of cells to
very low concentrations of extracellular calcium may induce de-
priming and may also affect the mechanisms favouring kiss-and-
run fusion. In addition, in excised patches extensive wash-out leads
to loss of cytosolic factors, which also may be responsible for the
loss of kiss-and-run fusion.

The initial opening of the fusion pore in chromaffin cells is
thought to involve the neuronal SNARE complex. We have shown
that the average initial pore conductance is about 330 pS in
excised and cell-attached patches, similar to that observed in
non-excitable cells using whole-cell recordings. This suggests
that fusion pores in excitable and non-excitable cells are struc-
turally similar, at least for dense core granules'. It also indicates
that possible mechanical distortions of the patch membrane in
cell-attached and excised configurations are not affecting the ini-
tial conductance of the fusion pore. The mean initial rate of
fusion pore expansion was 7 nS s in excised patches and 15 nS
s~ in cell-attached patches. These values are similar, albeit slight-
ly slower than those observed in eosinophils using whole-cell
recording'®". The effect of mechanical stress imposed in cell-
attached and excised patches, if any, should be an acceleration of
fusion pore expansion, which was not observed. This indicates
that the expansion of fusion pores in chromaffin cell patches is
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Figure 3 Fusion pore analysis. a, Fusion pore opening, recorded by patch amper-
ometry in the excised inside-out patch configuration, stimulated by calcium entry
through the patch membrane (pipette, 0.5 mM calcium; bath, 100 uM EGTA).
Between the two vertical broken lines the amperometric signal (green) shows a foot
signal preceding the onset of the spike (broken line, expanded scale). The imagi-
nary part of the admittance (red) increases gradually, whereas the real part (blue)
shows a transient increase. The fusion pore conductance (cyan) was calculated
from the real and imaginary traces (Methods). The initial fusion pore conductance,
initial slope and delay between fusion pore opening and rapid expansion are indicat-
ed. The initial slope was determined for those events in which the pore conduc-
tance stayed below 1 nS for at least 25 ms. b—d, Statistical analysis of fusion pore
properties. The fusion pore expansion (d) is significantly slower in excised patches
(P =0.03). e, Fast kiss-and-run event measured from an excised patch. A vesicle

not abnormally distorted and that these measurements provide
the physiological properties of the fusion pore.

In mast cells and eosinophils, the fusion pore expansion rate is
modulated by the concentration of intracellular free calcium and
phorbol esther'®'®. In PC12 cells, the lifetime of the fusion pore
changes slightly when the a1A calcium channel, synaptotagmin 1
or synaptotagmin IV is overexpressed'. Although the detailed
mechanisms have not been determined, these results further con-
firm the sensitivity of fusion pore kinetics to changes in the molec-
ular machinery of fusion. Capacitance measurements in inside-out
and cell-attached patches provide a more detailed quantitative
characterization of the properties of fusion pores. A limitation with
excised patches is the difficulty of forming stable patches with low
calcium concentrations in both the bath and pipette, but this might
be overcome by experimenting with different types of pipette glass
and pipette shape. Studies of fusion pore properties in excised and
cell-attached patches may help to elucidate the molecular machin-
ery of fusion, analogous to the way in which single-channel record-
ings were instrumental in determining the molecular identity of
ion channels. 0

100mS

fused only transiently to the plasma membrane with full release just before the end
of the flicker (pipette, 0.5 mM calcium; bath, 0.1 mM EGTA). The imaginary trace
(red) shows a transient increase for about 90 ms. Simultaneously, the real trace
(blue) shows a transient increase, although the down step to baseline of the real
trace slightly precedes the down step of the imaginary trace. This indicates that the
fusion pore expands briefly to a large size. The transient increase in the real trace
reflects a narrow fusion pore (cyan) and not a phase mis-adjustment of the lock-in
amplifier, as confirmed by the foot signal in the amperometric trace (green). At the
end of the flicker, the fusion pore conductance transiently increases briefly before
re-closing, allowing rapid release, which is reflected in the amperometric spike. This
spike is broadened owing to diffusion because the carbon fibre was relatively far
away from the patch (6.4 pum).

Methods

Cells and patches

We prepared chromaffin cells as described®. Patch-clamp recordings were made in the cell-attached
and inside-out configurations on days 1-10 of cell culture. For excised patch recordings, the pipette
was withdrawn from the cell after the cell-attached configuration was achieved. To ensure the proper
formation of an excised patch, or if the cell was not well attached to the coverslip, the patch pipette
was moved through the air-water interface, exposed to the air for about 1 s and submersed again in
the bath.

Solutions

For cell-attached recordings, the basic solutions used in both the bath and the patch pipette contained
140 mM NaCl, 5 mM KCl, 1 mM MgCl, and 10 mM HEPES-NaOH (pH 7.4). The calcium concentra-
tion in this solution was adjusted by adding either 2 mM CaCl, or 0.1 mM EGTA to the bath and 0.5,
2, 5, or 10 mM CaCl, to the pipette solution, respectively. In several experiments we used a highly
buffered, low calcium concentration in both the bath and the pipette (140 mM NaCl, 5 mM KCl, 5
mM CaCl,, 3 mM MgCl,, 10 mM EGTA and 10 mM HEPES-NaOH; pH 7.4). The concentration of
free calcium was 150 nM under these conditions. Free calcium concentrations were calculated using
the program maxcalc (http://www.stanford.edu/~cpatton/webmaxc2.htm).

For the excised-patch configuration we used bath solution A (120 mM sodium glutamate, 20 mM
NaCl, 5 mM KCl, 1 mM MgCl,, 0.1 mM EGTA and 10 mM HEPES-NaOH; pH 7.4) or B (120 mM
potassium glutamate, 20 mM NaCl, 1 mM MgCl,, 0.1 mM EGTA and 10 mM HEPES-NaOH; pH 7.4)
with a patch pipette solution containing 120 mM sodium glutamate, 20 mM NaCl, 5 mM KCl, 0.5 mM
or 2mM CaCl,, 1 mM MgCl,, 10 mM HEPES-NaOH (pH 7.4). To avoid the stimulation of exocytosis
by residual calcium from the media when the potassium-based bath solution was used, the cells were
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Figure 4 Endocytosis in excised inside-out patches. a, Endocytotic step show-
ing closing of the fission pore. The vesicle capacitance and fusion pore conduc-
tance were calculated as C, = (Re? + Im?)/cdm and G, = (Re? + Im?)/Re, respective-
ly (bath 0.1 mM EGTA, pipette 0.5 mM calcium). b, ¢, Distributions of capacitance
step size for endocytotic events in excised inside-out (b) and cell-attached (c)
patches.

bathed in bath solution A before they were transferred into B.

For high calcium buffering capacity, we used solution C (120 mM sodium glutamate, 20 mM NaCl,
5 mM KCl, 5 mM CaCl,, 3 mM MgCl,, 10 mM EGTA and 10 mM HEPES-NaOH) or D (120 mM
potassium glutamate, 20 mM NaCl, 5 mM CaCl,, 3 mM MgCl,, 10 mM EGTA, 10 mM HEPES-NaOH)
with a patch pipette solution identical to bath solution C. The concentration of free calcium under
these conditions was 150 nM. The stimulating solution in the puffer pipette had a similar composition
to that of the bath solution in the respective experiment, but it did not contain EGTA and contained
0.5 mM or 2 mM CaCl, instead. All experiments were done at room temperature.

Capacitance measurements and fusion pore analysis

Cell-attached and inside-out patch capacitance measurements were done using a lock-in amplifier
(SR830; Stanford Research Systems, Sunnyvale, CA). Changes of patch admittance were measured as
described*® using a 50-mV (r.m.s.) 20-kHz sine wave with output filters set to 1 ms and 24 dB. The
phase of the lock-in traces was adjusted off-line such that capacitance or conductance changes showed
no projections in the other trace. Fusion pore conductances were calculated from the two lock-in out-
puts, real (Re) and imaginary (Im), as G, = (Re? + Im?)/Re (refs 5, 7, 21). If the real trace showed addi-
tional changes while the fusion event occurred (Fig. 1c, for example), the vesicle capacitance (C,) was
determined from the final value in the imaginary trace after the fusion pore had expanded to a large
conductance. Given the value of C, the fusion pore conductance (G,) was then calculated from the
imaginary trace alone using the formula G, = WC/V(wC,/[Tm = 1]). (ref. 1). To confirm that the G,
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calculation was correct, the expected changes in the real part, determined from Re = ImwC,/G,, were
compared with the measured changes.

Patch amperometry

Patch amperometry was done as described®’. A specially designed pipette holder containing two silver
wires coated in AgCl accommodated a carbon fibre electrode inside the patch pipette. We recorded
changes in the membrane patch in the pipette tip simultaneously with changes in catecholamine
release from the same vesicle. Tip angles between the pipette axis and the pipette wall were 12-15°, tip
sizes before polishing were 2—5 pum and pipette resistances were 1-3 MQ. The bath electrode was con-
nected to the input of the patch-clamp amplifier head-stage (EPC-7; HEKA Elektronik, Lambrecht,
Germany). Changes of patch admittance were measured as described above, except that the sine wave
was applied to the bath electrode that was connected to the patch-clamp amplifier.

Quantal event analysis

Individual capacitance steps were converted into membrane area using a specific capacitance of 9 fF
Hm™, and vesicular volume was calculated assuming spherical geometry. We determined the number
of catecholamine molecules released in a quantal event by integrating the amperometric current and
dividing the resulting charge by 2¢, (¢, is the elementary charge)?. To determine the concentration of
catecholamine molecules inside individual vesicles, we calculated the volume of each vesicle from the
capacitance step size, assuming spherical geometry. Because the error in determining the concentration
increases with decreasing vesicle size, a weighted average was calculated taking the capacitance step size
as the relative weight.
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The cover of the April issue of Nature Cell Biology should have included a
credit to Wei Yu, Mirjam Zegers and Keith Mostov, who kindly provided the
original images.

In Dernick et al. (Nature Cell Biol. 5, 358-362 (2003)) the formula on page
362 in the methods section was incorrect, and should read:

Gp: o C,
J (“}—CV)—I
m

rather than:

G=0C,/ | wC,/Im-1

This has now been corrected online.

In Plattner et al. (Nature Cell Biol. 5, 309-319 (2003)), there was an error in
Fig. 3c. The correct version of the figure is shown below, and has also been
corrected online.
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