
The Amplitude Distribution of Release Events through a Fusion Pore

Stephen W. Jones* and David D. Friely

*Department of Physiology and Biophysics; and yDepartment of Neurosciences, Case Western Reserve University, Cleveland, Ohio 44106

ABSTRACT Neurotransmitters, hormones, or dyes may be released from vesicles via a fusion pore, rather than by full fusion
of the vesicle with the plasma membrane. If the lifetime of the fusion pore is comparable to the time required for the substance to
exit the vesicle, only a fraction of the total vesicle content may be released during a single pore opening. Assuming 1), fusion
pore lifetimes are exponentially distributed (tP), as expected for simple single channel openings, and 2), vesicle contents are
lost through the fusion pore with an exponential time course (tD), we derive an analytical expression for the probability density
function of the fraction of vesicle content released (F): dP/dF ¼ A (1 � F)(A-1), where A ¼ tD/tP. If A . 1, the maximum of the
distribution is at F ¼ 0; if A , 1, the maximum is at F ¼ 1; if A ¼ 1, the distribution is perfectly flat. Thus, the distribution never
has a peak in the middle (0 , F , 1). This should be considered when interpreting the distribution of miniature synaptic
currents, or the fraction of FM dye molecules lost during a single fusion pore opening event.
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The contents of secretory vesicles may be released via a

transient fusion pore, without the vesicle completely merg-

ing with the plasma membrane (1,2). Fusion pore closure

could affect rapid release of small transmitter molecules

(3–5), slow release of peptides or proteins (6), and loss of

exogenous dyes such as FM1-43 (7,8).

DERIVATION

We begin with two assumptions: 1), fusion pore open times

are exponentially distributed, and 2), vesicle contents are lost

with an exponential time course as long as the pore is open.

From assumption No. 1, the probability density function

for the fusion pore lifetimes (P) is:

dP=dt ¼ 1=tPð Þe�t=tP ; (1)

where tP is the mean open time of the fusion pore.

Assumption No. 2 gives the fraction of the vesicle content

lost (F) during an opening of duration t:

F ¼ 1� e
�t=tD ; (2)

where tD is the time constant for exit of the substance

through the pore. We wish to obtain the distribution of event

amplitudes: that is, the probability of observing each value of

F from 0 to 1. Because F is a single-valued function of t, the
desired probability density function (dP/dF) can be obtained
from dP/dt by the chain rule, as follows:

dP=dt ¼ dP½FðtÞ�=dt ¼ dP=dFð Þ dF=dtð Þ
dP=dF ¼ dP=dtð Þ= dF=dtð Þ: (3)

Taking the derivative of Eq. 2,

dF=dt ¼ 1=tDð Þe�t=tD : (4)

Substituting Eqs. 1 and 4 into Eq. 3 gives

dP=dF ¼ tD=tPð Þe�t 1=tP�1=tDð Þ
: (5)

Solving for t from Eq. 2,

t ¼ �tD lnð1� FÞ; (6)

and substituting Eq. 6 into Eq. 5,

dP=dF ¼ tD=tPð Þe 1=tP�1=tDð ÞtDlnð1�FÞ½ �

dP=dF ¼ tD=tPð Þe½lnð1�FÞ� tD=tP�1ð Þ

dP=dF ¼ tD=tPð Þð1� FÞ tD=tP�1ð Þ
:

Defining A ¼ tD/tP,

dP=dF ¼ Að1� FÞðA�1Þ
: (7)

Note that this distribution depends on a single parameter,

A. That is, only the ratio of tD/tP is relevant, not the absolute
time constants.

In even simpler mathematical form, Eq. 7 is:

y ¼ AxA�1
; (8)

where y ¼ dP/dF and x ¼ 1 � F. Note that a graph of

y versus x is linear on a log-log scale with slope¼ A� 1. Eq.
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8 might also apply to other physical situations involving two

coupled exponential processes.

Fig. 1 shows the calculated distribution of fractional

release of vesicle contents, for different values of A. These
distributions have several interesting features. First, if A. 1,

most fusion pore openings are too brief to release a large

fraction of the vesicle contents. In fact, the maximum of the

distribution is at F ¼ 0. One interesting case is A ¼ 2, where

Eq. 7 reduces to dP/dF ¼ 2 (1 � F). The probability de-

creases linearly with F, approaching zero at F ¼ 1. Surpris-

ingly, where A ¼ 1, the distribution is flat, since Eq. 7

reduces to dP/dF ¼ 1. That is, all possible values of F (0–1)

are equally likely. For A , 1, a large fraction of the vesicle

content is usually released, and the maximum of the

distribution is at F ¼ 1.

MONTE CARLO SIMULATION

Another way to calculate the distribution of F is to simulate a

large number of events. Each fusion pore open time (t) was
obtained by randomly sampling an exponential distribution

with mean tP, and F was calculated from Eq. 2. A large

number (108) of such events was binned, according to the

value of F. The results were superimposible upon the

analytic solutions in Fig. 1 (not shown).

The calculations above assume that the loss of vesicle

contents is determined by the open time of the pore. That

may not be correct if the number of molecules per vesicle is

small. To address this, simulations were run where not only

pore open time, but also loss of vesicle content, was assumed

to be random, with 500 molecules per vesicle. Specifically,

for each randomly chosen open time, the time to loss was

calculated for each molecule by randomly sampling an ex-

ponential distribution with mean tD. If the time to loss was

less than the pore open time, that molecule was assumed to

be lost. The results of this simulation are shown in Fig. 1

(5 3 106 events for each tD/tP ratio). The analytical and

simulated results superimpose. Although trial-to-trial varia-

tion in the number of molecules lost will affect the amplitude

of any given event, the distribution of event amplitudes is

unaffected.

OTHER FACTORS

Experimentally observed distributions of miniature synap-

tic current amplitudes are typically either Gaussian (9) or

skewed (10), and clearly do not resemble any of the curves in

Fig. 1. Gaussian ‘‘noise’’ in event amplitudes can markedly

affect the distributions, especially when the SD $ 0.1 F
(Supplementary Material, Fig. S1). Fig. S2 (Supplementary

Material) considers a more physiological factor, random

Gaussian variation in the number of molecules initially con-

tained in each vesicle. That broadens the peak nearF¼ 1when

A , 1. For A � 1 (near full release), the distribution ap-

proaches a Gaussian with peak at F ¼ 1.

For a wide range of A, Eq. 7 predicts a substantial number

of small events, which experimentally might be lost in the

baseline recording noise. This would truncate the observed

distribution on the left side, giving a less broad distribution.

Postsynaptic factors (e.g., receptor saturation) can also affect

the observed distributions.

What if fusion pore open times are not exponentially

distributed (assumption No. 1)? If the pore lifetime is

described by the sum of exponential components (as expected

for channel-like behavior), the distribution of release events

would be the sum of components described by Eq. 7, which is

also not a Gaussian-like distribution. Another possibility is

that the pore lifetime depends on a time-varying factor (e.g.,

intracellular Ca21), which could act to synchronize pore

openings, producing a tighter distribution.

An exponential time course for loss of vesicle contents

seems reasonable (assumption No. 2), as long as the vesicle

contents are well mixed (i.e., diffusion within a vesicle, and

in the extracellular space, is fast compared to exit through the

fusion pore). However, dilation of the fusion pore (11) would

produce a more complex time course (12), and can give a

bimodal distribution of release amplitudes with maxima at

F¼ 0 and F¼ 1 (Supplementary Material, Fig. S3). This can

be explored further by detailed simulations of diffusion out

of a vesicle (3,12,13).

SUMMARY

Exponential release of vesicle contents, through a fusion

pore with exponentially distributed open times, produces a

distribution of release events described by a simple analytical

FIGURE 1 The distribution of release events. Analytical cal-

culations from Eq. 7 (smooth black curves) and Monte Carlo sim-

ulations (noisy colored curves) for six values ofA. ForA < 1, values

near F 5 1 are off scale. For all A, the area under the curve 5 1.
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expression (Eq. 7) with interesting and counterintuitive

behavior (Fig. 1). It is especially noteworthy that the

distribution never exhibits a maximum at a value of F other

than 0 or 1. This needs to be considered in physiological

situations where only a fraction of the total vesicle content is

released through a fusion pore.
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