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ABSTRACT A quantum of transmitter may be released upon the arrival of a nerve impulse if the influx of calcium ions
through a nearby voltage-dependent calcium channel is sufficient to activate the vesicle-associated calcium sensor protein
that triggers exocytosis. A synaptic vesicle, together with its calcium sensor protein, is often found complexed with the
calcium channel in active zones to form what will be called a "synaptosecretosome." In the present work, a stochastic analysis
is given of the conditions under which a quantum is released from the synaptosecretosome by a nerve impulse. The
theoretical treatment considers the rise of calcium at the synaptosecretosome after the stochastic opening of a calcium
channel at some time during the impulse, followed by the stochastic binding of calcium to the vesicle-associated protein and
the probability of this leading to exocytosis. This allows determination of the probabilities that an impulse will release 0, 1,
2, ... quanta from an active zone, whether this is in a varicosity, a bouton, or a motor endplate. A number of experimental
observations of the release of transmitter at the active zones of sympathetic varicosities and boutons as well as somatic motor
endplates are described by this analysis. These include the likelihood of the secretion of only one quantum at an active zone
of endplates and of more than one quantum at an active zone of a sympathetic varicosity. The fourth-power relationship
between the probability of transmitter release at the active zones of sympathetic varicosities and motor endplates and the
external calcium concentration is also explained by this approach. So, too, is the fact that the time course of the increased
rate of quantal secretion from a somatic active zone after an impulse is invariant with changes in the amount of calcium that
enters through its calcium channel, whether due to changes consequent on the actions of autoreceptor agents such as
adenosine or to facilitation. The increased probability of quantal release that occurs during Fl facilitation at the active zones
of motor endplates and sympathetic boutons is predicted by the residual binding of calcium to a high-affinity site on the
vesicle-associated protein. The concept of the stochastic operation of a synaptosecretosome can accommodate most
phenomena involving the release of transmitter quanta at these synapses.

INTRODUCTION

The evoked secretion of transmitter quanta at synapses that
use transmitters acting on ionotropic receptors may be me-
diated by the influx of calcium through voltage-dependent
channels that are in very close proximity to vesicle-associ-
ated protein calcium sensors for triggering exocytosis. Such
sensors are very likely to include synaptotagmin bound to a
complex that includes an N-type calcium channel and the
presynaptic protein syntaxin (Sudhof, 1995). The combina-
tion of a synaptic vesicle bound to the N-terminus of syn-
aptotagmin, together with a syntaxin molecule and a cal-
cium channel, has been termed the synaptosecretosome by
O'Connor et al. (1993) (see also Yoshida et al., 1992).

There are both theoretical arguments and physiological
evidence supporting the idea that the synaptosecretosome is
the release unit for a quantum of transmitter. Partial block,
with toxins, of the presynaptic calcium channels involved in
evoked quantal release at the active zones of endplates
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indicates that calcium entry during the opening of a single
channel is sufficient to trigger secretion, suggesting that the
synaptic vesicle and its calcium sensor protein are in im-
mediate juxtaposition to the channel (Yoshikami et al.,
1989). Stanley (1993) observed only one calcium channel
opening during the release of a quantum from avian ciliary
ganglion terminals; he suggested that the distance between
the channel and the calcium sensor protein must be -25 nm
for this to occur. Theoretical calculation of the calcium
transient that occurs at the mouth of an open channel shows
that discrete peaks of calcium occur immediately adjacent to
the channel, and these reach concentrations on the order of
100 ,uM (Simon and Llinas, 1985); these discrete peaks are
now called "calcium domains" (Zucker and Fogelson,
1986). These domains may ensure that a relatively low-
affinity calcium-binding site on the calcium sensor can only
be activated by the high concentrations of calcium reached
in the domain, and therefore exocytosis resulting from the
opening of a channel is generally confined to the vesicle in
immediate proximity to the channel.

Voltage clamp studies of release in the stellate ganglion
of the squid support the notion that high calcium levels
generated at active zones during action potentials give rise
to release within single nonoverlapping calcium domains
within the terminals (Augustine et al., 1991). Given that
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calcium channels in ciliary ganglion nerve terminals may
occur in clusters in which the channels are separated by
-40 nm (Haydon et al., 1994) and that discrete peaks of
calcium have been observed in such clusters in the terminals
of the stellate ganglion (Llinas et al., 1995), it is possible
that under conditions of sustained depolarization (longer
than that provided by an action potential), the calcium that
contributes to the activation of a particular calcium sensor in
a synaptosecretosome comes from adjacent calcium chan-
nels in the channel cluster, in addition to that of the channel
in the synaptosecretosome under consideration (Zucker and
Fogelson, 1986). This seems to be the case, because release
is greater at higher depolarizations where the channel open-
ing probability is higher than at lower voltages that produce
the same net calcium current into the terminal (Llinas et al.,
1981).
The development of a theory that describes the action of

synaptosecretosomes under an action potential at an active
zone may allow for an understanding of a number of recent
observations on the probability of quantal release at sym-
pathetic varicosities and boutons that possess a single active
zone, as well as release at the active zones of motor end-
plates. These observations include the relatively high mul-
tiquantal release at sympathetic varicosities compared with
the monoquantal release at the somatic endplate (Bennett,
1994); the linear relationship between the length of an
active zone at a somatic endplate and the probability of
quantal release there (Bennett et al., 1989); the fourth-power
dependence of this probability on external calcium at dif-
ferent sympathetic varicosities and somatic active zones,
independent of the their probability in a particular calcium
concentration (Bennett and Lavidis, 1989; MacLeod et al.,
1994); the time course of the rate of quantal release after an
impulse at somatic active zones when errors of detecting
double releases are accounted for (Thompson et al, 1995);
and finally, the invariance of this time course with substan-
tial changes in the probability of release brought about by
such agents as adenosine that mediate inhibition through
autoreceptors (Bennett et al., 1991; Van der Kloot, 1988). In
the present work, an analysis is provided of the function of
the synaptosecretosome during a nerve impulse. This in-
volves consideration of the stochastic opening of the chan-
nel under the impulse, the subsequent diffusion of calcium
to the calcium sensor protein, and the stochastic binding of
calcium to the different affinity sites on the protein followed
by the stochastic event of exocytosis itself.

calcium concentration at a point (x, y) a distance r =
+2+y2 from the center of a single channel is

A 2
c(r, t) = 1B3/2

I(t-T)[@(t- T) + 2M]e- r/tT)2o2]g(T)|i(T)|dT

(1)

Here Ii(t)I is the magnitude of the single-channel current i(t);
g(y) = 1 when the channel is open and is zero otherwise;
2) = 4D/(1 + B), where D is the diffusion constant for
aqueous solution and B is the ratio of bound to free calcium
due to buffering; o- is the standard deviation of the Gaussian
channel profile; and A is a constant. (If i(t) is measured in
pA, then taking A = 5.20 gives c(r, t) in ,uM.) The calcium
concentration can now be found by using numerical inte-
gration in Eq. 1; in the special case where o- = 0 and i(t) is
constant, Eq. 1 can be evaluated explicitly in terms of
incomplete gamma functions (Bennett et al., 1995).

Distribution of open and closed times for a
single channel

A single calcium channel will open and close stochastically,
with its opening and closing probabilities determined by the
membrane potential V = V(t). The simplest scheme in-
volves only two states, C (closed) and 0 (open), and is
governed by the kinetic scheme

(2)k-,

involving the two rate parameters k, = kl(t) = k,(V(t)) and
k- = k I(t) = k_I(V(t)). A more appropriate model of the
channel would incorporate at least a three-state scheme
(Jones and Marks, 1989a, b) or use a more detailed model of
the calcium gating mechanism (Llinas et al., 1981). How-
ever, for N-type calcium channels operating in the low-po
mode (see below), the available experimental data (Delcour
et al., 1993) are insufficient to justify this increased com-
plexity, and the above scheme gives a good fit. The rate
parameters are assumed to depend on the potential via the
Boltzmann-type expressions (Hille, 1992, Ch. 10)

METHOD

Calcium concentration due to the opening of a
single channel

The model used for determining the calcium concentration
is essentially the same as that used in our previous work
on spontaneous release (Bennett et al., 1995), which in
turn was based on earlier work by other authors (Fogelson
and Zucker, 1985; Parnas et al., 1989). The result for the

ki = alexp(b1V) (3)

k-I = a-lexp(b-1V) (4)

where a,, bl, a-,, b-I are constants, independent of the
potential.
The opening and closing of channels are (nonhomoge-

neous) Poisson processes, with rates k, and k-1, respec-
tively. It follows (Clay and DeFelice, 1983) that the closed
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times Tc have density function A

p,(t) = ki(t)exp(-f k,(T)dr)

and the open times T. have density function

po(t) = k i(t)exp(-J k I(T)d)

(5)
Vi

(6) Vo

If the potential is constant, these are simple exponential
distributions, and the average closed and open times are

E(Tc) = l/k, and E(T0) = 1/k 1, respectively.

The single-channel current

The single-channel current i(t) also depends on the mem-

brane potential V(t): i(t) = i(V(t)). The Goldman-Katz-
Hodgkin (GHK) equation (Hille, 1992, Ch. 13) predicts the
form

V

i(t) = K 1 eo.075v

B

H V1

z

H

0

C
(7)

where K is a constant that does not depend on the voltage,
and this form can be used in calculations (Bertram et al.,
1996). However, as observed by Llinas et al. (1981), this
constant-field approximation tends to overestimate the cur-

rent at large depolarizations, and this is also found when Eq.
7 is fit to the N-type calcium channel currents measured by
Delcour et al. (1993). Llinas et al. (1981) propose an alter-
native formula that involves the internal and external cal-
cium concentrations, but in the present context the simple
modification

i(t) = K
v- v

1 - eO075(V-V)
(8)

where K and V are constants, is sufficient to give a good fit
to the experimental data (see below).

V,

vO

topen tclose tend

topen

iEM

io

I1

tenid tclose

FIGURE 1 Three cases of currents in a channel related to the time of its
opening during a step change in the membrane potential. The broken line
shows that the voltage increases from VO to V, at time t = 0 and then
reverts to VO at t = tend. The continuous line shows the single-channel
current, beginning at topen and ending at tclose. The three cases shown are

(A) the channel does not open; (B) the channel opens and closes within the
voltage step; (C) the channel opens in the voltage step and closes after the
step.

Stochastic opening of a single calcium channel
under a step potential change

Let the potential have the time course

VI if O<t<tend (9)

V= {v otherwise

where VI and VO are constants and tend is a given time (Fig.
1). If V0 is sufficiently negative, there will be negligible
probability of spontaneous openings before the potential
step, so it is assumed that the channel is closed at t = 0. In
the interval (0, tend) the channel opening and closing are

governed by the parameters kl(V,) and k-1(V,); in a simu-
lation, one generates random deviates ri, uniform on [0, 1],
and then the closed times are |logeril/kl(VI) and the open

times are logeril/k I(VI). Thus the channel may not open at
all, or it may undergo multiple openings and closings in
(0, tend); during each opening the current flow is il = i(VI),
as given by Eq. 8. One special case to note is where the
channel is open at t = tend; its closing time is then governed
by k_ I(VO) and the current jumps from iI = i(V1) for t <tnd
to io = i(VO) for t> tend, giving the tail current. Some of
these possibilities are illustrated in Fig. 1.

Stochastic opening of a single calcium channel
under an action potential

The membrane potential V(t) during an action potential is
found by solving the Hodgkin-Huxley equations. The sin-
gle-channel current i(t) and the channel opening and closing

teild
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rates kl(t) and k-1(t) are now all functions of V(t) and can
be found from Eqs. 8, 3, and 4. The channel opening and
closing times must now be calculated by using the densities
in Eqs. 5 and 6. Assuming the channel is initially closed,
one first finds an opening time si by solving (Clay and
DeFelice, 1983)

JSi

kl(T)dT = |logeril
0

,i3
S2H+2L

,1L112VL
2vH

S2H+L T SH+L
IH

24LTIvL 211 LTJVL

(10) S2H 2H
1'H

,<

S2L+2H

IL
SL+H >:. S2L+H

2VL

2IHT1jH 2SHTJVH
VH 2ILL

SH T So 1=
2pH VL

11L
SL Ti

2VL

where ri is a random deviate uniformly distributed on [0, 1].
The subsequent closing time is then found by solving a

corresponding equation involving k-1. Because multiple
openings of the same calcium channel under a single action
potential are rare, they are omitted from the calculations in
this paper.

The corresponding set of differential equations for the bind-
ing probabilities is given in the Appendix. Again, the at-
tachments rates U and ILL are taken to be proportional to
the calcium concentration at the position of the vesicle-
associated protein:

PH = kHc(r, t); AL= kLac(r, t) (14)

Stochastic binding of calcium to the exocytotic
vesicle protein

It is assumed that four sites on a particular vesicle-associ-
ated protein must each bind a calcium ion, and then a further
conformational change occurs for exocytosis of a vesicle to
be triggered. The simplest case is when all of the sites have
the same affinity, in which case the kinetic scheme is

4111 3,U2 2.LO3 P4 ,B

SO>SI 5S253.S4 >Sex (11)
V, 2V2 3V3 4v4

where Si, i = 1,..., 4, denotes the state with i sites
occupied; Sex denotes the state with four sites occupied after
the conformational change; pui(t) (vi(t)) are the rates of
attachment (detachment) of a calcium ion at the ith step; and
,3(t) is the rate for the final step. It is then easy to write down
a set of coupled differential equations for the probabilities
Pi(t) that the system is in state i at time t (see the Appendix);
the rate of exocytosis is then dPex/dt, and the probability of
exocytosis occurring is the asymptotic value of Pex(t) for
large t. The attachment rates pki are taken to be proportional
to the calcium concentration at the position of the vesicle-
associated protein, and the detachment rates vi are taken to
be constants, independent of time:

,-i = k1ic(r, t); vi = kO; i= 1, . . . 4 (12)

and the conformational change rate f3 is taken to be a

time-independent constant. A further simplification is to
assume no cooperativity in binding or unbinding, in which
case ke = kaand kid= kd,i = 1, . . ., 4.
A more general scheme involves binding sites of different

affinities; for the case where there are two sites of each type
(designated H for high affinity and L for low affinity), the

appropriate kinetic scheme is

and the detachment rates VL and VH are taken to be con-

stants, independent of time:

VH= kH; VL = kL (15)

Facilitation

Suppose an action potential initiated at time t = 0 (the
conditioning impulse) is followed at time t = t1 by a second
impulse (the test impulse). The facilitation of the second
response is defined as

facilitation = Pex[second impulse]
PeX[first impulse]

(16)

This is calculated (single affinity case; see Table 2) by first
solving Eq. 19 for the probabilities Pi(t), i = 0, ... . 4, and
Pex(t) after the first impulse, using the initial conditions
given by Eq. 20 and then using these values at t = t, as the
initial conditions for the second impulse; that is, Eq. 19 is
solved again, but now with the initial conditions

Pi(t1+) = Pi(t1-), i = 0, . . . , 4

Pex(tl+) 0

(17)

(18)

and Pexjsecond impulse] = Pex(t >> t,) is now calculated.
(Pex[first impulse] is calculated as Pex(tl-).) The condition
given by Eq. 18 means that if the vesicle undergoes exocy-
tosis after the first impulse, then it is not available for a

second release under the second impulse. If this restriction
is not imposed, then the appropriate expression for the
probability of a release as a result of the second impulse is

Pex[second impulse]/(1 - Pex[first impulse]), where
Pex[second impulse] is calculated as described above. These
considerations are readily extended to the the dual-affinity
case (see Table 2).

(13)

S2L
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Determination of parameter values for the
calcium channels and calcium diffusion

The numerical values of the parameters used in the calcu-
lations involving the opening of calcium channels and the
diffusion of calcium from these to the vesicle-associated
protein are listed in Table 1.
The channel gating kinetics were fitted to experimental

data for N-type calcium channels operating in the low-po
mode (Delcour et al., 1993). N-type channels were chosen
for the modeling process, as they are the channels mediating
the calcium influx that triggers exocytosis in the majority of
synapses of interest in the present study, namely amphibian
neuromuscular junctions (Katz et al., 1995), sympathetic
neuromuscular junctions (Wright and Angus, 1996), and
autonomic preganglionic synapses (Haydon et al., 1994).
The single exponentials for k1 and k-1, Eqs. 3 and 4, gave

good fits to the experimental data of Delcour et al. (1993).
For the single-channel current i(t), a least-squares fit to the
GHK form, Eq. 7, gave a poor fit and, in particular, pre-

dicted far too large a current at small depolarizations (Fig.
2, broken line); the modified form, Eq. 8, gave a much
better fit (Fig. 2, solid line).

Solution of the Hodgkin-Huxley equations gives the im-
pulse shown in Fig. 3 A. The variation in the rate constants

k, and k_ during the potential changes accompanying this
impulse, calculated from Eqs. 3 and 4, is shown in Fig. 3, B
and C, respectively. The forward rate constant k1 is rela-
tively large during the main depolarization phase of the
impulse, between - 1.0 ms and 2.0 ms (Fig. 3 B), determin-
ing that the histogram of opening times will follow this
potential dependence; the reverse rate constant k has a

behavior that is to some extent the reciprocal of that of k,
(Fig. 3 C). The magnitude of the calcium flux through a

calcium channel that is open for the duration of the impulse
is calculated using Eq. 8 (shown in Fig. 3 D). It is almost the
inverse of the impulse, declining from a value of 1.5 pA
at the resting potential to less that 0.2 pA at the peak of the
impulse, and then increasing to reach a maximum of -2 pA
at the peak of the afterhyperpolarization (Fig. 3 D).

Consideration must be given to the calcium affinity val-
ues of the different binding sites on the vesicle-associated
protein before calculations can be made of the probability of
exocytosis due to an impulse. The Kd values for calcium-

0

I,W0

Ul)

.

-50 0 50 100
Potential (mV)

FIGURE 2 Least-squares fits to the measured currents for an N-type
calcium channel at different voltages. The crosses are the measured cur-

rents from Delcour et al. (1993), the broken line is the fit using Eq. 7, and
the solid line is the fit using Eq. 8.

mediated events that are probably involved in exocytosis
range from 2.6 ,uM to 100 ,uM (see Discussion). We have
therefore chosen Kd in this range, as shown in Table 2. As
the attachment rates (ke) are 15 X 106 M-l s- 1 in suc-

cessful descriptions of the experimental data for exocytosis
from chromaffin cells (Heinemann et al., 1994) and bipolar
cells (Heidelberger et al., 1994), this value has been chosen
for k' in the present work, thus fixing ld for a given Kd
(Table 2). The effect of varying e? on the probability of
exocytosis is considered further below (see Fig. 8) for the
case in which all four binding sites are taken to have the
same affinity, referred to as the "standard single affinity"
case (Table 2). Consideration is also given to the case in
which the binding sites have different affinities; in particu-
lar, a "standard dual-affinity" case, in which two sites have
higher affinity than in the single-affinity case and two have
lower affinity, is used in a number of calculations (Table 2).
The dual-affinity case is important when considering the
possibility that Fl facilitation is due to residual Ca2+ bind-
ing to a site on the vesicle-associated protein (Yamada and
Zucker, 1992; see Fig. 6 below). Finally, some consider-
ation is given to the effects of using the affinity values
adopted for describing secretion from chromaffin cells and
bipolar cells on the probability of exocytosis (Table 2; see

Fig. 7).

TABLE 1 Values of the parameters used in the numerical calculations involving calcium channel kinetics and calcium diffusion

Quantity Symbol Value Reference

Calcium diffusion coefficient (Eq. 1) D 0.6 ,um2 ms- Fogelson and Zucker (1985)
Bound to free calcium ratio (Eq. 1) B 100 Brinley (1978)
Channel spatial profile (Eq. 1) Of 1 nm Aharon et al. (1994)
Channel opening rate parameters (Eq. 3) a, 0.102 ms-1 Delcour et al. (1993)

b, 0.046 mV- Delcour et al. (1993)
Channel closing rate parameters (Eq. 4) a-, 1.256 ms-' Delcour et al. (1993)

b 1 -0.022 mV-' Delcour et al. (1993)
Single-channel current parameters (Eq. 8) V 37.56 mV Delcour et al. (1993)

K 0.0186 pA mV-' Delcour et al. (1993)
Channel-vesicle distance 20 nm See text
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RESULTS

Probability of exocytosis at a

synaptosecretosome
The synaptosecretosome has been defined in the Introduc-
tion as a synaptic vesicle together with its vesicle-associated
proteins and a calcium channel, the latter being situated
-20 nm away from the protein that acts as the calcium
sensor. The active zones considered in this analysis are

taken as possessing N-type calcium channels. In this sec-

tion, the probability of exocytosis from a single synaptose-
cretosome, in isolation from the influences of calcium en-

tering at other synaptosecretosomes, is considered.
A histogram of times at which a channel opens under an

action potential can be calculated by using Eq. 10. Fig. 4 A
shows the results of a simulation using 10,000 impulses,
where each impulse has the form shown in Fig. 3 A. In 4638
cases there was an opening during the impulse (giving an

opening probability of 0.464), with most openings occurring
in the period between 1.0 ms and 2.0 ms, that is over the
same period as the occurrence of relatively large values in

k, (Fig. 3 B), which is reflected in the fact that the histogram
has a shape similar to that of the graph of kl. The corre-

sponding calculation of the channel closing times, using Eq.
10 with kl(r) replaced by k I(T), yields a histogram of
channel open durations (Fig. 4 B) which shows that chan-
nels may remain open for up to -2.5 ms. However, the
duration of most open times is much less (mean = 0.831 ms
in Fig. 4 B), because the reverse rate parameter k_1 (Fig. 3
C) peaks very shortly after the most likely opening times.

For a given pair of calcium channel opening and closing
times during an impulse, Eq. 1 allows the calculation of the
calcium concentration at the sensor protein in a synaptose-
cretosome after diffusion from the open channel. Moderate
concentrations occur when the channel is open during the
early part of the impulse, lower concentrations occur when
the open time is mainly during the peak of the impulse, and
the largest concentrations are reached when the channel is
open during the repolarization phase of the impulse.

Fig. 5 shows the exocytosis rate from a synaptosecreto-
some due to a rise in calcium concentration at the four
binding sites on the calcium-sensor protein, having the
standard single affinity (Table 2), after the opening of the
calcium channel in the synaptosecretosome during a nerve

impulse. The first case chosen for illustration is where the

calcium channel always opens at 1.0 ms after the beginning

FIGURE 3 Behavior of a calcium channel during an impulse. (A) The
time course of the impulse according to the solution of the Hodgkin-
Huxley equations. (B) The time dependence of the forward rate constant k,
during the Hodgkin-Huxley impulse, according to Eq. 3. (C) The time
dependence of the reverse rate constant k_, during the Hodgkin-Huxley
impulse, according to Eq. 4. (D) The time dependence of the magnitude of
the ionic current, Ii(t)I, through a single calcium channel during the
Hodgkin-Huxley impulse, given that the channel is open throughout the
impulse, according to Eq. 8.
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TABLE 2 Values of the rate constants for calcium binding

Scheme ka (106 M-l s-1) kd (s-') Kd (,uM) ;3 (s-1) Reference

"Standard single affinity" 15 750 50 2000 See text
"Standard dual affinity" See text

High affinity 15 75 5 2000
Low affinity 15 1500 100 2000

Chromaffin (slow) 19 130 7 100 Heinemann et al. (1994)
Chromaffin (fast) 14 130 9 1000 Heinemann et al. (1994)
Bipolar 14 2000 143 3000 Heidelberger et al. (1994)

800 57
320 23
128 9

ka is the attachment rate and kd is the detachment rate; Kd = kdlka is the dissociation constant; and ,3 is the rate constant for the conformational change after
four calcium ions are bound. The "standard single-affinity" scheme has four binding sites of the same affinity. The "standard dual-affinity" scheme has two
high-affinity binding sites and two low-affinity binding sites. The chromaffin (slow) and chromaffin (fast) schemes are fits to two different classes of cells.
The bipolar scheme has four sites of the same affinity, but the unbinding is cooperative, with the rate constant decreasing by a factor of 0.4 for each
successive calcium ion.

of the impulse and has an open duration of 2.0 ms (Fig. 5 A);
the probabilities Pk(t) that the calcium sensor protein has
bound k calcium ions by time t, k = 0-4, given the calcium
changes in Fig. 5 A, are calculated using Eq. 19. The
exocytosis rate from the synaptosecretosome, dPex(t)/dt, is
then as shown in Fig. 5 C.

A 8
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0-0
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FIGURE 4 Histograms of the times at which a calcium channel opens
(A) and the duration of the open time (B) for a channel under the impulse
of Fig. 3 A. A total of 4638 openings were obtained for a run of 10,000
impulses.

This calculation is now extended to the case in which the
calcium channel in the synaptosecretosome opens and
closes stochastically during an impulse, according to the
kinetic scheme of Eq. 2 (Fig. 5 C, D). It should be noted that
the peak of the exocytosis rate occurs after the peak of the
impulse, as is observed experimentally for transmitter re-
lease in the squid stellate ganglion (Llinas et al., 1982).

Changes in the probability of exocytosis
from a synaptosecretosome

The time course of the rate of exocytosis after an impulse at
the amphibian motor nerve terminal is invariant under a
number of procedures that greatly change exocytosis at the
terminal. These include an increase in the external calcium
concentration and facilitation, both of which increase exo-
cytosis (Datyner and Gage, 1980), and the action of aden-
osine, which decreases exocytosis (Van der Kloot, 1988).
These observations can be accommodated by a scheme in
which two of the binding sites on the calcium sensor protein
have a relatively high affinity for calcium and the other two
have relatively low affinities (the "standard dual-affinity"
case of Table 2; see also Yamada and Zucker, 1992).
Calculations using 1000 impulses, with the external calcium
concentration reduced to one-half of the normal level,
showed that the average peak rate is decreased sixfold over
this concentration range (from 0.0124 ms-1 to 0.0020
ms-'), but when the rates are normalized to their peak
values, the time courses in the different calcium concentra-
tions are very similar.

Simulations were also done for the case in which the
probability of opening of a calcium channel in the synap-
tosecretosome during an impulse was decreased (by reduc-
ing al in Eq. 3 to one-half its normal value), as is thought to
be the case for the action of adenosine (Bennett and Ho,
1991); this led to a 40% decrease in the peak rate of
exocytosis from the synaptosecretosome, but with no
change in the time course of the normalized exocytosis rate.
Finally, simulations were carried out to see if the increase in
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the rate of exocytosis due to a test impulse 10 ms after a
conditioning impulse caused any change in the time course
of the rate of exocytosis. The calculation again used 1000
impulses (and the standard dual-affinity rate constants in
Table 2). The results show an invariance in the time course

entration of the exocytosis rate, although there is a 12% increase in
nel gate the peak rate after the test impulse compared with that after

the conditioning impulse.
The average probability of quantal release decreases with

a decrease in the external calcium concentration, and this
more closely approximates a fourth-power relationship as

10 the calcium is lowered (Dodge and Rahamimoff, 1967;
Bennett and Lavidis, 1989; Augustine et al., 1985), whereas
facilitation decreases with an increase in the calcium con-
centration (Rahamimoff, 1968). Simulations show that for a
decrease in the external calcium concentration, the average
probability of exocytosis more closely approximates a four-
fold cooperative relationship with calcium (Fig. 6 A), and
simulations involving a test impulse 10 ms after a condition
impulse show that the facilitatory effect declines as the
external calcium concentration increases (Fig. 6 B), as is
observed experimentally.

Although the above calculations have used the dual af-
finity for the calcium sensor and protein, there is very little
difference in the probability of exocytosis by a single im-

8 10 pulse between the dual-affinity case and the single-affinity
case, the frequency distribution of this probability being
only marginally greater for the dual-affinity case over that
of the single-affinity case. Some of the effects of changes in
the affinities on the probability of exocytosis from a syn-
aptosecretosome over two impulses are shown in Fig. 7,
where results are given for each of the sets of affinities
listed in Table 2. Cases 1 and 2, for the standard single and
dual affinities, show very little difference in the probability
of exocytosis, although the dual case shows substantially
greater facilitation (indicated by the open bars). Case 3 for
the slow exocytosis from chromaffin cells is similar to Case
2, whereas the affinities for the fast exocytosis from chro-
maffin cells (Case 4) give very high probabilities and facil-

8 10 itation. The bipolar cell calcium affinities (Case 5) give a

high probability of exocytosis but little facilitation.

FIGURE 5 Probability of exocytosis for a vesicle opening under an

impulse. The vesicle, with its calcium-sensitive vesicle-associated proteins,
is located 20 nm from a calcium channel (together these comprise the

synaptosecretosome). (A) The change in calcium concentration at the
calcium sensor (solid line), obtained by evaluating Eq. 1 for the particular
case of a channel opening at 1.0 ms and closing at 3.0 ms, as depicted by
the broken curve. (B) The rate of exocytosis (dPex/dt) of the vesicle for the
case illustrated in A, using the standard single-affinity rate constants (Table
2). (C) The times of opening and closing of a calcium channel during 100
different impulses that resulted in 50 openings during the time interval
0-10 ms; the length of each line gives the open time for that run. (These
are part of a simulation involving 1000 impulses in which 434 openings

8 10 occurred, the remainder giving no opening during the interval 0-10 ms.)
(C) The corresponding rate of exocytosis when the channel opens stochas-
tically; the graph shows the average of 1000 impulses, which resulted in
434 channel openings.
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FIGURE 6 The relationship between the calcium concentration on the
one hand and both the probability of exocytosis at a synaptosecretosome
and the facilitated probability of exocytosis. The results shown are the
average of 1000 simulations at each calcium concentration, using the
standard dual-affinity rate constants (Table 2). (A) The probability (log
scale) of exocytosis for different calcium concentrations, after a Hodgkin-
Huxley impulse. The calcium concentration (log scale) is expressed as a

proportion of the normal calcium concentration; the solid line is the result
of the simulations, and the broken line is the probability according to a

fourth-power law. (B) The facilitated exocytosis due to a test impulse 10
ms after a conditioning impulse, where both are Hodgkin-Huxley action
potentials. The ordinate gives the ratio of the probability of exocytosis after
the test impulse to the probability of exocytosis after the conditioning
impulse only; the abscissa is on a log scale. The solid curve gives the
facilitation, assuming that the vesicle cannot release after the test impulse
if it already released under the conditioning impulse; the broken line gives
the ratio of probabilities without this restriction (see the discussion of
facilitation in the Methods section above). Also shown (lower curves) are

the corresponding results found with the standard single-affinity scheme
(Table 2).

The probability of exocytosis from a synaptosecretosome
depends critically not only on these affinities for calcium
binding of the calcium sensor, but also on the distance
between the sensor and the calcium channel, as has been
detailed previously for spontaneous quantal secretion (Ben-
nett et al., 1995). The relationship between changes in the
distance between the calcium channel and the calcium sen-

sor on the one hand and changes in the affinity of the
calcium-binding sites in the sensor was therefore investi-
gated. Fig. 8 shows that for a particular set of single affin-

4 5

FIGURE 7 The probability of exocytosis at a synaptosecretosome during
1000 Hodgkin-Huxley impulses for different combinations of the affinity
of the calcium-binding sites on the synaptic vesicle-associated protein for
normal calcium concentration. The graph shows the results for each of the
five cases listed in Table 2. The heights of the solid bars give the
probability of exocytosis under a conditioning impulse, and the heights of
the open bars give the probability of exocytosis under a test impulse 10 ms
after the conditioning impulse.

ities, whether low or high, the probability of exocytosis
increases continually with a decrease in this distance.

Exocytosis from multiple synaptosecretosomes in
active zones

Active zones possess synaptosecretosomes in different
numbers and in different geometrical arrays, as reviewed in
Bennett et al. (1995): the synaptosecretosomes in varicosi-
ties of the autonomic neuromuscular junction appear to be
randomly distributed in the prejunctional membrane,
whereas those at active zones in the somatic neuromuscular
junction are arranged on a line; in the case of active zones

in boutons on autonomic ganglion cells, the synaptosecre-
tosomes appear to be arranged on a grid. If the action of the
transient high calcium concentration that occurs around an

open channel of a synaptosecretosome (constituting the
calcium domain) is confined to the calcium sensor protein in
that synaptosecretosome, then the different synaptosecreto-
somes in an active zone act independently of each other.
Determination of the probability of k = 0, 1, 2, 3 or more

exocytotic events on the arrival of an impulse at the active
zone then involves solving the binomial equation, where n

is equal to the number of synaptosecretosomes in the active
zone and p is the average probability of exocytosis from a

synaptosecretosome. The results of such calculations for the
case of the random distribution of synaptosecretosomes (the
varicosity case), synaptosecretosomes on a grid (the bouton
case), and synaptosecretosomes on the line (the somatic
motor nerve terminal case) are shown in Fig. 9 for the
single-affinity condition (Table 2). These show that at the
active zone of an amphibian somatic neuromuscular junc-
tion, there is an average probability for secretion of -0.2,
with very few double quantal releases occurring (Fig. 9 C);

Case No: 1 Standard sin leaffinity
2 Standard dul affity
3 Chromaffin: slow
4 Chromaffin: fast
5 Bipolar
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FIGURE 8 The effect of changing the distance between the calcium
channel and the calcium sensor in the synaptosecretosome on the proba-
bility of exocytosis. Single-affinity binding is used, in which the reverse

rate constant is fixed at kd = 750 s- 1 and the forward rate constant has
value ka = 15 (solid curve), 45 (dot-dash curve), and 90 (broken curve) x
106 M- ms- l.

as this junction has -500 active zones, the average quantal
content of the endplate potential in a calcium of 1.8 mM
should be 100, which is approximately the case (Bennett
and Fisher, 1977). At the autonomic neuromuscular junc-
tion, such as that of sympathetic nerve terminals in the
mouse vas deferens, the active zone releases on average

-60% of occasions, with -35% of these involving either a

double or triple quantal release (Fig. 9 A), as is observed
when recordings are made from single varicosities at these
junctions (Bennett, 1994). Finally, at boutons on autonomic
ganglion cells, there is on average a release of quanta on

-45% of occasions, with -25% of these involving multi-
quantal release (Fig. 9 B). It is not known at present what
the frequency of multiquantal releases is at these boutons, as

it appears that one exocytotic event is sufficient to saturate
the postsynaptic receptor patch (Bennett et al., 1997), so that
a quantal analysis at the single bouton level is not possible.

Facilitation of exocytosis from multiple
synaptosecretosomes in active zones

The temporal changes in increased efficacy of quantal re-

lease that occurs at a nerve terminal when a test impulse
follows at different intervals after a conditioning impulse
have been characterized for motor nerve terminals and,
indeed, for other terminals (Magleby and Miller, 1982).
These are Fl facilitation (with a time constant of -30 ms),
F2 facilitation (with a time constant of -500 ms), augmen-
tation (with a time constant of -5 s), and after a condition-
ing train of impulses, posttetanic potentiation (with a time
constant of -120 s). The condition of Fl facilitation arises
immediately from the properties of the high-affinity cal-
cium-binding site of the calcium sensor in the synaptose-
cretosome for the dual-affinity case (Table 2). Calculations
show that if a test impulse occurs some 10 ms after the

conditioning impulse, there will be a higher probability that
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FIGURE 9 The probability Pk of a single Hodgkin-Huxley impulse lead-
ing to the exocytosis of k vesicles from n independent synaptosecretosomes
when the probability of each exocytosis is p. The value p = 0.00731 is

calculated using the standard single-affinity rate constants (compare Fig. 7

Case 1), and the probabilities are found from the binomial distribution as

Pk = b(k; n, p). (A) Varicosity case, for which the assumption of a
two-dimensional random distribution of synaptosecretosomes leads to the

estimate n = 120. (B) Bouton case, for which the assumption of a

two-dimensional regular-grid array of synaptosecretosomes leads to the

estimate n = 80. (C) Motor nerve terminal case, for which the assumption
of a one-dimensional regular spacing of synaptosecretosomes leads to the

estimate n = 40.

all four calcium binding sites on the sensor will be occupied
during the test impulse as a consequence of the residual

number of high-affinity sites still occupied by calcium ions
at the time of the test impulse. The result is an increased
probability of exocytosis for the test impulse, according to
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the solution of Eqs. 21-23. The probability of k exocytotic
events occurring at an active zone that possesses 40 inde-
pendent synaptosecretosomes (such as the somatic neuro-
muscular junction) for the test and conditioning impulses
can then be calculated in the same way as was done in
relation to Fig. 9. The results show that there is an increase
in the number of occasions on which an exocytotic event
occurs for the test impulse after the conditioning impulse,
which is similar to what is observed during facilitation at the
active zones of motor nerve terminals (Bennett and Lavidis,
1989).

DISCUSSION

Fl facilitation and the calcium sensor protein

The question arises as to the correct modeling of the cal-
cium sensor protein. The idea that at least four sites must
bind calcium ions on the sensor has been established by
determination of the calcium sensitivity of release at single
varicosities (MacLeod et al., 1994) and active zones of
endplates (Bennett and Lavidis, 1989), following the pio-
neering work of Dodge and Ramamimoff (1967). These
studies obtained a Hill coefficient for release of -4, which
was shown by Augustine et al. (1985) to be due most likely
to the dependence of the release sensor on binding four
calcium ions. Yamada and Zucker (1992) pointed out the
necessity of rapid equilibration of calcium binding to a
low-affinity site on the sensor if the sensor was to be able to
respond selectively in the release process to just the tran-
sient high calcium in the calcium domain and to be able to
terminate release soon after the calcium channel has opened.
These authors also pointed out the necessity of the sensor
possessing a slow equilibrating site with high affinity if the
phenomenon of Fl facilitation was to occur. In this latter
case, calcium entering during a conditioning impulse then
leaves one of the sensor binding sites only slowly, releasing
its calcium ion over tens of milliseconds, so that the sensor
is primed for the calcium entry during a subsequent test
impulse; this gives rise to Fl facilitation that decays with a
time constant of -50 ms. The idea that Fl facilitation does
not arise as a consequence of residual calcium remaining in
the terminal after the conditioning stimulus and is therefore
likely to be due to a property of the calcium sensor protein
is supported by a number of observations. Fl facilitation is
unaffected by the calcium chelator bis-(aminophen-
oxy)ethane-tetraacetic acid (BAPTA) in crayfish motor
nerve terminals (Winslow et al., 1994; but see Kamiya and
Zucker, 1994, for the effect of photolabile calcium chelators
removing Fl facilitation in this nerve terminal). The time
course of decline in calcium in the region of the calcium
sensor protein has been measured for the crayfish motor
nerve terminal, using the current through calcium-activated
potassium channels nearby as calcium detectors; this
showed that the residual calcium in this region declines
much faster than does Fl facilitation (Blundon et al., 1993).

basis of their BAPTA studies on the amphibian motor nerve

terminal that residual calcium is not responsible for Fl
facilitation, whereas Tanabe and Kijima (1992) have argued
the opposite. Taken together, the evidence is not in favor of
Fl facilitation being due to residual calcium, at least for the
crayfish motor nerve terminal. In the present work, then, Fl
facilitation has been ascribed to a property of two of the
binding sites on the calcium sensor.

F2 facilitation, augmentation, and the calcium
sensor protein

These observations and modeling suggest the properties that
must be ascribed to at least two of the calcium-binding sites
on the protein sensor, but what of the other two or more

sites? Bertram et al. (1996) have argued that the remaining
two sites should be given kinetic properties and affinities
that allow these sites to determine the F2 phase of facilita-
tion that lasts for -500 ms and for augmentation that lasts
for -5 s. That is, these two binding sites should retain their
calcium for times after a conditioning impulse that allow the
priming of the protein sensor to decay along two exponen-

tials with the time constants of F2 facilitation and augmen-
tation. It seems unlikely that augmentation is due to a

process of this kind rather than to the residual free calcium
in the terminal that is left behind by the conditioning im-
pulse. Such residual calcium, declining with a time constant
of -5 s, has been observed after stimulation to the mossy

fibers ending on CA3 pyramidal neurons in the hippocam-
pus (Regehr et al., 1994), the axons to the squid stellate
ganglion (Swandulla et al., 1991), the crayfish motor nerve

axon (Delaney and Tank, 1994), the parasympathetic nerves

to the avian ciliary ganglion (Brain and Bennett, 1995), and
the sympathetic nerves to the mouse vas deferens (Brain and
Bennett, 1997). Furthermore, the introduction of various
calcium chelating agents into the crayfish motor nerve ter-
minal alters augmentation in a way that parallels that which
occurs to the residual calcium at this time (Delaney and
Tank, 1994). One caveat to the proposal that augmentation
is due to residual calcium is provided by observations on

amphibian motor nerve terminal that the calcium chelator
BAPTA does not affect augmentation (Tanabe and Kijima,
1992). In the present work the affinities on the calcium
sensor protein have not been adjusted to account for aug-

mentation.
The question of whether the F2 phase of facilitation arises

as a consequence of the properties of a binding site on the
calcium sensor protein is more difficult to resolve. One of
the components of decline of residual calcium after an

impulse has the time course of F2 facilitation in Schaeffer
collaterals to CAl pyramidal neurons in the hippocampus
(Wu and Saggau, 1994), in parasympathetic nerve terminals
on avian ciliary ganglion cells (Brain and Bennett, 1995),
and in sympathetic nerve terminals to the mouse vas defer-
ens (Brain and Bennett, 1997). However, Delaney and Tank

Finally, Robitaille and Charlton (1991) have argued on the
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motor nerve terminals with the time course of F2 facilita-
tion, and introduction of the calcium chelator BAPTA into
this terminal does not affect F2 facilitation (see figure 3 in
Winslow et al., 1994). Set against these results is the ob-
servation of Kamiya and Zucker (1994) that photolabile
calcium chelators in the crayfish motor nerve terminal re-
move F2 facilitation, indicating that it is due to the removal
of residual calcium, perhaps that observed by Tank et al.
(1995). BAPTA has been reported to have no effect on F2
facilitation at amphibian motor nerve terminals (Tanabe and
Kijima, 1992). It may be that F2 facilitation has its origins
in both a residual component of calcium as well as in the
properties of one of the binding sites on the calcium sensor
protein, with some terminals possessing little residual cal-
cium sequestered with the time course of F2 facilitation.
Given this degree of uncertainty, the affinities of the cal-
cium sensor have not been adjusted in the present work to
account for F2 facilitation.

The calcium sensor protein in chromaffin cells

A quantitative analysis of secretion from chromaffin cells
indicates that this can be described by a process involving
three calcium noncooperative binding steps that have a Kd
of 7-13 ,uM, that is about the Kd for synaptotagmin 1
calcium-dependent phospholipid binding of 7 ,tM (Table 2;
Brose et al., 1992; Bazbek et al., 1995). Calcium-dependent
phospholipid binding using the C2a domain of synaptotag-
mins 1, 2, or 3 could mediate this effect (Suidhof, 1995). On
the other hand, it could be restricted to the calcium-depen-
dent syntaxin binding using the C2a domain of synaptotag-
min 3. In any case, the secretion process involves a rela-
tively high-affinity binding site that may well suit the
relatively slow secretion process in these cells compared
with nerve terminals that require a fast process that termi-
nates quickly. It may be that the slow process of secretion
from chromaffin cells is more akin to the slow component
of increased probability that follows a nerve impulse in a
terminal and is dependent on synaptotagmin 3. Quantal
release from the terminals of goldfish retinal bipolar cells
can also be described by a scheme analogous to that used to
describe secretion from chromaffin cells, with in this case
four calcium cooperative binding steps; the dissociation
constant for one of the calcium-mediated bindings must
have a Kd of -143 ,tM rather than the much lower Kd of
7-13 ,uM used for chromaffin secretion (Table 2; Heilde-
berger et al., 1994). The inclusion of a low-affinity binding
step (Kd of 143 ,uM), together with high-affinity steps (Kd of
9 ,uM), is required for the quantitative description of re-
lease, so that the kinetic scheme provides a fast turn-on, fast
turn-off, and fast decay of quantal release. Previous theo-
retical studies have anticipated these experimental results.
Thus Yamada and Zucker (1992) showed the necessity of
including a rapidly equilibrating low-affinity calcium-bind-
ing site on the calcium sensor protein (with a Kd of 200
,uM), as well as a slowly equilibrating high-affinity site

(with a Kd of 1 ,uM). Similar ranges of Kd values have been
used for multiple binding sites on the calcium sensor when
calcium-mediated quantal release in the stellate ganglion of
the squid was modeled (Bertram et al., 1996).

Exocytosis and the temperature dependence of
release at active zones

The necessity of including an exocytosis step in models of
quantal release to introduce an appropriate temperature de-
pendence into the release process (Datyner and Gage, 1980)
was first pointed out by Parnas et al. (1989). This irrevers-
ible process was given a forward rate constant of 1000 s- 1,
a value that was subsequently found to give a good descrip-
tion of the exocytotic process in both chromaffin cells and
the terminals of retinal bipolar cells (see Table 1; Heine-
mann et al., 1994; Heidelberger et al., 1994). In the present
work the rate constant for the exocytotic step has been taken
as 2000 s- l.

Predictions of the synaptosecretosome model of
release at active zones

The present analysis shows that the highest rate of exocy-
tosis occurs after both the peak of the nerve impulse and the
peak of the calcium concentration at the synaptosecreto-
some, as is observed experimentally in the squid stellate
ganglion (Llinas et al., 1982). After the peak rate of exocy-
tosis, there is a continuing elevated probability of release
that lasts for tens of milliseconds or so, as a consequence of
the occupation by calcium ions of the high-affinity binding
sites on the calcium sensor protein. Thus the spontaneous
opening of a calcium channel at this time (see Bennett et al.,
1995) will more probably lead to the release of transmitter
due to the calcium priming of the sensor; such enhanced
spontaneous release is observed experimentally at the motor
endplate (Rahamimoff and Yaari, 1973). The present anal-
ysis also shows how Fl facilitation decreases with an in-
crease in the calcium concentration, as is observed experi-
mentally at the endplate (Rahamimoff, 1968).
The present analysis shows that there is an invariance in

the normalized time course of the rate of exocytosis after an
impulse with large changes in the number of quanta re-
leased. This is the case whether it is due to changes in the
calcium concentration and thus to the entry of calcium ions
into the synaptosecretosome; a decrease in calcium entry
into the terminal as a consequence of a decrease in the
probability of calcium channel opening; or after a condi-
tioning impulse, as in facilitation. Such an invariance in the
time course of the rate of exocytosis has been observed
experimentally after an increase in external calcium con-
centration (Datyner and Gage, 1980), as well as after the
application of the autoreceptor agent adenosine (Van der
Kloot, 1988), which most likely acts to decrease the prob-
ability of opening of the calcium channel (Bennett and Ho,
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1991; Yawo and Chuhma, 1993), and during facilitation
(Datyner and Gage, 1980).
The present theory also accounts for the relatively high

incidence of evoked multiquantal secretion at sympathetic
varicosities compared with that at the active zones of end-
plates (Bennett, 1994), as well as the level of quantal release
observed at these junctions in normal calcium concentra-
tions. The synaptosecretosome hypothesis also provides a
basis for the linear relationship between the size of active
zones and the probability of quantal secretion (Bennett et
al., 1989), as probability increases with an increase in the
number of synaptosecretosomes at an active zone according
to the binomial equation. The variability in the probability
of quantal release at the active zones of adjacent sympa-
thetic varicosities (Lavidis and Bennett, 1993) and at adja-
cent active zones of motor endplates (Bennett et al., 1986;
Zefirov et al., 1995) is therefore most likely due to varia-
tions in the number of synaptosecretosomes at these sites.
The fourth-power dependence of this probability on the
external calcium concentration is the same at the active
zones of varicosities and endplates, independent of their
probability in a particular calcium concentration (Bennett
and Lavidis, 1989; MacLeod et al., 1994); this is the case
according to the present theory.

The problem of nonindependence of
synaptosecretosomes at active zones

The analysis presented in this work has treated the synap-
tosecretosomes as acting independently on the arrival of an
impulse in the nerve terminal. In this case there is no
overlap in calcium domains of different synaptosecreto-
somes. It follows that the probability of different numbers of
quanta being released at an active zone is independent of the
active zone structure and merely depends on the total num-
ber of synaptosecretosomes present at the active zones. In
this case there is no qualitative difference between release at
the active zones of varicosities, boutons, or endplates. An
increase in the size of an active zone, whether organized
into a line of synaptosecretosomes as at the endplate, a
rectangular grid of synaptosecretosomes as in boutons, or a
random array of synaptosecretosomes as in the case of
varicosities, will simply lead to an increase in the probabil-
ity of 0, 1, 2, etc., releases according to application of the
binomial equation in which n is the total number of synap-
tosecretosomes in the terminal and p is their average prob-
ability of release. Neither the difficult problem of describing
what happens if the calcium domains of synaptosecreto-
somes can overlap nor the problem of what happens if there
is an excess of voltage-activated calcium channels over
synaptosecretosomes has been considered in the present
work. Indeed, there is evidence at the calyx synapse of the
rat medial nucleus that several such channels must open for
an exocytotic event to occur (Borst and Sakmann, 1996),
although this does not seem to be the case for the motor
endplate, for synapses in the squid stellate ganglion, or for

the calyx synapse in the chick ciliary ganglion, as men-
tioned in the Introduction. An important point not yet con-
sidered is that although it seems likely that the N-type
calcium channels at a synapse are complexed with syntaxin
in the synaptosecretosome (el Far et al., 1995), as are the
P/Q-type calcium channels in the synaptosecretosomes of
those terminals that use these channels for triggering exo-
cytosis (Martin-Moutot et al., 1996), it is still possible that
there is an excess of syntaxin occurs in the presynaptic
terminal membrane over that of N-type or P/Q-type calcium
channels or vice versa. If there is an excess of calcium
channels over syntaxin, then it will be necessary to consider
the problem of synaptosecretosomes themselves occasion-
ally coming into close proximity to these excess calcium
channels (for an analogous case involving spontaneous
quantal release, see figure 3 in Bennett et al., 1995).

APPENDIX: EQUATIONS FOR CALCIUM BINDING

Single-affinity scheme
For the single-affinity binding scheme described by Eq. 11, standard
techniques (Feller, 1950, Ch. 17) give the following set of coupled differ-
ential equations for the probabilities:

dPt
dt =- /lP + v1P1
dP1dt-= 4,1Po- (3,2 + vj)PI + 2v2P2

dP2

dt = 3p12P1- (213 + 2v2)P2 + 3v3P3
(19)

dP3
dt = 293P2 - (3v3 + 94)P3 + 4v4P4

dP4
dt = 4P3 -(4v4 + P3)P4
dPt=dPe = PP4dt

with initial conditions

P(O)= 1; Pk(O) = 0; k.' 1; Pex(0) = 0 (20)

Double-affinity scheme
For the double-affinity binding scheme described by Eq. 13, the equations
are

dPo
dt = - (2AL + 21H)PO + VLPL + VHPH

dPL
dP = 2ltLPO - (2AH + AL + VL)PL

+ VHPL+H + 2VLP2L

Bennett et al. 1827



1828 Biophysical Journal Volume 73 October 1997

dPH
dt =24HPO - (2,UL + ,LH + VL)PH

+ VLPH+L + 2VHP2H

d.PH+L
= 2AHPL + 2ALPH - (/tL + /LH + VL + VH)PH+L

+ 2VLP2L+H + 2VHP2H+L

dt = ALPL (2AH + 2VL)P2L + VHP2L+H
dP2

dt = /.AHPH (2AL + 2VH)P2H + VLP2H+L

dt
P

I.LHPL+H + 2IALP2H -(2VH + VL + /,LJ)P2H+L

+ 2VLP2H+2L

dP2L+H
dt = ILPH+L + 2/1HP2L -(2vL + VH + ,UH)P2L+H

+ 2VHP2L+2H

dP2L+2H
dt = LP2H+L + PHP2L+H - BP2H+2L

- (2vL + 2VH)P2H+2L

dPex = I3P2H+2L (21)
dt

with initial conditions

Po(O) = 1; Pk(O) = 0 in all other cases (22)

Note that PH+L = PL+H, P2H+2L = P2L+2H, and Pex is the probability of
the state with all four sites occupied after a conformational change. The
total probabilities of k sites occupied, k = 1, . . ., 4, are Pk, where

PI = PL + PH

P2 PL+H + P2L + P2H
(23)

P3 P2L+H + P2H+L

P4 = P2H+2L

In the case where /LH = AL = ji and VH = VL = v, Eqs. 21 and 23 reduce
to Eq. 19, with ,Lu = u, v; = v, i = 1, . . ., 4.
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