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ABSTRACT Morphological and biochemical studies indicate association between voltage-gated Ca21 channels and the
vesicle docking complex at vertebrate presynaptic active zones, which constrain the separation between some Ca21 channels
and vesicles to 20 nm or less. To address the effect of the precise geometrical relationship among the vesicles, the Ca21

channel, and the proteins of the release machinery on neurotransmitter release, we developed a Monte Carlo simulation of
Ca21 diffusion and buffering with nanometer resolution. We find that the presence of a vesicle as a diffusion barrier alters the
shape of the Ca21 microdomain of a single Ca21 channel around the vesicle. This effect is maximal in the vicinity of the vesicle
and depends critically on the vesicle’s distance from the plasmalemma. Ca21-sensor(s) for release would be exposed to
markedly different [Ca21], varying by up to 13-fold, depending on their position around the vesicle. As a result, the precise
position of Ca21-sensor(s) with respect to the vesicle and the channel can be critical to determining the release probability.
Variation in the position of Ca21-sensor molecule(s) and their accessibility could be an important source of heterogeneity in
vesicle release probability.

INTRODUCTION

Action potential-triggered release is distinguished from other

types of cellular exocytosis by its fast on and off kinetics and

its precise spatial localization (Matthews, 1996). It is known

that neurotransmitter release requires high Ca21 concentra-

tion ([Ca]) (Zucker, 1993), which can be achieved in close

proximity to open Ca21 channels, in ‘‘Ca21 microdomains’’

(Chad and Eckert, 1984; Simon and Llinas, 1985; Zucker

and Fogelson, 1986; Llinas et al., 1992). Ca21-driven vesi-

cle fusion lags behind the influx of Ca21 by a fraction of

a millisecond (Llinas et al., 1981; Sabatini and Regehr, 1996)

and terminates rapidly (,1–2 ms) after channel closure.

These conditions require colocalization of Ca21 channels

and the Ca21 sensor(s) of the release machinery in the nerve

terminal to within ;100 nm. Potential for even closer

colocalization is now being established through both

morphological and biochemical studies (Stanley, 1997).

Freeze fracture studies in the frog neuromuscular junction

have shown localization of large particles (some or all of

which are thought to be Ca21 channels) to the vesicle

docking sites (Heuser et al., 1974; Pumplin et al., 1981).

Some of these particles are within 20 nm from the point

where docked vesicles contact the plasmalemma (Harlow

et al., 2001; Stanley et al., 2003). Also, it is now widely

accepted that N-type and P/Q-type Ca21 channels, which are

the predominant subtypes mediating release from presynap-

tic nerve terminals (Westenbroek et al., 1992; Westenbroek

et al., 1995), can potentially couple physically to vesicle-

associated proteins (syntaxin, synaptotagmin, and SNAP-25)

(Sheng et al., 1998; Jarvis and Zamponi, 2001). The

interactions between these proteins and the Ca21 channel

are Ca21-dependent and may regulate the activity of channels.

Possibly, though, the more important role of these interactions

is to constrain the position of the Ca21 channel relative to the

Ca21-sensor(s) for release.

Advances in the characterization of vesicle-associated

proteins that are involved in exocytosis have greatly enhanced

our understanding of neurotransmitter release (Sudhof, 1995).

SNARE (soluble N-ethylmaleimide-sensitive factor attach-

ment protein receptor) proteins of syntaxin, VAMP (also

called synaptobrevin), and SNAP-25 are essential compo-

nents of this machinery. Synaptic vesicles become ready for

fusion when SNARE proteins on opposing membranes form

a four-helix bundle (the so-called SNARE complex) that

bring the membranes in close contact (Sutton et al., 1998;

Weber et al., 1998). Among the proteins associated with

synaptic vesicles, synaptotagmin is currently the best

candidate for the Ca21-sensor mediating neurotransmitter

release (Chapman, 2002). This is an abundant constituent of

synaptic vesicles that binds up to five Ca21 ions through two

C2 domains (Ubach et al., 1998; Fernandez et al., 2001).

Biochemical studies indicate that synaptotagmin undergoes

Ca21-dependent interactions with a number of SNARE

proteins and also membrane lipids, but which of these

interactions are responsible for fast neurotransmitter release is

not clear (Augustine, 2001). The cooperation of three-to-eight

SNARE complexes may be needed for fusion (Hua and

Scheller, 2001; Han et al., 2004). There is a synaptotagmin

associated with each SNARE complex and their interactions

play a role in fusion (Bai et al., 2004). So, there may be
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numerous Ca21 binding sites around the contact point of the

vesicle and plasma membrane that need to bind Ca21 to

trigger release (Stewart et al., 2000).

Even though we are learning more about the molecular

constituents of Ca21-triggered neurotransmitter release, we

still do not have a widely accepted model for the Ca21-

sensor sites. It is generally accepted that release is highly

cooperative, and the cooperativity is functionally ;3–5

(Dodge and Rahamimoff, 1967; Heidelberger et al., 1994;

Bollmann et al., 2000; Schneggenburger and Neher, 2000).

For technical reasons the Ca21 sensitivity of the Ca21-sensor

has been determined for only a few synapses, yet the results

have already revealed striking differences. For example, in

goldfish retinal bipolar cells, the threshold for detectable

release is above 20 mM (Heidelberger et al., 1994), whereas

in the rat calyx of Held synapse this threshold is below 1 mM

(Bollmann et al., 2000; Schneggenburger and Neher, 2000).

The present work is motivated by recent insights into the

molecular and morphological aspects of neurotransmitter

release. In particular, we are interested in the effect of active

zone geometry on Ca21 diffusion and accessibility of the

Ca21-sensor to the Ca21 source. It is known that obstacles

can have significant effects on diffusion (Saxton, 1994;

Olveczky and Verkman, 1998). For example, quantitative

features of longitudinal diffusion of Ca21 in retinal rod and

cone outer segment cytoplasm reflects the anatomical

structure of the outer segment, and it contributes to the

differences in signal transduction between photoreceptor

types (Nakatani et al., 2002; Andreucci et al., 2003; Holcman

and Korenbrot, 2004). Since the Ca21 channel, the vesicle,

and the Ca21-sensor(s) of the release machinery are closely

associated, we hypothesize that the presence of the vesicle

could alter the shape of the Ca21 microdomain and have

significant effects on release. A thorough study of this issue

demands simulations with nanometer resolution that are

capable of retaining the essential features of the geometry of

the active zone. We have achieved this by simulating the

buffered diffusion of Ca21 ions from the channel to the

Ca21-sensor sites using a Monte Carlo scheme (Bartol et al.,

1991). In this method, we simulate the random movement

and reaction of individual Ca21 ions and buffer molecules.

This is computationally feasible, since the total number of

Ca21 ions coming in through each single Ca21 channel is

small (Stanley, 1993). We first study the effect of the vesicle

as an obstacle to the free diffusion of Ca21 from a single

channel and the modifications it causes to the Ca21 micro-

domain. Then, employing two representative release models,

we look at the implications of the geometry on release,

including the effect of the position of the Ca21-sensor(s)

relative to the channel and the vesicle.

METHODS

Invasion of the nerve terminal by an action potential opens voltage-gated

Ca21 channels. Ca21 ions rush in and diffuse within the nerve terminal,

where they bind reversibly to fixed and mobile endogenous (or added

exogenous) buffers via the reaction

Ca
21

1B ����! ����

kon

koff

CaB; (1)

where Ca21 represents free calcium ions, B represents unbound buffer

molecules, and CaB represents Ca21 bound to buffer. Free Ca21 ions can

bind to the Ca21-sensor sites on the release machinery to initiate fusion of

synaptic vesicles. Diffusion and reaction of Ca21 and buffers can be studied

by solving deterministic differential diffusion-reaction equations. These

equations describe the spatial and temporal evolution of the Ca21 and buffer

concentrations ([Ca], [B], and [CaB]). For the buffer reaction (Eq. 1) with

forward rate kon and dissociation rate koff the equations are (see e.g., Naraghi

and Neher, 1997)

@½Ca�=@t ¼ DCa=
2½Ca� � kon½Ca�½B�1 koff ½CaB�1 IðtÞdðrÞ

@½B�=@t ¼ DB=
2½B� � kon½Ca�½B�1 koff ½CaB�

@½CaB�=@t ¼ DCaB=
2½CaB�1 kon½Ca�½B� � koff ½CaB�; (2)

where DCa, DB, and DCaB are diffusion constants for Ca21, B, and CaB,

respectively. I(t) is the Ca21 current and d(r) is a Dirac delta function

(assuming the channel is at the origin).

There is no exact analytical solution for the above partial differential

equations due to their nonlinearity (the terms with order two in concentration).

Consequently, one has to solve this set of equations numerically using the

finite difference method in three spatial dimensions and time, given specific

boundary conditions (Cooper et al., 1996; Meinrenken et al., 2002; Winslow

et al., 1994; Yamada and Zucker, 1992). In the case of a single channel with

a free boundary the problem will effectively be one-dimensional because of

spherical symmetry. For two different limits one can simplify the diffusion-

reaction equations further. First, if the reaction kinetics act on a timescale that

is much faster than the timescale for diffusion, then one can assume a local

equilibrium always exists for the reaction described by Eq. 1. This so-called

fast buffer approximation reduces the set of Eq. 2 to a single differential

equation, which has advantages for numerical and analytical analysis (Smith,

1996; Wagner and Keizer, 1994). The second approximation assumes that

changes in free and bound buffer concentrations are negligible, which is valid

for small amounts of Ca21 entry in the presence of a large concentration of

buffer. This allows for linearization of Eq. 2, which in turn makes an analytical

analysis possible for the [Ca] steady-state condition (Stern, 1992). This has

been generalized to the case where multiple buffer types are present (Naraghi

and Neher, 1997).

The exact analytical results and approximate solutions provide useful

insight into the effect of buffers. Fixed buffers prolong the approach to the

[Ca] steady state but do not affect the final form of the Ca21 microdomain. In

contrast, mobile buffers make the [Ca] gradient steeper. A uniquely defined

length-constant is associated with each mobile buffer, which is a measure of

its capability to buffer Ca21 close to the channel (Naraghi and Neher, 1997).

Monte Carlo scheme

Monte Carlo simulation is an alternative method to study reaction-diffusion

problems. It has been used in the context of modeling neurotransmitter

release in a number of studies (Bartol et al., 1991; Bennett et al., 2000a,b; Gil

et al., 2000; Glavinovic and Rabie, 2001; Kennedy et al., 1999; Segura et al.,

2000). There are three advantages inherent to the Monte Carlo approach

compared to deterministic reaction-diffusion equations:
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1. It is closer to the physical situation found in a system with small

numbers of particles in the sense that it gives some indication of the

stochastic fluctuations that are likely to occur.

2. The computational time does not grow steeply as the spatial resolution

increases, which is the case with the numerical solution of the diffusion-

reaction equation.

3. The boundary conditions of the system are easily taken into account and

one can easily vary such conditions.

In the Monte Carlo simulation method, the motion of each individual

molecule (Ca21 or buffer) is followed as it diffuses inside the nerve terminal.

This is not done at the level of actual Brownian motion, but rather at a coarser

level, using random walk theory (e.g., see Raichl, 1980). The average

distance traveled by a molecule (Dl ) during the time interval Dt depends on

the diffusion coefficient as

Dl ¼ 2ðDDt=pÞ1=2
: (3)

We are interested in the effect of the fine geometry of the active zone on

release. To be able to resolve the steep concentration gradient close to the

Ca21 entry site and the diffusion obstacles, we need to use a Dl comparable

to the length scale of the geometry of the system, which is approximately

a nanometer. The time step between successive movements of the particles is

related to Dl (Eq. 3) and as a result is of the order of 10 ns. So a millisecond

of the simulation of the system takes ;105 Monte Carlo steps. Although the

small time step and long computation time are the price that we pay for high

spatial resolution, it also pays in simplification of the treatment of the Ca21-

buffer reactions as we describe later. We begin our Monte Carlo simulation

by assigning random positions to the molecules in the simulation box. Then,

in each time interval, we repeat the following steps:

1. Introduce a new Ca21 ion into the system at the channel mouth with

probability I(t)Dt/(2e), where e is the charge of electron (2e is the charge

of Ca21). This probability is much smaller than unity.

2. Update the positions of all molecules by adding a random vector to the

position of each molecule. The components of this vector were chosen

from a Gaussian distribution centered around zero with a standard

deviation of (2DDt)½. For buffer molecules (bound or free), the

diffusion coefficient is much smaller than the Ca21 diffusion coefficient,

so we update their position once every DCa/DB time steps to save

computation time. With the values used for DCa and DB the ratio is an

integer.

3. Check the boundary condition for each molecule and modify their

position accordingly; boundary conditions are explained in the next

section.

4. Any Ca21/free buffer pair that is closer than a certain distance (rint) bind

to each other with probability pon, which depends on the forward rate of

reaction as

pon ¼ konDt=ð4=3pNAr
3

intÞ; (4)

where NA is Avogadro’s number.

5. Any bound buffer can dissociate to Ca21 and free buffer with

probability

poff ¼ koffDt: (5)

The particular form for pon and poff in Eqs. 4 and 5 is chosen to produce the

same equilibrium ratios of [Ca], [B], and [CaB] as predicted by the

deterministic reaction expressions in Eq. 2. In a given system with volume V,

the change in the number of CaB molecules (NCaB) in a small time interval of

Dt is

DNCaB ¼ ðkon½Ca�½B� � koff ½CaB�ÞDtVNA

¼ konDtNCaNB=ðVNAÞ � koffDtNCaB; (6)

where NCa and NB are the number of Ca21 ions and buffer molecules,

respectively. Here, we have assumed a constant concentration for each

molecule throughout V. In the Monte Carlo simulation the change in NCaB in

each time step is equal to the number of new interactions between Ca21 ions

and buffer molecules minus the number of CaB molecules that dissociate.

So, we have

DNCaB ¼ ponNCaNBVint=V � poffNCaB: (7)

The chance that a Ca21 ion is within the interaction distance (rint) from

a buffer molecule is proportional to NB and the ratio of the interaction

volume (Vint ¼ 4=3pr3
int) to the total volume of the system V. By equating

first and second terms of Eqs. 6 and 7 one can derive the expressions given in

Eqs. 4 and 5. This derivation relies on the fact that Dt is sufficiently small.

We performed some control simulations (data not shown) to ensure that our

choice of Dt satisfied this condition.

Because of the stochastic nature of this method, repeated trials must

be performed to assess the average behavior of the system. This is

a disadvantage of the Monte Carlo method, when one needs to examine the

average behavior of the system. Sometimes thousands of trials are needed to

obtain reasonable averages, which in turn can be computationally expensive.

Since in most of this study, we are interested in the steady-state profile of

[Ca] the averaging can be done more efficiently. Instead of running the

simulation each time from the beginning, we average over a fraction of

millisecond after the steady state is achieved. The steady-state concentration

profiles in this study are the result of averages over 0.2 ms of 500 Monte

Carlo runs. That makes ;107 independent samplings.

To avoid correlated sequences and therefore systematic errors when

averaging Monte Carlo trials, the proper choice of random number generator

is important. We used the Mersenne Twister random number generator

algorithm, which is computationally efficient and has an exceptionally long

period (Matsumoto and Nishimura, 1998).

All the programming was done in ‘‘C.’’ We ran the simulations on Simon

Fraser University’s Beowulf cluster. The isoconcentration surfaces in Fig. 3

were produced using MATLAB.

Geometry and the parameters

The simulation volume comprised a rectangular cubic box of size L 3 L 3

L/2 with the Ca21 channel situated at the center of one of the square sides, as

shown in Fig. 1. The channel side (x,y plane in Fig. 1 A) is reflective to Ca21

to mimic the plasma membrane; all other sides of the box are free for Ca21

diffusion. Free Ca21 ions will disappear if they pass through free boundaries

(this is also called the absorbing boundary condition). Because in reality

some Ca21 ions come back to the system, the absorbing boundary condition

is an approximation. The [Ca] close to the boundary decays to zero but the

effect on [Ca] far from the boundary is negligible. All the boundaries are

reflective for buffers (free or bound). This choice of boundary conditions

can approximate a Ca21 source in an infinite space filled with a constant

concentration of buffer but it is not exact, since the total amount of buffer is

finite and will saturate at very long times. Since we are interested in short

times (,1 ms) and Ca21 dynamics close to the channel (,100 nm) these

prove to be reasonable approximations.

We positioned a docked synaptic vesicle at a distance d from the channel

(d is defined as the distance from the channel to the projection of the center

of the vesicle on the presynaptic plasmalemma as shown in Fig. 1 B). Based

on morphological and biochemical data, a reasonable distance for the closest

channel to the vesicle is ;20 nm (Bennett et al., 1997; Harlow et al., 2001;

Stanley et al., 2003). The distance between the vesicle and the plasma

membrane is h (Fig. 1 B). Based on the speed of synaptic fusion and the EM
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studies, we posit h cannot be more than a few nanometers at most. We chose

h to be zero for the most of our simulations and explored the effect of

increasing h up to 50 nm. The vesicle acts as an obstacle to diffusion, so the

boundary condition on the vesicle for the Ca21 and buffers is reflective.

We do not consider any mechanisms for Ca21 extrusion through the

membrane, since their contribution to Ca21 concentration profiles for time

intervals of ,1 ms will be irrelevant (Sala and Hernandez-Cruz, 1990).

Also, for similar reasons, we do not consider any sequestration and release

from internal stores. We only consider the presence of a mobile endogenous

buffer. As discussed above, fixed buffers are less effective in affecting the

Ca21 microdomain, since they do not contribute to the steady-state [Ca]

profile due to rapid saturation. We considered an endogenous buffer with

a rather high affinity (dissociation constant, Kd ¼ Koff/Kon ¼ 2 mM), fast

kinetics (Kon ¼ 3 3 108 M�1 s�1), and slow diffusion (DB ¼ DCaB ¼
27.5 mm2 s�1) (Burrone et al., 2002). We use 0.5 mM concentration of this

buffer, which is equivalent to a buffer capacity ([B]total/Kd) of 250. Buffer

capacity is a measure of the ratio of equilibrium of bound Ca21 to free Ca21

at low [Ca].

For the single-channel Ca21 current, we use a square wave form, with

a height of 0.3 pA and a width of 0.3 ms. This is equivalent to ;300 Ca21

ions, which is close to estimates for the influx through a single channel

resulting from a single action potential in the presynaptic calyx terminal

synapsing onto the ciliary ganglion cell of the chick (Stanley, 1993). The

release is not very sensitive to the exact form of the Ca21 current (see

Results) and that justifies the simple wave form used in the study. All the

simulation parameters are summarized in Table 1.

Release model

A large variety of Ca21-triggered release models have been suggested by

experiments and employed in modeling studies. Here we compare a low-

affinity and a high-affinity model for Ca21 binding to the release-triggering

site. The low-affinity model is derived from experiments using flash

photolysis of caged Ca21 in the goldfish retinal bipolar synapse

(Heidelberger et al., 1994). It has four cooperative Ca21-sensor sites and

a final Ca21-independent fusion step. The scheme of this model is

X ����! ����

4kon½Ca�

koff

XCa1
����! ����

3kon½Ca�

2bkoff

XCa2
����! ����

2kon½Ca�

3b
2
koff

XCa3

3 ����! ����

kon½Ca�

4b
3
koff

XCa4/
r
F; (8)

where b is the cooperativity factor and r is the rate of the fusion process. The

cooperativity factor introduces chemical cooperativity between the binding

sites, so the dissociation rates (and resulting dissociation constants) for the

second, third, and fourth Ca21 ion will be reduced with respect to the first by

a factor of b, b2, and b3 (b is ,1 in this model).

The high affinity model that we use is from a similar study of the calyx of

Held synapse (Bollmann et al., 2000). It has five independent Ca21-sensor

sites and two Ca21-independent fusion steps,

X ����! ����

5kon½Ca�

koff

XCa1
����! ����

4kon½Ca�

2koff

XCa2
����! ����

3kon½Ca�

3koff

XCa3

3 ����! ����

2kon½Ca�

4koff

XCa4
����! ����

kon½Ca�

5koff

XCa5
����! ����

g

d
XCa�5 /

r
F; (9)

where XCa�5 is an intermediate state before fusion. The values of the forward

and dissociation rates and fusion parameters for both models are given in

Table 1.

The actual position of the Ca21-sensor(s) relative to the Ca21 channel

and the vesicle is not known. If one assumes that the vesicle and the

presynaptic membrane are tightly pressed together at the center, then there is

FIGURE 1 (A) Schematic view of simulation box, Ca21 channel, and

vesicle. (B) Cross sectional view of the arrangement of the channel and

vesicle (parallel to the x,z plane in A). d and h are channel-vesicle

and vesicle-membrane separations, respectively. Dashed circle with a

radius of 10 nm (on the x,y plane in A) indicates the potential positions for

the Ca21-sensor site(s).

TABLE 1 Summary of parameters used in the Monte Carlo

simulation

Geometrical parameters

Size of the box L ¼ 400 nm

Vesicle radius R ¼ 25 nm

Channel vesicle distance D ¼ 20 nm

Ca channel

Current ICa ¼ 0.3 pA

Channel opening time tCa ¼ 0.3 ms

Buffers (mobile)

Concentration [B] ¼ 0.5 mM

Forward rate kon ¼ 3 3 108 M�1 s�1

Dissociation rate koff ¼ 600 s�1

Diffusion

Calcium diffusion coefficient DCa ¼ 220 mM2 s�1

Buffer diffusion coefficient DB ¼ DCaB ¼ 27.5 mM2 s�1

Monte Carlo parameters

Time step Dt ¼ 10.2 ns

Average jump size in

each coordinate

Dl ¼ 1.69 nm

Interaction range rint ¼ 2 nm

Release model 1

Forward rate kon ¼ 1.4 3 106 M�1 s�1

Dissociation rate koff ¼ 2000 s�1

Cooperative factor b ¼ 0.4

Fusion rate r ¼ 3000 s�1

Release model 2

Forward rate kon ¼ 3 3 108 M�1 s�1

Dissociation rate koff ¼ 3000 s�1

Forward fusion intermediate g ¼ 30,000 s�1

Backward fusion intermediate d ¼ 8000 s�1

Fusion rate r ¼ 40,000 s�1
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a little space for the proteins there. We therefore assume the Ca21 binding

sites are somewhere around the vesicle, close to the membrane, probably at

an average distance of 10 nm around the contact point of the vesicle and the

membrane.

RESULTS

The synaptic vesicle and [Ca] microdomain

It is well established that after the opening of the channel,

[Ca] in the vicinity of its mouth reaches a steady state in few

microseconds (Simon and Llinas, 1985). In our simulations,

it takes 3 ms for [Ca] to reach 80% of its maximum at

a distance of 10 nm from the channel (15 ms for a distance of

30 nm; see Fig. 2 A). Also, after channel closure, this

standing [Ca] fades away in a few microseconds. Buffers

(mobile or fixed) prolong the approach to steady state and

delay the decay of the Ca21 microdomain. Nonetheless, the

timescales for the rise and fall of [Ca] are much faster than

the average channel opening time (;1 ms), so release is

mostly affected by steady-state [Ca]. To evaluate the steady-

state properties we first look at the [Ca] gradients close to

a single Ca21 channel in the absence of any obstacle for

diffusion. Fig. 2 B shows the steady-state [Ca] as a function

of distance from the Ca21 channel. Even though average

[Ca] at the vicinity of an open channel reaches levels much

higher than the basal level, it corresponds to very few Ca21

ions. At steady state, the average number of Ca21 ions within

a radius of 10 or 30 nm is 0.18 or 1.23, respectively. Monte

Carlo simulation results show that the number of Ca21 ions

found at a given moment of time in the vicinity of the

channel fluctuates significantly (Bennett et al., 2000a).

Within a radius of 10 nm most of the time there is no

Ca21 ion present; but intermittently several ions can be

found. Since molecules are modeled individually in the

Monte Carlo method, fluctuations in local concentration are

automatically retained. With regard to this capability, we did

not use the Monte Carlo method to its full capacity in this

study, and only examined the average behavior of the system

rather than the concentration fluctuations.

Steady-state [Ca] in the absence of mobile buffers has a 1/r
form. Therefore, to look at the mobile buffer effect, we show

the product of r and [Ca] in Fig. 2 B (inset graph). This

product for distances.5 nm can be well described by a single

exponential decay with a length constant of;45 nm. This is in

good agreement with approximate solutions to diffusion

reaction equations (Stern, 1992; Naraghi and Neher, 1997).

Deviations for distances comparable to the average jump size

(;1.69 nm) are expected, since the Monte Carlo method will

fail to follow the steep gradient below its average jump size

scale. These results suggest that despite large concentration

fluctuations between different trials in the Monte Carlo

simulation, the average behavior of the system can still be well

described by the reaction-diffusion equations.

In the absence of any diffusion barrier, the [Ca] spatial

profile will be spherically symmetric. So the [Ca] isoconcen-

tration surfaces are concentric hemispheres around the Ca21

channel. However, presynaptic terminals are not comprised

of empty space. They contain many structural proteins and

intracellular organelles. Most importantly, synaptic vesicles,

that can be just a few tens of nanometers away from the

channel mouth, may limit the free diffusion of Ca21 and

Ca21 buffers (Kennedy et al., 1999; Tang et al., 2000;

Glavinovic and Rabie, 2001). Using our Monte Carlo

scheme, we investigate the effect of synaptic vesicle(s) on

the steady-state [Ca] profile. Since the steady state will be

reached quickly even in the presence of a vesicle, we focus

our attention on standing Ca21 microdomains.

First, we take the case of a single channel and a vesicle as

shown in Fig. 1 (h ¼ 0; for other parameters used, see Table

1). Fig. 3 shows the shape of the constant-[Ca] surface for

two concentrations, [Ca] ¼ 10 mM in A and [Ca] ¼ 150 mM

in B. The presence of the vesicle as a diffusion barrier for

Ca21 has a pronounced effect on the 10 mM surface (Fig. 3

A). The 150 mM surface is also not a complete hemisphere;

and it is not centered at the channel but pushed toward the

vesicle (Fig. 3 B).

FIGURE 2 (A) [Ca] as a function of time at 10 nm and 30 nm away from

the channel. Monte Carlo results shown are average of 105 runs. (B) [Ca] as

a function of distance from the channel at 0.3 ms after sustained channel

opening. Monte Carlo results shown are average of 108 runs. (Inset) From

the same data the product of the r and [Ca] is shown in a wider range of

distances, which fits well with a single exponential function with a length

constant of 45 nm.
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To gain further insight into the effects of a vesicle on free

Ca21 diffusion, we look at the two-dimensional cross

sections of steady-state [Ca]. Fig. 4, A and B, show the

image plots of [Ca] profile in two perpendicular cross

sections of the system, one through the channel and the

vesicle (x,z plane in Fig. 1 A) and the other parallel and close

to the presynaptic plasmalemma (x,y plane in Fig. 1 A). The

vesicle shapes the [Ca] profile in its vicinity. This is

particularly evident when we look at the difference between

these [Ca] profiles and the corresponding [Ca] profiles in the

absence of a vesicle (Fig. 4, C and D). On the channel side of

the vesicle, [Ca] reaches higher levels than when there is no

vesicle (up to twofold). Correspondingly, on the other side of

the vesicle, [Ca] will not reach levels as high as when there

is no vesicle. These correspond, respectively, to the regions

with positive and negative values in Fig. 4, C and D, and

reflect blockage of free diffusion of Ca21 by the vesicle. The

vesicle reduces the escape routes for Ca21 ions and thereby

increases the effective distance from the channel to the other

side of the vesicle. If we assume that the bottom of the

vesicle is touching the presynaptic terminal membrane, then

the closest that one can fit a protein between the vesicle and

the membrane is ;10 nm from the center (see Discussion).

The points around this circle have different distances from

the channel (from 10 nm to 30 nm), so the standing [Ca]

would be significantly different for these points. The

presence of the vesicle magnifies this difference. Fig. 5 A
shows [Ca] as a function of the angle around this circle. Zero

degree corresponds to the closest point to the channel and

180� corresponds to the furthest point from the channel. With

a vesicle present, [Ca] varies ;13-fold, from 16 mM to 207

mM, whereas this difference is only approximately fivefold

in the absence of the vesicle. This observation implies that

the position of the Ca21 sensor around the vesicle relative to

the Ca21 channel could be extremely important to the

likelihood of the sensor successfully binding Ca21 to

stimulate release. We will look at this issue in the next

section.
Due to the reflection of Ca21 off the vesicle [Ca] 10 nm

from the channel mouth, midway between the channel and

the vesicle (point a in Fig. 1 B), is very similar to the Ca21

transient at 5 nm from the channel in the absence of the

vesicle. Fig. 5 B shows the actual and effective diffusional

distance of the points around the vesicle from the channel.

The effective diffusional distance for a point around the

vesicle is defined to be the distance corresponding to the

same steady-state [Ca] in the absence of vesicle. The

presence of the vesicle changes the average path for a Ca21

ion to reach different points. The effective diffusional

distance will be reduced for the points on the channel side

of the vesicle and will be increased for the points on the

opposite side of the vesicle. This relationship is useful to

relate one-dimensional solutions of the diffusion-reaction

equations in spherical coordinates to the three-dimensional

Monte Carlo results in the presence of the vesicle.

The blocking effect of a vesicle on Ca21 diffusion is

critically dependent on the vesicle-membrane distance h.

FIGURE 4 (A) The image plot of [Ca] in the plane y¼ 0 (x,z cross section

of Fig. 1 A) after a sustained opening of the channel for 0.3 ms in the

presence of the vesicle. (B) The image plot of [Ca] in the plane z ¼ 0 (x,y
cross section of Fig. 1 A) after a sustained opening of the channel for 0.3 ms

in the presence of the vesicle. (C) [Ca] in the presence of the vesicle A minus

[Ca] in the absence of the vesicle. (D) [Ca] in the presence of vesicle B minus

[Ca] in the absence of the vesicle. The black circles in B and D are the

projection of the vesicle on the membrane, whereas the red circles cor-

respond to possible positions for the Ca21-sensor.

FIGURE 3 Ca21 microdomain in the presence of the

vesicle, at 0.3 ms after sustained opening of the

channel. The isoconcentration surfaces are the result of

interpolation of average [Ca] from Monte Carlo runs.

(A) Constant concentration surface [Ca] ¼ 10 mM. (B)

Constant concentration surface [Ca] ¼ 150 mM.
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Fig. 6 explores a wide range of vesicle-membrane distances,

from h ¼ �1 nm where the vesicle has been pushed into the

membrane, to very large h ¼ 50 nm, where there is virtually

no blocking effect. For the channel side of the vesicle (point

a in Fig. 6), the average path for Ca21 ions from the channel

to a given point has been reduced, since some Ca21 ions will

bounce off the vesicle and reflect back. This effect disappears

rapidly as the vesicle-membrane distance is increased. To the

far side of the vesicle from the channel (point b in Fig. 6)

there is a minimum average path at a distance h of ;3–5 nm.

For smaller h-values, the Ca21 ions have to go around the

vesicle, so the standing [Ca] achieved is less than it would be

without a vesicle. But, as h grows, the site on the other side

of the vesicle becomes directly accessible to Ca21 ions from

the channel, and they can also bounce off the underside of

the vesicle to access the far side. The [Ca] around the vesicle

rapidly approaches the [Ca] values in the absence of the

vesicle as h grows. The effect of the vesicle in modifying

[Ca] is ,20% for h . 10 nm. These results suggest docked

vesicles will have a much greater effect on the [Ca]

microdomain profile than nondocked vesicles.

The extent of the blocking effect of an obstacle on

diffusion is dependent on its size, so a smaller vesicle is less

effective in modifying the Ca21. For example, a docked

vesicle (h ¼ 0) with diameter of 30 nm, positioned 20 nm

away from the channel, the steady-state [Ca] on the channel

side of the vesicle reaches to ;135 mM. The [Ca] on the far

side of the vesicle from the channel (point b in Fig. 6)

reaches to ;18 mM. Using a simple planar geometry for the

vesicle and assuming a Ca21 channel is located right

underneath the vesicle, a strong [Ca] dependence upon

vesicle diameter was reported previously by Glavinovic and

Rabie (2001). They suggested that larger vesicles have

a higher probability of release due to the higher [Ca] levels

achieved in their vicinity. This is in contrast to our results, for

which a larger vesicle will increase the [Ca] on one side but

decrease it on the other side.

In Fig. 7 we look at the effect of various channel-vesicle

separations (d) on Ca21 profile distortion in the vicinity of

the channel or the vesicle. We look at the [Ca] at a point

FIGURE 5 (A) [Ca] around the vesicle on a circle with radius of 10 nm as

a function of angle with the line between the channel and vesicle. (B) The

actual and effective distances from the channel to the points around the circle

with radius of 10 nm as a function of angle with the line between the channel

and vesicle. Actual distance is the geometrical distance from the point to the

Ca21 channel. The effective diffusional distance for a point around the

vesicle is defined to be the distance corresponding to the same steady-state

[Ca] in the absence of vesicle.

FIGURE 6 The steady-state [Ca] at 10 nm and 30 nm from the channel in

the presence of the vesicle as a function of h, the distance from vesicle to

membrane.

FIGURE 7 The steady-state [Ca] at two sites 10 nm from the vesicle or

10 nm from the channel as a function of channel-vesicle separation.
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between the channel and the vesicle, 10 nm from the

channel, as we vary d from 15 to 100 nm. The solid line in

Fig. 7 shows these [Ca] values scaled to the corresponding

[Ca] in the absence of the vesicle. This scaled [Ca] starts

from 2.5 and falls rapidly to 1 as d becomes comparable to

the vesicle diameter. This result shows that the vesicle only

distorts the [Ca] profile in its vicinity. The dashed line in Fig.

7 shows normalized [Ca] at a point between the channel and

the vesicle, 10 nm from the vesicle, as we vary d from 15 to

100 nm. This scaled [Ca] starts at 2.2 and decreases slowly to

;1.5 at 100-nm separation. So, even for distant separations

between the channel and the vesicle, the [Ca] distortion in

the vicinity of the vesicle is significant. The effect of the

vesicle on the [Ca] in its vicinity is weakly dependent on the

Ca21 channel-vesicle separation. The distortion of the [Ca]

profile is maximal for the region of space between the Ca21

channel and the vesicle when their separation is smaller than

vesicle diameter.

This separation dependence suggests that the effect of

a second vesicle on [Ca] in the vicinity of a vesicle should

not be significant. To test this idea directly, we show in Fig. 8

the image plots of [Ca] close to the active zone membrane for

two different arrangements of a channel and two vesicles. In

both cases we assume the vesicles are in contact with one

another (50 nm apart). In Fig. 8 A the channel is 20 nm on the

side of the first vesicle on a line perpendicular to the row of

two vesicles. This arrangement of the channels resembles the

frog neuromuscular junction active zone, where vesicles are

docked in two parallel rows and Ca21 channels are located

between the rows (Harlow et al., 2001). In this case the

channel and the second vesicle are separated by ;54 nm.

The presence of the second vesicle does not alter [Ca] at the

midpoint between the channel and the first vesicle sig-

nificantly, since it is not very close. In Fig. 8 B the chan-

nel is situated between the two vesicles, where it is 20-nm

away from the first vesicle and 30-nm away from the second

one. In this case the presence of the second vesicle increases

the [Ca] at the midpoint between the channel and the first

vesicle by ;6%.

Spatial arrangement of release machinery and
release probability

As we saw in the last section, the steady-state [Ca] around

the vesicle varies significantly. Since release is highly

nonlinear in [Ca], release probability should depend

critically on the position of Ca21-sensor(s). Here we vary

the position of the Ca21-sensor and compare the release

probability for two representative release models. Models 1

and 2 have low and high affinity for Ca21, respectively

(Heidelberger et al., 1994; Bollmann et al., 2000). For

calculating release probabilities, we produce a Ca21 current

of 0.3 pA into the terminal for 0.3 ms, and see if the release

machinery reaches the fusion step by 0.6 ms after the closure

of the channel. Release rate after 0.6 is close to 0, since there

are almost no Ca21 ions left in the system. We repeat this

1000 times for each choice of position for the Ca21-sensor.

Release probability for a single vesicle for one channel

opening is the fraction of the Monte Carlo trials for which

fusion was achieved.

The illustration in Fig. 9 A shows our choices for the

location of the Ca21-sensor with respect to the channel and

the vesicle. The release probabilities with different choices of

parameters for release models 1 and 2 are shown in Fig. 9, B
and C, respectively. The release probabilities for model 1

(low affinity) are dramatically lower than those for model 2

(high affinity). For example, if we locate the sensor at point

a, the release probability is 0.057 for model 1 compared to

0.99 for model 2. If we position the Ca21 sensor on the far

side of the vesicle the release probability for model 1 is zero

(data not shown) and very small for model 2 (e.g., for point e,

it is 0.02). Using model 1, decreasing the distance between

the Ca21 sensor and the channel from 10 nm to 5 nm (from

FIGURE 8 The image plot of the [Ca] in the plane z¼ 0 (x,y cross section

of Fig. 1 A) after a sustained opening of the channel for 0.3 ms in the

presence of two side-by-side docked vesicles in two arrangements. (A)

Channel is situated 20 nm from the docking point of the first vesicle

perpendicular to the direction of the row of two vesicles. (B) Channel is

situated 20 nm from the docking point of the first vesicle between the two

vesicles.
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a to f ) increases release probability threefold (from 0.057 to

0.15; see Fig. 9 B). The presence of a second vesicle does not

have a large effect on [Ca] at locations near the first vesicle

and, as a result, on the release probability, particularly if the

second vesicle is far from the Ca21-sensor site. For example,

the presence of vesicle 3 increases the release probability by

25%, but vesicle 2, which is located further from the sensor

site, does not have any significant effect. So other diffusional

barriers like intracellular organelles should not have an

important effect on the release.

In general mobile buffers may have a large effect on

release since they significantly reduce the overlap of the

Ca21 channel microdomains (Adler et al., 1991; Burrone

et al., 2002). This is not the case in our simulations, since we

have focused on a single channel colocalized with a vesicle.

The endogenous buffer used in our simulations does not have

a large effect on the [Ca] in the vicinity of the channel.

Because of the close proximity between Ca21 channel and

the Ca21-sensor, release probability is not significantly

reduced in the presence of the buffer (Fig. 9 B). For example,

removing all endogenous buffers only increases release

probability ;10% (0.065 compared to 0.057). Substantially

increasing endogenous buffer strength by increasing the

capacity 20-fold (1 mM of a fast high-affinity buffer like

BAPTA, Kd ¼ 0.22 mM with diffusion coefficient similar to

Ca21) reduces the release probability by only 30%.

Release probability is highly dependent upon the total

Ca21 influx but is much less sensitive to the actual form of

the Ca21 current. In model 1, increasing the total influx by

a factor of 2, enhances release probability by approximately

a factor of 5. This is a direct consequence of high co-

operativity of Ca21 for release. But, whether the increase in

Ca21 influx is in its duration (0.3–0.6 ms) or its size (0.3–

0.6 pA), the resulting release probability is approximately

the same (0.233 compared to 0.265). The total number of

Ca21 ions that pass by vicinity of the Ca21-sensor, and have

the chance to react with it, is just a function of total influx

(this is true if the buffer is far from saturation). If the

dissociation time constant (one over the off-rate of the

binding site) is comparable or longer than the duration of the

current, then, if a Ca21 ion binds to the sensor, it probably

stays for the whole duration of the current. As a result, the

dependence on the form of the current is weak. This justifies

the use of a simple form for the Ca21 current.

Using model 2, ignoring the effect of the vesicle on the

spatial distribution of [Ca] decreases the release probability

when the Ca21-sensor is located at point a and increases it

when the Ca21-sensor is located at point e (Fig. 9 C).

Moving the Ca21-sensor around the vesicle from a to e
decreases the release probability by 50-fold (from 0.99 to

0.02). This is a direct consequence of changes in [Ca] around

the vesicle. If we assume the five binding sites are on

different sensor molecules distributed uniformly around the

vesicle (the first one at a and one at every 72� around the

vesicle) the release probability for model 2 is ;0.45. The

release probability is strongly dependent on the position of

the Ca21-sensor around the vesicle relative to the channel.

DISCUSSION

Using Monte Carlo simulations we show that a synaptic

vesicle colocalized with a Ca21 channel modifies the Ca21

microdomain. This could have important consequences for

neurotransmitter release, depending on the microgeometry of

the vesicle, Ca21 channel, and Ca21-sensor complex.

Our knowledge of the geometry of different components

of the release machinery is growing quickly but is still far

from complete. We do not know the exact positioning of

different proteins relative to the synaptic vesicle and the

Ca21 channel. We also do not know if they have a flexible

geometry, if they are highly constrained, or to what extent

their relative structure can be modulated (Stanley et al.,

2003). Although release seems to arise from the cooperative

action of several Ca21 channels in some synapses (Borst and

Sakmann, 1996), there is good evidence for release evoked

by one or a few channels opening in other synapses

(Augustine et al., 1991; Stanley, 1993; Mulligan et al.,

2001; Wachman et al., 2004). This wide range of Ca21

channel cooperativity might be attributed to, or influenced

FIGURE 9 (A) Schematic view of the arrangement of Ca21 channel and

the vesicle(s) and the Ca21-sensor sites of the release machinery. The

cartoon shows the plane z ¼ 0 (x,y cross section of Fig. 1 A). Release

probability for model 1 (B) and model 2 (C) for different choices of Ca21-

sensor site position (from a to e). 0.5 mM mobile buffer with properties

shown in Table 1 is present unless mentioned. Ca21 Current duration (t) is

0.3 ms and current size (I_Ca) is 0.3 pA, unless otherwise noted. Vesicle 1 is

present, unless otherwise noted.
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by, the particular active zone organization found at various

central and peripheral synapses (Stanley, 1997). Some

synapses, such as the squid giant synapse and most central

synapses, possess seemingly random loose clusters of release

sites (Pumplin and Reese, 1978). Some other synapses, such

as vertebrate skeletal neuromuscular junctions, have an or-

dered release site organization. This is usually in the form of

two rows of vesicles with associated parallel rows of Ca21

channels (Heuser et al., 1974).

To explore the effect of the blocking of Ca21 diffusion

by the vesicle, we focused on a single channel and its

colocalized vesicle. We assumed the channel is 20 nm from

the vesicle. This is consistent with the high-resolution

morphological studies in neuromuscular junctions (Heuser

et al., 1979; Harlow et al., 2001; Stanley et al., 2003) and

also the size of SNARE complex (Sutton et al., 1998), if one

assumes physical connections between the release machin-

ery and the Ca21 channel (Sheng et al., 1998; Jarvis and

Zamponi, 2001). We assumed the Ca21-sensor(s) are

somewhere around the contact point of vesicle and the

membrane at a radius of 10 nm. Although the Ca21-sensor(s)

could be a bit further away from the contact point, the size of

the Ca21-sensor candidate, the synaptotagmin molecule

(Fernandez et al., 2001), makes a closer distance to the

contact point unlikely.

A systematic understanding of neurotransmitter release

demands detailed knowledge of the spatiotemporal dynamics

of Ca21 ions in the presynaptic terminal. Unfortunately,

present experimental techniques cannot directly resolve

changes in intracellular [Ca] at nanometer spatial and

microsecond temporal scales, so mathematical modeling of

the Ca21 diffusion-reaction remains a useful method avail-

able to address this important problem. For this study we

implemented a Monte Carlo simulation of the Ca21 and

mobile buffer diffusion-reaction to look at the role of the

geometry of the active zone. This method is efficient to look

at problems with complicated boundary geometry and to

resolve concentration changes at the nanometer level.

In the context of neurotransmitter release, the effect of

diffusional barriers has been examined for simplified

geometries (Kennedy et al., 1999; Kits et al., 1999;

Glavinovic and Rabie, 2001). These studies have shown

that barriers can affect the spatiotemporal distribution of

Ca21 and bound buffers. Barriers limit the effect of mobile

buffers and can enhance saturation of fixed buffers. Here we

extend the previous studies to a case in which we use the

actual geometry of a vesicle and its position adjacent to the

plasmalemma.

The presence of a synaptic vesicle in the vicinity of the

channel has a large effect on the Ca21 microdomain profile.

It alters the average path for the Ca21 ions to reach a specific

point around the vesicle. For a Ca21 current of 0.3 pA and

0.5 mM of mobile buffer, the steady-state [Ca] 10 nm from

the channel in the absence of vesicle is ;100 mM. A docked

vesicle increases this steady-state [Ca] to .200 mM by

blocking the escape routes of Ca21 molecules. The [Ca] is

greater on the channel side of the vesicle (and lower on the

opposite side) than the corresponding [Ca] in the absence of

the vesicle. These effects are dependent upon the distance

from the vesicle, the extent of separation of the vesicle from

the presynaptic membrane, the distance between the channel

and the vesicle, and the size of the vesicle. A tightly docked

vesicle is more effective in blocking the free diffusion of

Ca21, and the effect is maximal in the vicinity of the vesicle.

The blocking effect remains, although to a smaller degree,

even for channel-vesicle separations larger than vesicle

diameter. We find that, as the position of the Ca21-sensor

sites varies around the vesicle, the standing [Ca] that they

experience changes by up to 13-fold. The blocking effects of

the vesicle do not depend strongly on the magnitude of Ca21

current or the buffer concentration used.

Other diffusional barriers in presynaptic terminal like

cytoskeleton and other organelles modify the [Ca] in their

vicinity but do not affect the [Ca] sensed for release. A rule

of thumb is that any barrier can change the [Ca] profile

around it up to a distance comparable to its dimensions. So

although some structural proteins can be located nanometers

away from the release machinery, they are not wide enough

to affect free Ca21 diffusion. Also, internal organelles like

mitochondria, although large, are not close enough to the

release machinery. In this sense, a docked synaptic vesicle

has a unique effect in modifying the [Ca] sensed for the

release, since it is big and close enough to do so. For similar

reasons the effect of undocked vesicles or other docked

vesicles located at a distance greater than the diameter of the

vesicle is not expected to be significant. So, the ongoing active

geometrical changes that are taking place by the docking and

fusion of the neighboring vesicles would not be expected to

influence significantly the [Ca] profile for a given vesicle. In

amphibian neuromuscular junctions, where the active zone

consists of two ordered rows of tightly docked vesicles, the

vesicles and the presynaptic membrane active zone ridge

collectively form a restricted physical space between them

(Harlow et al., 2001). Interestingly, the Ca21 channels are

believed to reside in this region (Heuser et al., 1979; Pumplin

et al., 1981). Thus, in this case the vesicles could have

a significant effect on the spatial [Ca] distribution.

Our results on the modifications of ion channel micro-

domains by diffusional barriers are general and are ap-

plicable to other biological systems where channels open

into restricted spaces. For example, in striated muscle fibers,

the Ca21 microdomain of the Ca21 channels would be

affected by the narrow junctional space between the T-tubule

and sarcoplasmic reticulum membranes (;35 nm) (Bers,

2001). In this case, since the escape routes for Ca21 ions are

reduced, the steady-state [Ca] should reach higher levels

compared to an unrestricted Ca21 microdomain. Another

example of Ca21 domains in a restricted space for which our

results may be relevant is the release of calcium from

endoplasmic reticulum near the plasma membrane.
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There is a growing evidence for the importance of the

single Ca21 domains in release (Wachman et al., 2004). The

blocking effect of the vesicle on release is maximal for

a single channel-mediated release scenario. The release

probability of a vesicle during a brief opening of a nearby

Ca21 channel is highly sensitive to the spatial position of

the Ca21-sensor relative to the vesicle and the channel.

For example, for a high-affinity release model (model 2),

a uniform distribution of the binding sites around the vesicle

gives rise to a release probability of ;0.45. However, using

the same model the release probability can vary from 0.02 to

0.99 depending on the position of the Ca21-sensor. The

lowest release probability corresponds to the unlikely

situation of having all the binding sites on the far side of

the vesicle from the channel. This large range arises because

the [Ca] gradient close to a Ca21 channel is very steep, the

presence of the vesicle produces additional sharpening of the

[Ca] profile, and also because release is highly cooperative

for Ca21. As a result any flexibility in the position of the

Ca21 sensors would be expected to produce heterogeneity of

release probability. Some synapses, like the calyx of Held,

are believed to have a pool of vesicles with very

heterogeneous release probabilities (Rosenmund et al.,

1993; Sakaba and Neher, 2001). Also, different synapses

operate with a wide range of release probabilities, where

even synapses made by a single neuron can have very

different release probabilities (Rozov et al., 2001). In

addition to the possibility of the existence of different types

of Ca21 sensors, variations in the geometry of the active

zone, particularly in the channel-vesicle separation is thought

to be important (Meinrenken et al., 2002). We hypothesize

that variation in the position of the Ca21 sensor for release is

an additional mechanism that could be used to produce

heterogeneity of release within a synapse or between

different synapses.

Although a systematic study of the geometrical effects

for multiple channels-mediated release is beyond the scope

of this study, some of the ideas presented here can be

generalized. The vesicle will modify [Ca] sensed by the

Ca21 sensor. Since the increase in [Ca] on the channel side of

the vesicle is higher than the reduction in the far side of the

vesicle due to blocking (Fig. 6), on average the [Ca] achieved

in the vicinity of the vesicle will be higher than that which is

estimated from modeling studies that ignore the vesicle. If

multiple channels open equidistantly all around the vesicle,

the [Ca] achieved at the vesicle is expected to be relatively

uniform. But if all the channels are situated on one side of the

vesicle (e.g., amphibian neuromuscular junctions) or if one

of the open channels is relatively closer to the vesicle than

others, some level of variation of [Ca] around the vesicle is

expected. The vesicle could also limit access of Ca21 from

some of the channels to the sensor. As a result the vesicle

may reduce the number of channels contributing to the

release, thus it could modify the channel cooperativity of the

release.

Finally, our simulations show that, if release is not

saturated (low affinity, e.g., model 1), small spatial move-

ments (;5 nm) of the Ca21-sensor sites cause significant

changes in release probability (up to threefold). A recent

study in chromaffin cells showed an activity dependent

reduction in separation of docked dense-core vesicles and

Ca21 entry sites, which was suggested as a new mechanism

for stimulation-dependent facilitation of release (Becherer

et al., 2003). There is also evidence suggesting the Ca21-

dependent interactions between some of the SNARE

proteins and Ca21 channels (Jarvis and Zamponi, 2001).

These interactions could bring the Ca21-sensor closer to the

channel after introduction of Ca21 ions during an action

potential, and therefore, increase the release probability for

subsequent action potentials. Similar to the idea presented by

Becherer et al. (2003) this would represent a new mechanism

for Ca21-dependent synaptic plasticity, which only requires

the slight movement of the Ca21-sensor molecule associated

with the vesicle toward the Ca21 channel rather than the

vesicle itself.
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