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of single secretory events in 
adrenal chromaffin cells 
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IN synapses. a rise in presynaptic intracellular calcium leads to 
secretory vesicle fusion in less than a millisecond, as indicated by 
the short delay from excitation to postsynaptic signal1

-4. In non­
synaptic secretory cells, studies at high time resolution have been 
limited by the lack of a detector as fast and sensitive as the 
postsynaptic membrane. Electrochemical methods may be sensitive 
enough to detect catecholamines released from single vesicles5

•
6

• 

Here, we show that under voltage-clamp conditions, stochastically 
occurring signals can be recorded from adrenal chromaffin cells 
using a carbon-fibre electrode as an electrochemical detector. 
These signals obey statistics characteristic for quanta! release; 
however, in contrast to neuronal transmitter release, secretion 
occurs with a significant delay after short step depolarizations. 
Furthermore, we identify a pedestal or 'foot' at the onset of unitary 
events which may represent the slow leak of catecholamine 
molecules out of a narrow 'fusion pore' before the pore dilates 
for complete exocytosis. 

Isolated bovine chromaffin cells were used to study 
catecholamine release under patch-clamp whole-cell recording 
conditions. We applied short step depolarizations to open 
voltage-gated calcium channels7

, thereby injecting calcium to 
activate secretion8

• When the tip of a carbon-fibre electrode5
•
9

•
10 

was placed less than 1 1-'-m from the cell to record in 
amperometric mode, spike-like current transients were seen at 
variable times after the onset of depolarizing pulses (see Fig. 
1 a) . These signals occurred rarely or not at all, unless the cell 
had been stimulated; on stimulation they appeared with a 
frequency that peaked shortly after the voltage step and that 
subsequently decayed over about 100 ms. Furthermore, they 
were seen only if the potential applied to the carbon-fibre 
electrode was greater than about 250 m V (exceeding the oxida-

*To whom correspondence should be addressed. 
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TABLE 1 Single secretory events follow a Poisson distribution 

Cells no nl n2 n3 n>3 N events 
A 
Observed 45 52 26 7 3 133 139 
Calc. (m=1.01) 47 49 26 9 2 

B 
Observed 8 18 17 12 10 65 133 
Calc. (m=2.05) 8 17 18 12 10 

c 
Observed 15 28 20 8 3 74 105 
Calc. (m = 1.42) 18 25 18 9 4 

D 
Observed 28 19 11 0 0 58 41 
Calc. (m=0.71) 29 20 7 2 0 

Three cells with a low probability of release were selected for analysis. 
Cells A. B. C and D were repetitively stimulated every 5 s by depolarizing 
pulses to +10 mV for 25 ms (A, C) or 50 ms (B, D). D was, in fact, the same 
cell as C, but at a much later time in the experiment, when the release 
probability had decreased. Each discernible current transient. regardless of 
size, was counted as one event. n0 .1 .2.3 ..... x: numbers of times that pulses 
elicited 0, 1, 2, 3 ... , x events during the 5-s interval after a pulse. Calculated 
numbers: from Poisson's law 

Px=n/N=e-mmx/x!. 

N. Total number of step depolarizations. 
m, (total number of events)/ N = ( n1 + 2n2 + 3n3 + · · · xnx)l N 

tion potential for catecholamines). When the detector was 
moved several microns away from the cell, the signals became 
smaller and slower. Stimulating with longer depolarizations 
generally led to an increase in the number and frequency of 
unitary events, not to an increase in their individual size (Fig. 
1b). These observations suggest that the signals represent pack­
ages of oxidizable substance being secreted from the cell, in 
agreement with a previous report on undamped cells5

• 

Another way to monitor secretion from single cells is to record 
the membrane capacitance8

•
11

. This electrical parameter is pro­
portional to cell surface area and increases when vesicles fuse 
with the plasma membrane during exocytosis. When a cell was 
stimulated repetitively (Fig. 2), the time-averaged signal of the 
carbon-fibre electrode closely resembled the derivative of the 
capacitance trace, thus confirming that both quantities reflect 
rate of transmitter release. In another cell (data not shown), 
short depolarizing pulses each elicited an average of 1.05 unitary 
events and a 13-fP increment in capacitance. Assuming that 
each event is due to a single vesicle and that each vesicle 
contributes 2.5 fF (as suggested from previous measurements8 

and from morphometry), we conclude that the carbon-fibre 
electrode detected about 15-25% of the quanta released. This 
compares well with the fraction of the cell surface area in closest 
apposition to the detector surface (see Fig. 1 legend). 

Amperometric currents from secreting chromaffin cells arise 
almost exclusively from oxidation of catecholamine molecules6

, 

and each molecule contributes two electronic charges12
• Thus, 

one can estimate the number of catecholamine molecules per 
transient from the total charge of the unitary signal. Figure 1c 
shows a histogram of the integrals of the current transients from 
three cells. From its mean the number of molecules detected 
can be calculated as 2.4-3.2 million (see Fig. 1 legend), agreeing 
with previous estimates (3 x 106 molecules) for single bovine 
chromaffin granules 13

. 

For synapses the number of vesicles released per stimulus 
follows binomial or Poisson statistics1

• As shown in Table 1, 
such statistics also apply to secretion from chromaffin cells. 
Although the unitary events are not as uniform as miniature 
synaptic currents, they are generally well separated in time (for 
submaximal stimuli), making it possible to count them directly 
(something not possible for postsynaptic signals except at very 
low temperatures and low calcium14

) . 

NATURE · VOL 356 · 5 MARCH 1992 



© 1992 Nature  Publishing Group

Unlike the neuromuscular junction 1, the squid giant synapse2
•
3 

or neurons4
, for which synaptic events occur about 1 ms after 

stimulation, the latency in chromaffin cells is quite long at 
51± 7.3 ms (see Fig. ld for an example of a latency histogram). 
Use of the nystatin method 15 to minimize perturbations of the 
cytoplasmic constituents did not reduce the latency, ruling out 
that 'washout' of intracellular mediators artificially prolonged 
the response time. 

When examining specifically single events with fast rise time 
(events which should report the time course of release most 
faithfully), we observe something surprising: most of the signals 
have a small ' foot' or 'pedestal' preceding an abrupt upstroke 
(see Figs 3 and la for examples). One possible explanation 
could be the near-simultaneous release of two vesicles. At least 
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two findings rule out such a hypothesis, however, unless a very 
strong, time-dependent correlation between the two release 
events is postulated (see legend to Fig. 3). First, the mean time 
between the 'foot' event and the main event is much shorter 
than the time interval expected for two independent events on 
the basis of the latency distribution. Second, the mean amplitude 
of the foot event is much smaller than the overall mean. The 
latter finding in particular makes the hypothesis of superposition 
very unlikely. One would have to postulate that small events 
(expected to occur far from the recording carbon electrode) 
routinely precede large events (which probably occur close to 
the electrode). Although such a possibility cannot be totally 
excluded yet, we favour an interpretation in which pedestal and 
upstroke result from the same fusion event. If so, a likely 

FIG. 1 Electrochemical approach detects secretion from single vesicles. a. 
Examples of signals recorded by the amperometric constant-voltage method. 
A cell (diameter -15 IJ-m) in the whole-cell patch-clamp mode was held at 
-60 mV and repetitively depolarized to +10 mV for 25 ms to activate Ca2 + 

channels. The tip of a carbon-fibre electrode (diameter 8 IJ-m),located <11-Lm 
from the cell (with the voltage held constant at 800 mV). recorded the evoked 
secretory signals. If the fibre tip detects molecules released from the cell 
surface that lies within the projection of a 12-1-Lm disc. we estimate that 
about 15% of all events should be detected. The voltage protocol is shown 
in the bottom trace. and representative amperometric current signals are 
shown above, aligned in time relative to the stimulating pulse. The signals 
vary in amplitude and duration, and occasionally there are 'failures' (sweeps 
without a response). b, Response to steady-state depolarization to 0 mV 
after the recording of part a (note difference in time scales). c, Histogram 
of integrals of current transients in picocoulombs (pC). For 3 cells, all current 
transients having a fast rise time ( <3 ms) were selected, because these 
signals presumably arise from vesicles opening closest to the detector. 
Time integrals of 84 current transients were plotted as a histogram. One 
extra large event is not included because it is off the scale (at 3.4 pC). In 
some other experiments, particularly after prolonged stimulation, such extra 
large events were more numerous. They may represent multigranular 
exocytosis22. The charge per transient (mean ±s.d.) is 0.76±0.55 pC, 
equivalent to 2.36 (±1.71) x 106 molecules of catecholamine. The histogram 
includes small events with short rise times which were probably .due to 
vesicles opening close to the detector, but near its rim (where some 
molecules may diffuse away and escape detection). Excluding such small 
and fast 'rim' events by setting an amplitude threshold (20 pA), gives a 
mean charge of 1.00 ± 0.53 pC or 3.15 (±2.61) x 106 molecules. d. 
Histogram of latency times (the time between beginning of the depolarizing 
step and the onset of the current transient). Release probability is high 
during the first 100 ms, and then drops to a lower but maintained value, 
which, at a compressed timescale, appears as another slow component with 
a decay time in the range of seconds. Such slow components were present 
in different cells to various degrees (comprising 23-53% of all events). In 
4 cells the mean latency of the fast component was 51± 7.3 ms (mean± 
s.e.m.). 
METHODS. Bovine chromaffin cells were prepared as previously described23 

and kept for 1-5 days in short-term culture. Voltage-clamp control of 
membrane potential was achieved using the whole-cell patch-clamp 
method24 or else the nystatin method15. Extracellular solution in mM: 
120 NaCI; 2 CaCI2 ; 2 MgCI2 ; 10 Na-HEPES; 50 glucose; pH 7.2. Pipette sol­
ution: 145 Cs-glutamate; 8 NaCI; 1 MgCI2 ; 2 Mg-ATP; 0.3 GTP; 10 Na-HEPES; 
pH 7.2; 0.1 Fura-2. Amperometric constant-voltage measurements were 
done as described5

·
6

, with some modifications in the method of preparation 
of the electrodes25

. A 4- to 5-cm length of 8-1-Lm diameter carbon fibre was 
cannulated into 0.28 mm inner diameter polyethylene tubing, the middle of 
which was subsequently heated over a hot soldering iron tip. When melted, 
the tubing was pulled gently apart 1-2 em, resulting in a narrowed region 
where the melted plastic formed an electrically tight seal with the carbon 
fibre. The narrowed region was cut by scissors, resulting in two electrodes 
with carbon exposed only at the very tips. Each such assembly was glued 
in a glass capillary tube, which was then back-filled with 3M KCI solution . 
Electrical connection to an EPC-7 patch-clamp headstage was established 
through an Ag/ AgCI wire inserted into the KCI solution. During experiments, 
the voltage of the electrode was set to 800 mV and the tip of the carbon-fibre 
electrode pushed gently against the cell. The oxidation currents were filtered 
in two stages at 10kHz and 3kHz, digitized and stored on a video cassette 
recorder. Experiments were done at room temperature (22-30 °C). 
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FIG. 2 Correlation between the amperometric signal and the rate of capaci­
tance change. A cell was held at -60 mV and repetitively depolarized to 
0 mV for about 8 s at a time (see lowest trace for voltage protocol). 
Capacitance (second trace from bottom) increased during depolarizations. 
and the amperometric signal (third trace from bottom) displayed peaks. The 
time derivative of the capacitance signal, which. like the amperometric signal. 
should be proportional to secretion rate, is displayed in the top trace (in 
femtofarads per second) for comparison with the latter. 
METHODS. Whole-cell membrane current was recorded with a computer­
controlled patch-clamp amplifier (EPC-9), which provides a routine for auto­
matic compensation of cell capacitance. This routine can be repeated 
(capacitive tracking mode), with an analogue output signal proportional to 
capacitance. The latter signal was sampled together with the amperometric 
signal and with membrane voltage, averaged over 0.5-s intervals, and stored 
on a computer for later analysis and plotting. The time derivative of the 
capacitance signal was calculated numerically, averaging over four neigh­
bouring datapoints. 

FIG. 3 Rising phase of amperometric 
current transients cannot be explained 
by instantaneous release of secretory 
vesicle contents. a. Single ampere­
metric current transients at high 
resolution. Note that the fast rising 
phase in two out of the three examples 
is preceded by a small pedestal or 'foot' 
(arrows). Such 'foot' signals precede 
most of the transients with a fast rise 
time. The 'foot' signals were typically 
much smaller than the average signal. 
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In one cell. 139 transients were coun­
ted, 51 of which were large (>20 pA). 
Of these large signals, 41 had a small 
( < 20 pA) 'foot' starting within 20 ms 
of the main event, and in only two cases 
were there two large events within 
20 ms of each other. If the 'foot' events 
followed the same amplitude distribu­
tion as the main events, one would 
expect about 12 to be large. b, Simula­
tion of transient. The trace shown is 
the analytical solution for one­
dimensional diffusion for the instan­

3 12 21 30 20 80 140 200 
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taneous release of 4.5 million molecules from the surface of an infinite 
reflecting plane, separated by distance x from a parallel infinite absorbing 
plane (as determined using the standard method of image planes26

•
27

). The 
flux J into the absorbing plane is given by 

_ M(x- 2ix) (-(x- 2ix)2
) 

J='[. (-1)' r= exp 
; 2tv 1TDt 4Dt 

with M=4.5 x106 . 0=3 x 10- 7 cm2 s·1 , x=1o-• em, and the sum exten­
ded from i =-7 to i = 8. Drawn superimposed over part of the analytical 
solution is a typical 'foot'. Inset. 'Foot' region shown at expanded scale, with 
markers denoting the parameters measured in our analysis procedure. We 
defined the beginning of the 'foot' as the time when the signal exceeded 
the peak-to-peak noise of a 5-ms time segment (typically 1-2 pA) and the 

explanation could be that the pedestal arises from the slow 
leakage of catecholamines through a so-called 'fusion pore' 
which is postulated to occur as an early step in exocytosis16

. 

Fusion pores are believed to be gap-junction-like structures 17 

which form as a nucleus for fusion, and then, after some delay, 
dilate to complete the fusion process. 

The observation of the long latency for exocytosis in 
chromaffin cells has profound implications for the underlying 
molecular mechanisms. At the neuromuscular junction and at 
the squid giant synapse fast kinetics of transmitter release have 
been explained either by a direct effect of voltage on the release 
process 18 or alternatively by the fast buildup and collapse of 
microdomains of highly elevated calcium concentration19

•
20

. 

Such domains, in which the internal Ca2+ concentration can 
rise above 100 fl.M, are expected to occur in the immediate 
vicinity of open calcium channels. Neither of these mechanisms 

62 

end of the 'foot' as the time point when the signal exceeded a typical 'foot' 
amplitude (=10 pA). When these criteria were applied to the analytical 
signal. a 'foot' duration of 0. 7 ms was obtained. Thus, the inaccuracy of our 
'foot duration' should be that order of magnitude. c. Histogram of duration 
of 'foot' signals. Data from three cells are pooled, where 84 large(> 20 pA) 
and fast (rise time< 3 ms) signals were counted. 75 of those were preceded 
by a discernible 'foot'. The number of occurrences is plotted against the 
duration of the 'foot', as defined in a. The mean of 'foot' durations was 
8.26 ms. Based on the latency distribution one would expect the mean 
interval to be 20-30 ms. if the 'foot' and the main event were independent. 
d, Histogram of 'foot' charges. The same 'foot' signals as those of c were 
integrated to calculate the charge involved. Mean charge: 34 fC or 1.05 x 105 

molecules. The mean amplitude of the 'foot' signal was 7.17 ± 5.28 pA 
(mean ±s.d.). 

seems to apply to the 'slow' secretion from neuroendocrine cells. 
The majority of secretory events occurs 5-100 ms after the end 
of a voltage pulse stimulus. Thus, membrane potential has been 
long restored to resting values, and Caz+_microdomains have 
collapsed (this occurs within microseconds after closing of chan­
nels) by the time the vesicles fuse. A theory explaining exocytosis 
in chromaffin cells must therefore assume either that calcium 
or membrane depolarization triggers a cascade of events that 
manifests itself only later, or else that exocytosis occurs pre­
dominantly at intermediate calcium concentration (5-30 fl.M), 
which prevail in a submembraneous shell for times of about 
100ms21

. 

Note added in proof: Since the submission of this paper, 
Wightman et a/.28 have published a paper that provides further 
evidence that the individual amperometric signals are due to 
single vesicle fusion events. 0 
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EXPERIMENTAL autoimmune encephalomyelitis (EAE) is an 
inflammatory condition of the central nervous system with 
similarities to multiple sclerosis1

'
2

• In both diseases, circulating 
leukocytes penetrate the blood-brain barrier and damage myelin, 
resulting in impaired nerve conduction and paralysis3-5

• We sought 
to identify the adhesion receptors that mediate the attachment of 
circulating leukocytes to inflamed brain endothelium in EAE, 
because this interaction is the first step in leukocyte entry into the 
central nervous system. Using an in vitro adhesion assay on tissue 
sections, we found that lymphocytes and monocytes bound selec­
tively to inflamed EAE brain vessels. Binding was inhibited by 
antibodies against the integrin molecule a4{H, but not by anti­
bodies against numerous other adhesion receptors. When tested 
in vivo, anti-a4 integrin effectively prevented the accumulation 
of leukocytes in the central nervous system and the development 
of EAE. Thus, therapies designed to interfere with a4{31 integrin 
may be useful in treating inflammatory diseases of the central 
nervous system, such as multiple sclerosis. 

EAE was induced in Lewis rats by a single intraperitoneal 
injection of a CD4-positive T-cell clone specific for myelin basic 
protein6

. These cells have been shown to localize in the central 
nervous system (CNS) within 4-12 h, where they initiate 
inflammation7

• Endogenous monocytes and lymphocytes 
infiltrate inflamed vessels in the brain stem and spinal cord, 
leading to paralysis of the tail and hind limbs on days 4 and 5. 
The degree of leukocyte infiltration at the time of paralysis is 
shown in Fig. 1. Inflamed vessels were never found in brains of 
control animals. 
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TABLE 1 Antibodies against a4,81 integrin inhibit U937, monocyte and lymphocyte 
binding to inflamed vessels in EAE brain sections 

(a) Treatment of 
U937 cells 

Anti-,81 integrin 
Anti-a3 integrin 
Anti-a4 integrin 
Anti-a4 integrin 
Anti-a4 integrin 
Anti-a5 integrin 
Anti-a6 integrin 
Anti-a4, and -a5 
Anti-a3, -a4, 

and -a6 
Anti-CD44 
Anti-L-selectin 
Anti-,82 integrin 
Anti-,82 integrin 
Anti-,82 integrin 
Anti-,82 integrin 
Anti-a4 integrin 
Anti-LFA-1 
Anti-Mac-1 

(b) Treatment of freshly 
isolated lymphocytes or 
monocytes 

Antibody specificity 

Anti-,81 integrin 
Anti-a4 integrin 
Anti-a4 integrin 
Anti-a4 integrin 
Anti-a4 integrin 
Anti-CD2 
Anti-L-selectin 
Peyer's patch homing 

receptor 
Anti-LFA-1 
Anti-CD45 
Anti-Thy 1.1 
Anti-CD4 
Anti-monocyte/T cell 

surface 

Clone 

AIIB2 
A043 
HP2/1 (inhibits FN and VCAM-1-binding) 
P4G9 (selectively inhibits FN binding) 
HP1/7 (selectively inhibits FN binding) 
P1D6 
GoH3 
P4G9 and P1D6 (combined) 

A043, P1D6. and GoH3 (combined) 
Hermes-3 
TQ-1 
P4H9 
TS1/18 
P4H9 (tested at 25 °C) 
TS1/18 (tested at 25 °C) 
HP2/1 (tested at 25 °C) 
IOT16 
LM2/1 

Clone Cell type 

AIIB2 human lymphocytes 
HP2/1 human lymphocytes 
HP2/1 human monocytes 
HP2/1 rat lymphocytes 
R1-2 mouse lymphocytes 

OX-34 rat lymphocytes 
MEL-14 mouse lymphocytes 

1B.2.6 rat lymphocytes 
OX-52 rat lymphocytes 
OX-1 rat lymphocytes 
OX-7 rat lymphocytes 

OX-35 rat lymphocytes 

OX-44 rat lymphocytes 

Relative 
binding to 

EAEvessels 
(% of control) 

8±3 
111±5 

3±1 
151±7 
338±41 
104±6 
88±11 

138±8 

112±3 
107±4 
96±4 
77±1 
98±5 

100±10 
114±2 

5±1 
123±2 
107±3 

Relative 
binding to 

EAE vessels 
(%of control) 

7±2 
0±0 
1±1 

18±7 
43±2 

100±10 
92±4 

117±12 
87±1 
90±3 

087±3 
107±5 

102±8 

a, Analysis of antibodies against cell adhesion molecules revealed that only reagents 
against a4,81 integrin significantly affected binding of U937 cells to EAE vessels. 
Expression of ,81 integrins by U937 given as mean fluorescence channel number 
determined by FACS analysis: no primary antibody, 4; a1 (TS2/7), 3; a2 (Gi9), 5; a3 
(A043), 25; a4 (HP2/1), 189; a5 (P1D6), 62; a6 (GoH3), 40. 

b, The attachment of human peripheral blood lymphocytes and monocytes to EAE 
vessels was also inhibited by the anti-human a4 integrin antibody, HP2/1. This antibody 
crossreacts with rat lymphocytes and inhibits their binding to inflamed brain venules 
(although threefold higher concentrations of HP2/1 were required for maximal inhibition, 
and inhibition was not as complete as with human lymphocytes). An antibody against 
mouse a4 integrin (R1-2) was less effective but substantially inhibited the attachment 
of mouse lymphocytes to EAE vessels. Cells were treated with saturating concentrations 
(determined by FACS analysis) of the indicated antibodies on ice for 30 min before the 
in vitro section assay, as described in Fig. 2-which was usually done in the continued 
presence of the antibody. In several experiments, the cells were washed out of HP2/1 
(anti-a4) and AIIB2 (anti-/31) with no diminution of their inhibitory effect. Binding was 
quantified using an internal standard population of cells as previously described30

. 

Numbers indicated in the table represent the percentage of binding relative to the 
control with no antibody (±s.e.m.), and is based on counting cells bound to at least 
10 vessels in each of 3-6 independent sections. Antibody sources: HP2/1, HP1/7 have 
been described"; AIIB2. gift from C. H. Damsky, University of California, San Francisco; 
Hermes-3, gift from E. C. Butcher, Stanford University; 18.2.6, gift from Y. H. Chin, 
University of Miami; A043, P4G9, P1D6 and P4H9, Telios Pharmaceuticals, San Diego; 
Gi9, GoH3 and IOT16, AMAC, Westbrook, Maine; OX-1, OX-7, OX-34, OX-35, OX-44 and 
OX-52, Bioproducts for Science, Indianapolis; TS2/7, T Cell Sciences. Cambridge, 
Massachusetts; TQ-1, Coulter Immunology, Hialeah, Florida; TS1/18, ATCC number HB 
203; LM2/1, ATCC number HB 204; R1-2, ATCC number HB 227; and MEL-14, ATCC 
number HB 132. 

Sections of day 5 EAE brain were tested for their ability. to 
support leukocyte attachment in a modified Stamper-Woodruff 
in vitro binding assay8

. Human monocytic cells of line U937 
bound selectively to inflamed venules exposed in 10-fl.m sections 
of EAE brain (Fig. 2), and occasionally to small arterioles (not 
shown), but never to vessels in sections of nondiseased brain. 
Binding was restricted to the lumen of the vessels, consistent 
with an endothelial interaction (Fig. 2). Comparable binding 
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