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Summary. Rapid-freezing/freeze-fracture electron microscopy
and whole-cell capacitance techniques were used to study degran-
ulation in peritoneal mast cells of the rat and the mutant beige
mouse. These studies allowed us to create a time-resolved picture
for fusion pore formation. After stimulation, a dimple in the
plasma membrane formed a small contact area with the secretory
granule membrane. Within this zone of apposition no ordered
proteinaceous specializations were seen. Electrophysiological
technique measured a small fusion pore which widened rapidly
to 1 nS. Thereafter, the fusion pore remained at semi-stable con-
ductances between 1 and 20 nS for a wide range of times, between
10 and 15,000 msec. These conductances correspond to pore
diameters 25-36 nm. Ultrastructural data confirmed small pores
of hourglass morphology, composed of biological membrane co-
planar with both the plasma and granular membranes. Later, the
fusion pore rapidly increased in conductance, consistent with
the observed morphology of omega-figures. The hallmarks of
channel-like behavior, instantaneous jumps in pore conductance
between defined levels, and sharp peaks in histograms of conduc-
tance dwell-time, were not seen. Since the morphology of small
pores shows contiguous fracture planes, the electrical data repre-
sent pores that contain lipid. These combined morphological and
electrophysiological data are consistent with a lipid/protein com-
plex mediating both the initial and later stages of membrane
fusion.
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ology - freeze-fracture - exocytosis

Introduction

Despite the privotal role membrane fusion plays
in processes such as neurosecretion, fertilization,
infection, inflammation, and syncytial disease, the
molecular details surrounding and merging of two
formerly distinct bilayer membranes are obscure.

* Address for correspondence: Bldg. 10, Room 6C101, Na-
tional Institutes of Health, Bethesda, Maryland 20892, email joshz
@ helix.nih.gov.

Ultrastructural studies show a small pore that
connects the interior of the secretory vesicle to
the extracellular milieu (Chandler & Heuser, 1980;
Ornberg & Reese, 1981; Schmidt et al., 1983;
Knoll, Braun & Plattner, 1991). The earliest event
of exocytosis that can currently be analyzed is
the electrical detection of formation and widening
of smaller hydrated fusion pores (Zimmerberg et
al., 1987; Breckenridge & Almers, 19875h; Alvarez
de Toledo & Fernandez, 1988; Spruce et al., 1990;
Monck et al., 1991). These pores form without
osmotic stress and are reversible. The characteris-
tics of fusion pores and their composition are of
intense interest (Zimmerberg, 1987).

Various models of proteinaceous fusion pores
have been proposed. In one, proteins aggregate,
change conformation, and insert into membrane to
form an essentially proteinaceous pore, which later
widens through insertion of lipid into the channel wall
(Zimmerberg, 1988; Almers, 1990). In a second
model, lipids comprise the wall of the lumen of the
initial fusion pore (Zimmerberg, Curran & Cohen,
1991; Oberhauser, Monck & Fernandez, 1992).
Whereas the properties of many protein pores are
well known from ion channel studies, the properties
of pores containing lipid are completely unknown. In
this study, we have measured intermediate stages of
fusion during exocytosis of mast cell granules by two
techniques: rapid-freezing/freeze-fracture and cell
capacitance. We measured hundreds of fusion pores
and examined the results statistically. Because we are
studying relatively large fusion pores, it is uniikely
that they are composed solely of protein. We found
that these large pores, which should be rich in lipid,
exhibited a preferred range of conductances. Thus,
lipid-containing pores could account for the proper-
ties of initial fusion pore conductances.
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Materials and Methods

PrEPARATION OF CELLS

Beige mice (C57BL/6N-bg, NIH animal facility) were sacrificed
by cervical dislocation. Mast cells were obtained by peritoneal
lavage with a saline solution containing (mm) 140 NaCl, 5 KCl,
1 CaCl,, 1 MgCl,, 5.6 glucose, and 10 HEPES, pH 7.2. Cells
were attached to coverslips pretreated with 50 ug/ml poly-L-
lysine (MW 300,000, Sigma, St. Louis, MO). After the cells
attached, the saline solution was replaced with modified Eagle’s
medium (without bicarbonate) containing 10 mm HEPES, pH
7.2, and 1 mg/ml streptomycin and penicillin (ICN Biomedicals,
Costa Mesa, CA). Cells were incubated at room temperature
until use.

ELECTRICAL MEASUREMENTS

Cell admittance was measured at room temperature by the
technique of Neher and Marty (1982). Patch pipettes were
pulled from Corning glass to a 2-4 M resistance, coated with
Sylgard (Dow, Midland, MI) and filled with an intracellular
solution known to promote fusion (Fernandez, Neher, & Gom-
perts, 1984) composed of (mM) 150 monopotassium glutamate,
6 MgCl,, 0.1 EGTA, 10 HEPES, pH 7.2, 0.5 inosine triphos-
phate (ITP), and 2-10 uM guanosine 5’-[3-thiol-triphosphate
(GTP-y-S). The extracellular solution was (mm) 140 NaCl, 5
KCl, 6 CaCl,, 1 mgCl,, 5.6 glucose, 10 HEPES, pH 7.2.
Tight-seal, whole-cell recordings were obtained by standard
techniques (Hamill et al., 1981). Series resistance ranged from
0.09-0.58 uS. A stimulating sine wave of 300-3,200 Hz and
100 mV peak to peak amplitude, superimposed on a holding
potential of —350 mV, was applied across the cell membrane
via the patch clamp (EPC-7, List Electronics, Darmstadt, Ger-
many). The resulting current was converted to voltage by the
clamp and passed to a two channel lock-in amplifier (Ortholoc
9502, Brookdeal Electronics, Bracknell, Berkshire, England),
which outputs the out-of-phase (Yy) and in-phase (G,.) admit-
tances. After fully compensating the whole-cell parameters, the
phase was determined by nulling the response of the G, to
changes in the capacitance compensation of the patch clamp,
as described (Neher & Marty, 1982). This method was at
worst 5% in error, and led to a 5% error in estimating pore
conductances, since the pore conductance is essentially linear
in the calibration factor. An alternate method for setting phase
in which the response of the capacitance signal is nulled to a
change in series compensation (Joshi & Fernandez, 1988), may
also be used. However, there are no significant differences
between the two methods for small changes in capacitance
(less than 7 pF). After the phase was set, capacitance was
calibrated by either a 1 or a 0.3 pF change in capacitance
compensation. Phase and calibration were rechecked from each
cell after each series of exocytotic events, unless the seal was
disrupted (<10% of events). While changes of phase due to
changes in the seal or series resistance only led to an insignifi-
cant change in the calibration of the capacitance (<10%), it
may have contributed to the observation that G, did not always
return to baseline.

The Y (out-of-phase, or imaginary), and G, (in-phase, or
real) components were recorded directly from the lock-in ampli-
fier, bypassing its low-pass filter, using PCM encoded magnetic
tape, and a 20 kHz anti-aliasing filter.

M.J. Curran et al.: Exocytotic Fusion Pores

DATA ANALYSIS

To optimize time response, recorded signals from the two-phase
detector were low-pass filtered at a corner frequency of Va the
stimulating frequency of the sine wave V., with an eight-pole
Bessel filter (Frequency Devices, Haverhill, MA). Changes in Yy
and transient changes (in G, (due to fusion) were captured with
a digital oscilloscope (Nicolet, Madison, WI). Data were trans-
ferred from the oscilloscope to a microcomputer at the digitization
rate of twice the filtering corner frequency. In addition, we digi-
tally filtered the transferred data with an eight-pole Butterworth
filter implemented with commercial software (MathSoft, Natick,
MA). Each digitized point was considered to be a distinct mea-
surement of admittance and was used to obtain a distinct pore
conductance using original Fortran programs (obtainable upon
request), In brief, these programs calculated the noise of the
baseline and final Yy or G, levels and rejected data that were
within 2.34 standard deviations of either noise level, which gives
significance at the 1% probability level using a single-tailed
Gaussian distribution. We chose the first data point during the
Yy or G, rise (indicated by arrow in Fig. 3E} associated with
fusion that was above the largest value of the baseline noise (see
below) to determine the time of initiation of fusion. An alternative
method, assigning the initial time to the first point 2.34 standard
deviations above noise, did not change the results. Each digitized
point after this initiation yielded a pore conductance.

When the pore conductance is comparable to the granule
admittance (dominated by its capacitative admittance ~ oC,),
the applied sinusoidal voltage drops across both elements. Thus,
the pore conductances can be detected over a range, or ‘“‘win-
dow”’ centered around the granule admittance. That range is
determined by the instrumentation noise and any fluctuations in
cell capacitance. To span a larger set of pore conductances, we
stimulated cells with a variety of command voltage frequencies
(), since granule admittance is a function not only of granule
size but of stimulating frequency. The experimentally controlled
frequency of V,, combined with the natural size distribution of
granules, led to a large range of observed granule impedances.
While for each fusion event pores were detected only within a
unique window, this large range of granule admittance allowed
the study to span a larger range of pore conductances than could
be detected with a single stimulating frequency. To construct
the dwell-time distribution for the conductance records of the
observed pores, account had to be taken of this window of observ-
able conductances for each pore (Zimmerberg, 1992). This was
done by normalizing each point in the ‘‘raw’” dwell-time histo-
gram by a weight refiecting the total observation time for records
(pores) which could potentially observe that particular conduc-
tance value. If such a correction were not made, spurious dwell-
time peaks might arise at some conductance values simply be-
cause more ‘‘observation windows’’ were open at that value than
at others.

The “raw’’ dwell-time histogram was constructed by pool-
ing all conductance measurements for all pores, each measure-
ment representing a discrete observation time (e.g., 1 msec).
Then, the measurements were sorted in increasing order of con-
ductance and the cumulative measurement time below each con-
ductance computed, This cumulative function was smoothed and
its first derivative computed with respect to conductance, yielding
a “‘time-conductance density’’ plot or ‘“‘raw’’ dwell-time histo-
gram. Area under this curve represents integrated observation
time of conductances in the specified conductance range.

The ‘‘corrected” dwell-time histogram was constructed by
dividing values of the ‘‘raw”’ histogram by the appropriate obser-
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vation time for each conductance value, i.e., the total length (in
seconds) of records which might have produced that conductance
value. The observation time ranged from about 10 sec at 0.2 nS
to about 78 sec at 2 to 10 nS, descending again to 10 sec at 70 nS.
To look at the subset of experiments measuring the smallest
pores, we selected experiments whose observation window
spanned the range of 0.2 to 2 nS.

The ““modal conductance’ was defined as the most fre-
quently observed. It was computed by sorting all the conductance
values observed for a particular pore, considering the sorted
results as a function of time, and taking the derivative with respect
to time, thereby producing the dwell-time distribution for each
pore. Local maxima (modes) of this distribution should occur
near conductance values at which the pore persists during its
lifetime. The largest of these maxima (modes) of this distribution
should occur near conductance values at which the pore predomi-
nantly persists during its lifetime. The largest mode (most persis-
tent conductance value) is used as the modal conductance value
for that pore. The histogram of modal conductance values should
show peaks at those values preferred by many pores in the study.

ELECTRON MIicROSCOPY

Peritoneal mast cells were obtained from Sprague-Dawley rats
as previously described (Chandler & Heuser, 1980). Peritoneal
washes from three to six rats were combined, the cells centrifuged
at 200 X g for 5 min, the pellet washed once, and the cells
resuspended in a phosphate-buffered saline (PBS) containing
(mM) 150 NaCl, 4 Na,HPO,, 2.7 KH,PO,, 2.7 KCl, 1 CaCl,, 5.6
glucose, 1 mg/ml bovine serum albumin, 10 U/ml heparin, pH
7.0. Just before freezing, a 0.4-m} aliquot of the stock cell suspen-
sion was centrifuged at 100 X g for 3 min, the supernatant re-
moved, and the loose pellet transferred to a small square of filter
paper moistened with PBS. Cells and filter paper were dipped
into PBS containing 8 ug/ml of the synthetic polycation 48/80
(Sigma, St. Louis, MO), a known histamine-releasing agent. The
specimen was quick-frozen (on the machine designed by Heuser
et al. [1979]) by contact with a copper block cooled to 4°K with
liquid helium. The samples were fractured in a Balzers 301 unit
(Balzers, Nashua, NH) at —115 °C, etched for 10 sec, then repli-
cated by deposition of platinum-carbon from an electron beam
gun positioned at a 45° angle followed by carbon applied from
overhead. Replicas were cleaned in sodium hypochloride and
viewed at 80 kV in a Philips 300 electron microscope. Original
negative magnifications were 86,000x and 130,000x as deter-
mined by calibration with a diffraction grating replica. All figures
have been photographically reversed, causing platinum deposits
to appear white.

Results

MEMBRANE CONTACT

The initial stages of exocytosis were studied with
freeze-fracture electron microscopy of rapidly fro-
zen rat mast cells, to avoid fixation artifacts. Before
being stimulated to exocytose, all mast cell granules
were separated from the plasma membrane by a thin
layer of cytoplasm (see Fig. 1a). In most cases this
separation was 25 to 200 nm with a mean of 103 nm
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(n = 24), although the closest approach could be
as small as 15 nm. Upon stimulation, dimple-like
indentations extended inward toward the granule
(arrows, Fig. 1b—d) formed in the plasma mem-
brane. Stereo-paired electron micrographs con-
firmed that these are, in fact, invaginations of the
plasma membrane (Fig. 2a). Indentations were usu-
ally 50-100 nm in diameter at the cell surface but
were variable in depth, some being rather shallow
(Fig. 1¢) and others as deep as 100 nm or more (Fig.
Id and 2a). Occasionally, these indentations could
be seen contacting the granule membrane (Fig. 15).
In no case, however, did the granule membrane re-
ciprocate by deforming towards the plasma mem-
brane.

A similar membrane deformation could be seen
during fusion of adjacent granules. In Fig. 2b the
membrane of one granule (which has presumably
fused with the plasma membrane) has become dis-
tended to contact the membrane of a second granule.
The contact (arrow, Fig. 2¢) is circular, 11 nm in
diameter, and appears to be crater-like in shape. The
lip of the crater actually touched the protoplasmic
fracture face of the granule below. The depression
within the crater has been etched, suggesting that
membrane fusion may have already occurred at the
contact site. Membrane deformation prior to contact
and fusion appeared to involve no noticeable in-
crease or decrease in the density of intramembrane
particles (Fig. 2a, b).

PoRrRE FORMATION

To measure intermediates too small to detect with
electron microscopy, we used the technique pre-
viously developed while testing the role of mem-
brane swelling in fusion (Zimmerberg et al., 1987).
During secretion, the large intracellular granuies of
beige mouse mast cells (Fig. 34) fuse to the plasma
membrane, leading to sequential increases in mem-
brane surface area. When 1/wC, < R, and R, <
/g, + 1/wC,, as occurs in experimental practice,
the full electrical equivalent circuit (Fig. 3B) reduces
to the simplified circuit shown in Fig. 3C. The mea-
sured Yy increases in steps (Fig. 3D, 5-sec time
scale). Each step in Yy, is due to the fusion of an
individual granule and the addition of its capacitance
to the cell capacitance, a fact established by simulta-
neous electrical and video microscopy recording of
the exocytotic events (Zimmerberg et al., 1987;
Breckenridge & Almers, 1987a). A large variety in
step sizes was seen (Fig. 3D), corresponding to the
variety of granule sizes. Steps were not stereotypic,
and included flickers (arrow I), fluctuating steps
(arrow 2), and rapid steps (arrow 3). The dynamics
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Fig. 1. Plasma-granule membrane approach prior to fusion in rat
mast cells. (a) In unstimulated mast cells, granules (GR) are
always separated from the plasma membrane (PM) by a thin layer
of cytoplasm, here about 25 nm thick. The plasma membrane
exhibits no indentations even at its closest point of approach to
the granule membrane. (b—d) In cells quick-frozen 15 sec after
stimulation with 8 ug/ml of the secretogogue 48/80, indentations
in the plasma membrane (arrows) approach the granule membrane
and in some cases appear to contact it as in (b). All specimens
were quick-frozen, fractured, and replicated with platinum car-
bon. Bars = 50 nm.
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of fusion pores gives rise to these variable steps in
capacitance (Zimmerberg et al., 1987).

Yy and G, can be measured continuously for
each single fusion event (Fig. 3E, 10-msec time
scale). As the equations used to calculate the pore
conductance from Yy, and G, are overdetermined,
the close correlation of the conductances calculated
from the two components (Fig. 3F) provides strong
evidence for the validity of the equivalent circuit
used to calculate pore conductance. Single fusion
events, rather than the overlap of two events involv-
ing different granules, were easily distinguished, be-
cause G, transiently rises and then returns towards
baseline for each event. The expanded section in the
bottom of Fig. 3E shows both the typical baseline
noise, used to calculate error, and the time of fusion
(arrow).

TiME COURSE OF FusioN EVENTS

Fusion events were observed in 65 individual cells,
with a range of 1 to 10 events per cell, for a total of
224 events. The Yy, increases were used to obtain
the widening of the fusion pore. In seven events the
steps were essentially instantaneous, i.e., the pore
jump in Yy to its final value of wC, occurred faster
than the time resolution for our instrumentation (Fig.
4A). For the remaining 97% of the events, the pore
conductance, g,, increased during fusion in three
phases, corresponding to an initial rise, an interme-
diate phase, and a final rapid rise in the fusion pore
conductance (Fig. 4B and C).

As measured by the discharge of the granule
potential upon fusion, the fusion pore usually opens
in an initial step to between 25 and 1,500 pS (Breck-
enridge & Almers, 1987b). Thereafter, the pore ex-
hibits a variable conductance over the next millisec-
ond, growing at a median rate of 200 pS/msec
(Spruce et al., 1990). After one millisecond, the po-
tential has discharged and pore conductance can no
longer be measured by this technique. In order to
measure the development of the smallest pores in
beige mouse mast cells, we used a low frequency
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sine wave as the applied voltage. At low frequencies,
pores are detected as soon as a few milliseconds
after their formation (Fig. 4D). The first pore con-
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Fig. 2. Stereo-paired
electron micrographs
showing approach and
contact of membranes
during fusion. (a) Dimple-
like indentation in the
plasma membrane extends
toward a secretory granule.
(b) Two granule membranes
form a highly localized
contact (arrow). (¢) The
contact (arrow) is circular,
11 nm in diameter, and
appears slightly etched,
suggesting that fusion may
have already occurred. All
specimens were quick
frozen 15 sec after
stimulation with 48/80.
Bars = 50 nm.

ductances we could detect were typically between
about 100 and 1,000 pS, with larger conductances
occurring with ever decreasing frequency (data not
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Fig. 3. A beige mouse mast cell is patch-clamped in the whole-cell recording mode (A). An equivalent electrical circuit representing
the electrical properties of the cell during fusion of a single granule with the plasma membrane is superimposed on the cell (B). The
equivalent circuit for the recording itlustrated in (A) is shown superimposed on the mast cell in (B). The applied voltage, V., is applied
through the pipette series resistance, R;, and current flows to ground through either the cell membrane’s capacitance, C,, and resistance,
R, or the granules’s capacitance, C,, and resistance, R,. If a sine wave voltage of 300-3,200 Hz, is applied across the cell membrane,
current predominantly flows through the capacitative components of the cell and granule membranes (Zimmerberg et al., 1987). Thus,
the equivalent circuit reduces to a simplified circuit in (C), which effectively describes the time course for the conductance of an
exocytotic pore. The use of this equivalent circuit allows an analytical solution for the pore conductance as a function of the measured
cell admittance (1/impedance). Typical data are presented in (D-F). After a latency of seconds to minutes, depending upon the
concentration of GTP-y-S in the patch pipette, Yy will typically increase in a stepwise fashion due to the addition of the granule
capacitance (D). Each step corresponds to the sequential fusion of a single granule in a cell containing granules of different sizes. We
examine one fusion event in detail (E), showing both Yy, top, and G,, second from top. Expanded view of the baseline [dashed-line
boxes, bottom two traces (E)] show the baseline noise up to the initial rise. The peak noise of the bottom trace of (E) is indicated by
the horizontal dashed-line. The intersection of the dashed line with the data is taken as the time of fusion (arrow). Because G, is more
sensitive to initial and final changes in pore conductance than Yy, the first point above the baseline noise was often seen first in G,.
Pore conductances were calculated from G, according to:
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Fig. 4. The initjal exocytotic fusion pore widening. Beige mouse
mast cells are stimulated to degranulate while Yy, is recorded.
(A) A step-increase in Yy is shown. (B) More commonly, the
increment in Yy is not instantaneous, and has a fine structure.
(C) The pore conductance of record (B) is calculated. Error bars
in figures of individual pore conductance kinetics (shown as the
thickness of the data line) show the uncertainty in pore conduc-
tance calculated from one standard deviation of the noise in the
admittance baseline. Because of the transformation from admit-
tance data to fusion pore conductance, uncertainties are not sym-
metric about mean pore conductances. The conductances are
sometimes plotted logarithmically to show the full dynamic range
of the pore size. (D) Initial pore conductance usually rose at
greater than 100 pS/msec, but slower initial rates of increase were
also observed. Different symbols refer to different experiments.

shown). The same values for early pore conductance
were obtained with the two described methods of
determining the first detectable pore (see Materials

67

and Methods). The smaliest initial pore was 158 pS
from Yy and 147 pS from G, (results from different
experiments). Such conductances would yield inner
pore diameters of 1.5 nm for pores 15 nm long, and
2.4 nm wide for pores 42 nm long, using the trans-
form described below. This would be below the de-
tection limit of platinum replicas produced by freeze
fracture. Following detection, an initial rise in fusion
pore conductance of at least 100 pS/msec over the
first 10 msec was observed in 84% of the events
(189/224), but initial rates were quite variable (Fig.
4D). The remaining events had a slower initial
risetime.

Following this initial phase, the widening of the
fusion pore in the intermediate phase was again vari-
able. In some of the events, Yy, rose steadily to its
final value (Fig. 5A). Equivalently, the resultant
pore conductance, after the initial opening, widened
monotonically upwards (Fig. 5B). Often the second
phase of these events was characterized by random
fluctuations around a rising mean (Fig. 5C). In other
events, Yy, was semi-stable, i.e., hovered within a
restricted range of values for a significant time (Fig.
5D). The resultant semi-stable pore conductance ex-
hibited a plateau (Fig. SE), shown as a mode in the
dwell-time histogram of pore conductance (Fig. 5F).

Different subclasses of semi-stable pore conduc-
tance time courses were observed. In one subclass,
the fluctuations of pore conductance during the pla-
teau were considerable (Fig. 64, B). This tended to
occur when the mean conductance was small. In a
second class of semi-stable events, the pore conduc-
tance increased in the usual manner, then decreased
only to subsequently widen again (Fig. 6C). This
was different from flicker events, defined as a pore
completely closing. Conductances as small as 190
pS were seen without complete closure (Fig. 6B). In
a third subclass, steps in pore conductance were
evident (Fig. 6E). The dwell-time histogram for
these pores showed two maxima or more (Fig. 6F).

The plateau phase was typically followed by a
rapidly rising phase in fusion pore widening, which
was irreversible (Fig. 4C, SE). This immediately led
to granular swelling.

The time course of conductance was most vari-
able during the plateau phase. This variability was
seen over a wide range of durations (1-15,000 msec),
conductances (0.6-20 nS), and patterns (fluctuating
vs. monotonically rising). The time required for the
conductance to change from 0.5 to 5 nS ranged from
as little as 0.6 msec to as long as 1 sec.

DiISTRIBUTION OF PORE CONDUCTANCES

To assess the temporal characteristics of pore con-
ductances, and to search for possible semi-stable
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Fig. 5. When the granule in (4) degranulates, the Yy trace shows
a monotonically upwards change. The derived pore conductance
shows a similar smooth rise (B). In other events, the Yy increase
is noisy (C), or hovers at a certain value (D). The derived pore
conductance for (D) is seen in (E). Here, the pore conductance
is stable between 6 and 10 nS for up to a second. This stability
abruptly ends as pore conductance rapidly rises. A dwell-time
histogram for this event is seen in (F) which shows two peaks,
one at 6 and another at 9 nS.
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conductance states, a dwell-time distribution plot
was prepared. This distribution summarizes the
amount of time spent at each conductance level by
the entire collection of observed pores, and should
reflect any tendency of pores to linger at preferred
conductances (Fig. 7A4). Because the observable
range of conductances for each pore was bounded
by experimental technique, and consequently more
observations were made on pores within certain con-
ductance ranges, a second distribution plot was pre-
pared which removes this source of bias. In this
distribution (Fig. 7B), the total observation time of
pores within a particular conductance range is di-
vided by the total time the apparatus permitted ob-
servation of this range (exposure time). Both distri-
butions display a broad, descending peak between
0.6 and 10 nS, indicating a distinct component with
a maximum at about 3-5 nS. Figure 7B displays a
noticeable notch around 2 nS, suggesting that this
value is somewhat inhibited in the data. Also, a
notch would not be expected if pore conductances
were simply increasing uniformly within each rec-
ord. When looking with highest resolution (inset,
Fig. 7B), both this notch and a peak at 1 nS are
detected.

Because the dwell-time distribution can be in-
fluenced by a few very long-lived pores, we deter-
mined the most common, or modal conductance
value for each pore, separately. As discussed above,
some pores (e.g., Fig. 6F) showed a clear tendency
to dwell at two or more distinct conductance values.
However, only the modal value which persisted the
longest was considered here (see Materials and
Methods). The distribution of the modal conduc-
tance values is shown (Fig. 7C). The majority (78%)
of pores displayed modal preferred conductance val-
ues between 1 and 5 nS. The notch at 2 nS is not
seen in this model histogram.

PoRE DILATION AND GRANULAR SWELLING

That pore dilation occurs when granule swelling is
inhibited (Monck et al., 1991) argues against the
suggestion that granule swelling may influence the
rate of pore dilation (Zimmerberg et al., 1987). We
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Fig. 6. Semi-stable pore conductances showing decreases and
steps in conductance. (A4, B) Yy and calculated pore conductance
for a granule in which the fusion pore closes to 190 pS before
widening to finish fusion. (C) Calculated conductance of the lon-
gest observed pore which fluctuated between 1 and 30 nS before
widening beyond detection. (D, E) Yy and calculated conduc-
tance for a pore which widened in two steps. The second step
did not correspond to a second granule fusing because there was
no change in G,.. (F) Dwell-time histogram for (E).
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now report that the rapid final pore dilation was
not dependent upon vesicular swelling as deter-
mined from simultaneous measurements of capaci-
tance and vesicle morphology as previously de-
scribed  (Breckenridge &  Almers, 1987a;
Zimmerberg et al., 1987). The time interval be-
tween the final conductance increment for individ-
val fusion events (from 14 vesicles in 4 cells from
3 mice) and the first detectable vesicle swelling
was measured in isotonic solutions (Fig. 8). In 10
vesicles, swelling occurred 17-150 msec (i.e., 1-9
video fields, at 60 fields/sec) after the final incre-
ment in pore conductance. In three vesicles the
swelling and final conductance increment occurred
in the same video field, and in one vesicle the
beginning of swelling occurred one field before the
final conductance increment. When the experi-
ments were repeated with solutions made hyper-
tonic with sucrose (600 mOsm) both in the cell
chamber and in the patch pipette, vesicles became
flaccid (Zimmerberg et al., 1987). Under these
hypertonic conditions the interval between the final
conductance increment and the first detectable
swelling was similar to that observed in the isotonic
case. In six vesicles (from two cells from two
mice) the final conductance increase was 17-300
msec before swelling, and in one vesicle the begin-
ning of swelling occurred one field before the final
conductance increment. In short, vesicle swelling
neither causes nor affects any of the phases of
pore dilation observed by electrophysiological
methods. It does affect a further stage of pore
widening observed morphologically, seen as gran-
ule discharge (Chandler, Whitaker, & Zimmerberg,
1989). However, the rapid widening of the pore
detected by patch clamping may promote swelling
by facilitating ion exchange (Zimmerberg et al.,
1987; Curran & Brodwick, 1991).

ULTRASTRUCTURE OF THE ExocyToTic PORE

The smallest pores detected morphologically be-
tween plasma and granule membrane were variable
in their dimensions. Figure 94 illustrates a long cylin-
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Fig. 7. Dwell-time distribution of conductance values. (4) Area
under curve represents time spent at each range of conductance
values for all pores in the collection of recordings, smoothed
(program available from authors upon request). (B) Area under
curve represents relative amount of time spent within each con-
ductance range, adjusted for the changing total observation time
for each conductance range due to the experimental conditions.
The largest observation time (about 70 sec) was spent with detect-
ability in the range 2—12 nS, so that certain regions of the distribu-
tion are de-emphasized, relative to (A). (B, inset) All records
whose observation windows included the range 0.2-2 nS were
selected to prepare this dwell-time histogram of the smallest
pores. (C) Histogram of modal conductance values. For each
pore (153 records), the most common (modal) conductance value
attained during its observable lifetime was determined. This was
accomplished by constructing the dwell-time distribution of the
conductance (see Materials and Methods), and choosing the mode
with the largest amplitude. Similar results were obtained using
varying degrees of smoothing of the estimated distribution func-
tion corresponding to varying the effective bin width from 5 to
10% of the observations, The apparent second peak at 4 nS cannot
be considered statistically significant.
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drical pore that joined a secretory granule (GR) with
the extracellular space (ECS). At this point the
plasma membrane dipped inward towards the gran-
ule. The pore itself had an apparent outer diameter!
(between arrows) of 19 nm and a length of 42 nm.
This pore would have an inner diameter between 10
and 13 nm and a corresponding conductance be-
tween 2.3 and 3.6 nS. In contrast, the crossfractured,
crater-like pore in Fig. 9b and ¢ had an apparent
inner diameter of 16 nm and a length no greater than
its diameter. Its conductance would be 10 nS. Thus,
there was considerable heterogeneity in pore diame-
ter and length (see Fig. 10a). As the membrane
dimples prior to fusion pore formation, the distribu-
tion of intramembrane particles in the fusion pore
is similar to that of plasma or granular membrane.

Similar pores, 8 to 20 nm in diameter, were seen
joining membranes of adjacent granules. Extracellu-
lar faces exhibited prominent craters (Fig. 9d). At
high magnification the pore shown had an inner di-
ameter of 10.5 nm (Fig. 9¢), corresponding to a pore
conductance of 3.2-6.7 nS, using a range of pore
lengths from 30 to 10 nm, respectively. Likewise,
depressions as small as 8 nm in diameter (arrow, Fig.
9g) were seen on the protoplasmic face of granule
membranes (Fig. 9f). These could represent an early
stage of pore formation although it should be cau-
tioned that in these particular exampies (Fig. 9d-g)
we could not visualize the compartment to which
these pores were joined. In most cases there was
only one pore seen per contact zone, and only one
contact zone seen per granule.

The histogram of pore diameters seen in freeze-
fracture (Fig. 10a) shows that the frequency of
seeing a pore is similar from 22 to 800 nm, and then
decreases for larger pore diameters. The histogram
of the calculated conductances of these pores (Fig.
10b) was based on an assumed pore length of 40
nm, and measured solution resistivity of 71 ohm-cm
(Hille, 1984).

Discussion

Exocytosis in mast cells proceeds via a series of
detectable steps, each with distinct kinetics: (i) The
plasma membrane dimples towards the secretory
granule. (ii) The two membranes adhere in a small
zone of intimate contact. (iii) A small, reversible,
exocytotic pore develops within this zone of apposi-
tion, allowing ion transport between the extracellu-

! The measured outer diameter of a pore is given by the
distance between fracture planes, thought to be the dividing plane
of the two lipid monolayers, plus the thickness of the platinum
coating. Since Fig. 9a shows the E face of the fusion pore we
are looking at the platinum coating the outside of the pore. The
inner diameter refers to the distance between hydrated lipid head
groups facing the pore aqueous interior.
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lar fluid and the intragranular milieu. The conduc-
tance of this small pore rapidly expands to 0.6-1 nS.
(iv) The pore conductance can be semi-stable, over
a range from 0.6 to 20 nS for as long as seconds and
can be viewed as an hourglass shape. (v) A rapid
rise in pore conductance above 20 nS widens the
pore to the next state. (vi) After pore widening,
hydration of the granule contents leads to granule
swelling and secretion of granule contents (Zim-
merberg, 1987; Chandler et al., 1989; Merkle &
Chandler, 1991).

MEMBRANE FUSION IS PRECEDED BY A DIMPLE

Indentations of the plasma membrane are seen in
stimulated mast cells but not in unstimulated cells.
These dimples reach into the cytoplasm and in some
cases are seen contacting the secretory granule be-
low. This suggests that the site where exocytotic
pore formation will occur is no larger than the tip of
these dimples, an area about 50 nm in diameter.
In principle, they are analogous to, although much
smaller than, the plateau-like indentations of the
plasma membrane seen in amoebocytes quick-fro-
zen immediately after stimulation (Ornberg &
Reese, 1981). These also serve as sites for exocy-
totic pore formation. Similar identations, exhibiting
what may be proteinacious or lipidic particles at
their tips, have been seen in the Paramecium plasma
membrane (Knoll et al., 1991) and the sea urchin
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Fig. 8. Simultaneous Yy, and optical
measurements show that the final rise in Yy
associated with fusion precedes the onset of
vesicular swelling. Each panel, (A-F),
arranged in chronological order, is
composed of three sections; in the top left
are two oscilloscope tracings, upper trace
monitors Yy, while the lower is a reference
trace; in the lower left the relative time (s)
and relative Yy (fF) are indicated for the
image of the beige mast cell at the right. (A)
The time and Yy are arbitrarily set to zero.
(B) Yy begins to fluctuate 170 msec later (51
msec after the first change in Yy above the
noise). (C) The final change in Yy,. (D)
After the final change in Yy (100 msec), the
first change in swelling is detectable in the
vesicle at the 6 o’clock position. Because
the level of detectable change is even more
sensitive than the 0.18 micron resolution of
the optics, the difference in vesicle size
compared to that of panel (C) is not
striking. Note that there is virtually no
change in Yy, compared to that in panel (C)
(The 10 fF change in Yy, compared to that of
panel (C) is within the noise). (E) An
approximate midpoint during vesicular
swelling. (F) Completion of vesicular
swelling.

cortical granule membrane (Chandler & Heuser,
1979) although in cells treated with fixatives and
glycerol. Nevertheless, growing evidence, including
that in mast cells, indicates that pore formation oc-
curs at a highly localized contact point between
plasma and granule membranes.

THE ExocyToTIC PORE EXHIBITS
SEMI-STABLE STATES

The early stages of pore widening can be rapid or
gradual, monotonic or fluctuating, whereas the late
stages involve a rapid, irreversible widening. Semi-
stable intermediates are found between 0.6 and 10
nS, corresponding to diameters between 4 and
22 nm. Furthermore, stepwise changes in pore
conductance are occasionally seen (Fig. 6E). It
appears that the exocytotic pore can fluctuate
between semi-stable states during its expansion,
exhibiting intermediate structures with measurable,
although short lifetimes. This could be due to either
opposing expansion and contraction forces, or to
local energy minima, such that different states are
within 1 kT of each other. Likely candidates for
contraction forces are membrane compression and
membrane curvature. Likely candidates for expan-
sion forces are granule surface tension and hydra-
tion repulsion. It is unlikely, however, that granule
matrix swelling contributes significantly to the
expansion of the pore at early stages, because we
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Fig. 9. Pores formed during early stages of exocytosis in rat mast cells. (a) A long cylindrical pore joins a secretory granule (GR) with
the extracellular space (ECS). Outside diameter of the pore is 19 nm (between arrows), and its length is 42 nm. () Plasma membrane
(P face) and granule membrane (E face) are joined by a small etched pore (arrow). (¢) At higher magnification this pore has an inner
diameter of 16 nm. (d) An etched pore on the E face of fused granule membrane stereo pair. (¢) Inner diameter of the pore is 10.5 nm.
() Small depressions on the P face of fused granule membrane that may represent points of membrane fusion: stereo pair. (g) The
shadow within one depression (arrow) is 8 nm in diameter. All specimens were stimulated with 8 ug/ml 48/80 and quick-frozen 15 sec
later. Bars = 100 nm (b, d, and f) or 20 nm (a, ¢, e, and g).
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Fig. 10. (A) Histogram of the fusion pore diameters in rat mast cells measured from freeze-fracture data. As before, specimens were
stimulated with 8 ug/ml of the secretogogue 48/80 and quick-frozen 15 sec later. Number of observations of pores with diameters
between 20 and 1,300 nm are shown with intervals of 22 nm. (B) Histogram of the calculated conductances of pores found in freeze-
fracture replicas. Calculations assume a pore length of 40 nm as described in the text.

found pore widening prior to granule swelling, and
inhibition of swelling does not inhibit pore widening
(Monck et al., 1991).

In view of the evidence for semi-stable states,
we sought to determine whether each fusion pore
exhibited preferred conductance values. For each
pore, we generated a histogram of the number of
times each conductance was observed (e.g., Fig.
6F). A smoothed version of the histogram was
also obtained, in an attempt to remove ‘‘binning’’
artifacts (not shown). In some cases, pores obvi-
ously exhibited more than one‘‘semi-stable’ state
(Fig. 6F). In an attempt to determine whether
multiple semi-stable states occurred at values com-
mon to all the recorded pores, a histogram of
modal conductances was analyzed. This plot (Fig.
7C) showed a predominant peak at around 3-5 nS,
with a suggestion of a second peak at around 4
nS. The combined, corrected dwell-time histogram
also showed a suggestion of multiple peaks, with
the predominant one near the lower extreme of
the observable range, and the suggestion of a peak
between 3-5 nS (Fig. 7B).

PoRrRE DIMENSIONS

The freeze-fracture morphology of pores that have
estimated conductances of 3 to 10 nS represent ex-
amples of early semi-stable states in pore growth as
detected by electrophysiology. Several conclusions
can be drawn from the ultrastructural appearance of

these semi-stable states. First, the pore presents as
an hourglass configuration and is contiguous with
and joins the granule and plasma membrane. The
continuous fracture plane that exists between the
two fused membranes demonstrates that lipids rep-
resent a major component of the pore and are ar-
ranged in a normal bilayer configuration. Second, it
is clear that there is no ordered array of intramem-
brane particles within or adjacent to the hourglass
that would be suggestive of a wholly proteinaceous
pore structure like that of a gap junction connexon.
Third, the fracture faces that form the hourglass
include intramembrane particles at a density not un-
like that found in adjacent plasma and granule mem-
branes. These intramembrane particles could repre-
sent protein components of a protein/lipid pore
complex, although at present their identity is not
known. However, not all membrane proteins frac-
ture in such a way as to produce intramembrane
particles. Thus, the pore may contain protein com-
ponents that are not visualized in freeze fracture.
The values of pore conductance can be used to
estimate the pore diameter (Hille, 1984). While it is
possible that some matrix gel is in the lumen of the
fusion pore, the measured conductivity of con-
tracted or expanded granule matrix gel, in equilib-
rium with extracellular solution, was close to the
conductivity of the extracellular solution itself (data
not shown). Therefore, we use the specific conduc-
tivity of the extracellular solution for our calcula-
tion. Assuming a pore length of 1.5 to 4.2 nm as seen
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in EM (Fig. 9C), pore conductances ranging from
0.158 to 100 nS (the range of our measurements)
correspond to diameters ranging from 1.5 to 104 nm.
The semi-stable intermediate pore size is between
0.6 and 20 nS, or 4.8 to 25 nm, for a pore length of
40 nm. The calculated conductances of 3, 7, and 10
nS for the pores shown in Fig. 9 have elements
in the modal histogram of conductances (Fig. 7C).
Thus, electron microscopy can detect the semi-sta-
ble states of the pore diameters seen electrically.
These ultrastructural observations suggest that later
stages of pore widening, between 22 and 1,300 nm,
were also variable, but the frequency of seeing a
pore of a given diameter is similar for most sizes
(Fig. 10A). This suggests that the pore enlarges at
a constant rate during this period.

The variable time course for the enlargement of
the initial exocytotic pore implies that two pores
with the same diameter, as determined by electron
microscopy, need not represent equal times after
fusion and could well be pores that have experienced
very different life histories. Small pores, i.e., 20 nm,
have also been detected with electron microscopy
in amoebocytes (Ornberg & Reese, 1981), Parame-
cium (Olbricht, Plattner, & Matt, 1984) and bovine
chromaffin cells (Schmidt et al., 1983). However,
unlike our results that describe a broad histogram,
a peak between 40-80 nm is reported for pores from
the chromaffin cell. A peak in conductances corre-
sponding to these diameters, if present, would have
been detected by our technique. The apparent differ-
ence may be attributable in part to different sampling
times in the kinetics of release, differences in the
granule sizes, bias due to noise, or different mecha-
nisms of fusion. For example, it is possible that the
larger tension in the smaller chromaffin granule leads
to a larger, semi-stable pore.

PROTEINS AND LIPIDS IN PORE FORMATION

If the incipient exocytotic pore were a stable con-
ducting structure (like membrane protein channels
and gap junctions) the decay of current resulting
from the discharge of the granule membrane proten-
tial through the pore would follow a single exponen-
tial. However, the decay usually exhibits a nonexpo-
nential time course (Breckenridge & Almers,
1987b), suggesting that the exocytotic pore is funda-
mentally different from pores composed solely of
protein. Also, if the exocytotic pore were composed
totally of protein, the problem of merging the indi-
vidual phospholipid bilayers of the granule and
plasma membrane into one would remain. We have
argued that lipids contribute to the initial pore (Zim-
merberg et al., 1991).
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When phospholipid vesicles fuse to planar phos-
pholipid bilayer membranes, the pore conductance
is greater than 10 nS within 200 us (Cohen, Zimmer-
berg & Finkelstein, 1980). This suggests that the
exocytotic fusion pore is not a purely lipidic struc-
ture, as has been suggested (Monck, de Toledo &
Fernandez, 1990). However, both the surface ten-
sion of the bilayer and osmotic pressure of the vesi-
cle act to rapidly widen that pore. While proteins
mediate biological membrane fusion, the present
study shows that the diverse initial conductances
(Breckenridge & Almers, 19875 ; Spruce et al., 1990)
are naturally accounted for if the initial fusion pore
is composed of a lipid/protein complex.

We would like to dedicate this paper to the memory of our friend
and mentor, Alex Mauro, who emphasized to us the importance
of equivalent circuits. This work was supported by National Insti-
tutes of Health grant GM-27367, and National Science Founda-
tion grant IBN-91117509.
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